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abstract

Continuous upstream processing is becoming increasingly popular for the industrial pro-

duction of biopharmaceuticals. Despite this, cell line and process development remains

reliant on batch-wise experimentation to acquire data; this approach is time consuming,

costly and labour intensive as the demands put upon these processes increase. A shift to

continuous experimentation, with perfusion utilised to keep cells sustained for longer peri-

ods with continual testing, may alleviate these demands. However, the lack of small-scale,

high throughout perfusion systemsmakes this difficult to achieve. For the commercial sys-

tems that are available, the cell retention technology employed is frequently not compati-

ble with familiar labware, instead requiring dedicated equipment for successful operation.

This makes adoption with existing development protocols challenging.

Microcarriers have been used previously to adhere CHO cells in suspension culture. Mi-

crocarriers are easily handled, scalable and compatible with many vessel formats. Their

use as a potential cell retention device has been greatly overlooked. Commercial micro-

carriers are available, but they often require attachment proteins for cell adhesion, de-

spite the discouragement of animal-derived products in biopharmaceutical processing.

The work here has developed an in-house, microsphere-based cell retention device for a

suspension-adapted, IgG-producing CHO cell line. Polyethylenimine, an animal origin-

free, inexpensive cationic polymer, has been shown to enable the attachment of these cells

to vessel surfaces. Alongside this, acrylic-based polyHIPE microspheres with diameters

from 270 to 1100 µm have been fabricated at negligible cost. A novel monomer, mono-2-

(methacryloyloxy)ethyl succinate, has been included from 2 to 16 % to give the resulting

materials increasing carboxyl functionality. These carboxyls have both increased the sta-

bility of microspheres in solution and enabled the rapid adsorption of polyethylenimine.

Cell loading, where high cell density suspensions are forced to interact with microspheres,

has been introduced as a technique for guaranteed cell retainment. With this method,

30–100 million cells per mL of microspheres were retained within an hour, depending

upon conditions used. To demonstrate the versatility of the cell retention device, a

pseudo-continuous culture was performed for over 30 days using Erlenmeyer flasks, with

continual IgG production demonstrated. A simple perfusion system, employing these

microspheres within a modified spinner flask, was also tested. It has been shown here that

sophisticated cell retention technology is not necessary for effective retainment of CHO

cells. Because of this, continuous processing has been performed in the laboratory without

costly equipment or prior experience. It is hoped the data obtained may inspire others to

explore continuous operations for the pre-clinical development of biopharmaceuticals.
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introduction and thesis layout

Despite the growing trend towards perfusion operation in the industrial manufacture of

monoclonal antibodies, the availability of commercial perfusion technology for pre-clinical

antibody development — which ideally would be multi-parallel, high throughput and

small-scale— remains limited. For products that are available, the high cost, relatively large

scale and perceived difficulty of operating such equipment may hinder adoption. This is

particularly true for academic laboratories and small research and development compa-

nies where budgets, knowledge of specialised equipment and available time to learn new

techniques can be limited. Similarly, the incompatibility of common cell retention devices

with familiar labware makes implementation into cell development protocols challenging.

This further strengthens the perception that continuous processing is a complex concept

not worthy of integration into future projects.

Spherical microparticles, or microspheres, offer a possible alternative as a versatile, easy-

to-use and inexpensive cell retention device. Microcarriers, which are essentially micro-

spheres designed for cell culture purposes, have been employed successfully for over fifty

years as a means to culture anchorage-dependent cells in suspension. The physical nature

of these spherical materials means there is the potential to achieve large surface-area-to-

volume ratios with a consequential ability to adhere a very large number of cells within a

small working volume. Critical to their possible use as cell retention devices, microcarriers

can be retained within familiar vessel formats such as plates, flasks, bottles and columns

— this versatility meaning usage is not restricted to dedicated equipment. Using microcar-

riers as a way to retain cells maymake the use of continuous processing simpler and easier

to perform, even for laboratories with limited experience in this area. Commercial micro-

carriers are available as solid, microporous and macroporous structures, with the latter

being particularly suitable for perfusion operation where the flow of continuous medium

exchange possibly requires pressure considerations.

The addition of sera in culture medium to facilitate cell attachment, and thus ensure cell

retention, is generally advised bymanufacturers of microcarrier products. Whilst sera sup-

plements such as foetal bovine serum are indeed routinely added to media destined for

adherent cell culture, the use of animal origin products in biopharmaceutical processing is

increasingly discouraged by regulators on traceability and contamination grounds. There

thus exists several areas of potential investigation; first, an attempt at the creation of a cell

retention device which utilises microsphere technology, but without the requirement for

animal origin products and second, an attempt to demonstrate a continuous upstream sys-

tem, which any laboratory could use, with this new retention technology.
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The work presented in this thesis aimed to create a continuous upstream processing sys-

tem for small-scale antibody development. This project was unique within the laboratory

— it was the first time the continuous culture of cells had seriously been attempted, and

to add further challenge, the project stipulated that the continuous system employed had

to be developed and constructed entirely in-house. This system first required a cell reten-

tion device which, likewise, had to be fabricated within the laboratory. The first half of the

project focused upon the development of this cell retention device, namely functionalised

microspheres which did not require serum to function. This involved the screening of po-

tential adhesion substrates and the fabrication and optimisation of specialised polyHIPE

materials. The second part focused upon the use of this newly developed cell retention de-

vice for continuous culture purposes. This involved the design and attempted operation of

both pseudo-continuous and perfusion culture systems.

The thesis is divided into 7 chapters. It is recommended that readers work their way

through the chapters in the order that they are presented, as each builds upon earlier work

presented in the preceding one. The chapters are as follows;

chapter 1 - literature review

Presents a review of the current literature on the biologics industry, polyHIPE materials

and continuous bioprocessing, as well as a brief history of each.

chapter 2 - materials and methods

Describes the materials andmethods, in full detail, used for all experimental work in this

thesis. Sections are presented in the general order in which the results are later shown.

chapter 3 - adhesion substrates

The first results chapter, presenting data obtained at the beginning of the project and

focusing on the search for an inexpensive, chemically defined adhesion substrate. An

adhesion substrate is defined here as a reagent which can be coated to a base material,

such as polystyrene, and consequently used to enhance the attachment of cells to these

materials. It was expected the successful substrate would later be employed in the cell

retention device.

chapter 4 - cell pausing

The second results chapter, presenting data obtained during a brief side project which

explored cell ‘pausing’, a technique where cells are stored at severe hypothermic, but

not cryogenic, temperatures for prolonged periods. Such work explored the pausing of

suspended and adheredCHOcells,with potential application for the cell retentiondevice

in any future work.
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chapter 5 - polyhipe microsphere technology

The third results chapter, presenting data obtained in the middle of the project and fo-

cusing upon the fabrication and development of polyHIPE microspheres. A polyHIPE is

a type of highly porous, scaffold-like material, generated using an emulsion, and can be

readily fabricated with relatively simple equipment. The microspheres fabricated would

become the physical component of the cell retention device, with the adhesion substrate

identified in chapter 3 being the chemical component.

chapter 6 - continuous bioprocessing systems

The fourth and final results chapter, presenting data obtained towards the end of the

project and focusing upon the creation and demonstration of pseudo-continuous and

perfusion systems. For the former, medium is periodically exchanged by the operator,

whilst the latter describes actual continual medium exchange. For both, the cell retention

device created as described in chapters 3 and 5 is employed.

chapter 7 - conclusions and future work

Summarises the main findings of the work presented in this thesis, with evaluations and

final thoughts on the project. The chapter ends with realistic and achievable ideas for

future work, taking into account the data obtained from all four results chapters.

xx



Chapter 1
literature review

overview

This chapter aims to provide a review of the literature to date surrounding biologics, contin-

uous bioprocessing and polyHIPE materials. For biologics, it focuses on the economies of the

industry, the dominance of therapeutic antibodies and the continuing ascent of CHO cells. For

continuous bioprocessing, it explains the persistence of batch processing, the potential bene-

fits of perfusion culture and explores the current cell retention technology available. Finally,

for polyHIPEs, it describes what these unique porous materials are and how they are made,

as well as cell culture applications currently demonstrated. Brief and relevant history has also

been included, where appropriate, to add context to this thesis.

1.1 biologics

1.1.1 biologics industry

The extraction, modification and consumption of products from biological systems for en-

ergy, medicine and food is nothing new, and has benefited humankind for many thou-

sands of years. This technology, especially in respect to therapeutic products, was rapidly

modernised in the closing decades of the twentieth century and led to the introduction

of biologically-derived pharmaceuticals. These therapeutic macromolecules, typically pro-

duced using recombinant DNA, allowed developers to harness biologically-derived prod-

ucts in ways not possible before. These biologically-derived pharmaceuticals, or biophar-

maceuticals, are now viewed as belonging to a wider group of biological therapeutic prod-

ucts, known as biologics. Whilst exact definitions vary, a biologic can generally be de-

scribed as any therapeutic product derived in part, or wholly, from biological sources; ei-

ther by their production, or extraction, from these living systems, which themselves may

be modified for this purpose. Encompassing a growing range of products, biologics are

diverse in physical nature and mode of treatment; vaccines, tissues, proteins, nucleic acids

and cellular components, as well as all associated treatments using these products, may be

considered biologics.

Biologics can be differentiated from traditional pharmaceuticals, often termed ‘small

molecule’ drugs for comparison, by their vastly more complex molecular structures,
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chapter 1 – literature review

typically having molecular weights many order of magnitudes greater. Traditional drugs,

due to their relative structural simplicity, are not reliant on living systems and can be

synthesised solely using defined reactions within chemical processes. Despite the frequent

comparisons with ‘older’ pharmaceuticals, some biologics already have a notable history

within medicine. The first smallpox vaccine, developed in part by Edward Jenner in

the late 18th century (Riedel, 2005) and building on earlier variolation practices, was

indeed a biologic if the above definition given is followed. Human blood donated for

transfusion is a biologic, which in its current treatment practice has been performed for

over a hundred years (Schmidt et al., 2002). Penicillin-based antibiotics produced using

Penicillium moulds — first achieved industrially in the 1940s — are biologics by virtue of

their fungal source, despite their small molecular weights (Gaynes, 2017).

The shift from traditional to biological-derived pharmaceuticals is well reported. Market

approvals for biologics, relative to small molecule drugs, increased steadily throughout the

1980s and 1990s (Kinch, 2015). In 2016, 25 % of the pharmaceutical market was held by bio-

logics, up from 16% in 2006 (Kent et al., 2017). Within the biologics market itself, approvals

from 2015 to 2018 saw a doubling when compared to the five-yearly pace historically re-

ported (Walsh, 2018). The scope of biologics is not just expansive, but also innovative and

disruptive; between 1986 and 2014, almost twice the proportion of newly approved bio-

logics by the FDA were considered first-in-class — the first to use a novel mechanism of

treatment — when compared to small molecule drugs (Miller et al., 2015). The authors

also reported 47 % of biologics in this period received orphan drug status (for treatment

of rare diseases in which dedicated drug development is usually not deemed sufficiently

profitable to pursue), in contrast to 21 % of traditional pharmaceuticals.

1.1.2 therapeutic antibodies

Therapeutic proteins are a leading class of biopharmaceuticals. Being one of the four

biomacromolecule groups, proteins hold extensive function within the human body, in-

cluding biocatalysis, metabolism, immunity and cellular structure, as well as intracellular

communication, signalling and transportation. Their ubiquitous nature thusmean proteins

have huge potential as therapeutic agents as well as being the target themselves for many

therapeutics. Whilst proteins destined for medical use were traditionally extracted from

humans, e.g. blood clotting factors from human plasma for haemophiliacs (Liumbruno

et al., 2009), and animals, e.g. insulin from cows and pigs for diabetics (Mohan, 2002),

these ‘crude’ products posed safety (White, 2010) and efficacy concerns, and were prone

to quality and supply issues.

In the latter half of the 20th century, advances in genetic sequencing, molecular cloning
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and cell culture led to the development of recombinant DNA technology (Cohen et al.,

1973). This new-found ability allowed specific genetic sequences to be ligated together;

the resulting recombinant DNA — essentially designed by the user — could be inserted

into cultured host systems for expression. For recombinant DNA that codes for therapeutic

proteins, the expressed products can be harvested and purified for medical use. As these

recombinant products are effectively synthetic in origin, the production can be controlled,

supply issues reduced and the likelihood of infections passing over from crude sources to

patients eliminated.

Starting in 1982with the approval of Humulin (a recombinant human insulin produced us-

ing E. coli culture) by Genentech and Eli Lilly (Quianzon et al., 2012), commercial recombi-

nant proteins available today are diverse in both structure and function; examples include

erythropoietin for chronic kidney disease (Casadevall et al., 2005), human growth hormone

for growth deficiencies (Cai et al., 2014), the enzyme glucocerebrosidase for Gaucher dis-

ease (Starzyk et al., 2007) and a hepatitis B vaccine utilising recombinant hepatitis antigen

(Shouval, 2003). From 2011 to 2016, the FDA approved a total of sixty-two recombinant pro-

teins; of these, 48 % were monoclonal antibodies (mAbs), 19 % were coagulation products,

11 % were enzymes and the rest being fusion proteins, hormones and growth factors (La-

gassé et al., 2017). It can quickly be seen that antibodies (also known as immunoglobulins

owing to their central role within immunity), are the industry favourite among therapeu-

tic proteins. An immunogen is any substance that induces an immune response, namely

a humoral response whereby antibodies for that immunogen are created within the body.

Immunogens will always contain one or more antigens (antibody generating), specific struc-

tures which antibodies will bind to. These antibodies are used to neutralise the immuno-

gen, by various methods, via this antigen pairing. In a wider sense, an antigen can thus

be described as any structure that binds to an antibody, even if that antigen does not be-

long to an immunogenic substance, such as a bacterium or virus particle. It then stands

that an antibody can be generated outside of the body and subsequently used in vivo to

bind specifically and with high affinity to an antigen, independently from any naturally

occurring immune response.

Antibodies, frequently described as ‘Y’-shaped, are high molecular weight (150 kDa) gly-

coproteins typically composed of two identical heavy chains and two identical light chains.

These two chain sets are joined by disulphide bridges. The heavy chain type defines the

antibody isotype; α (IgA), δ (IgD), ϵ (IgE), α (IgG), and μ (IgM). These isotypes gener-

ally differ by their resultant complexes, with IgD, IgE and IgG presenting as monomers,

IgA as a dimer and IgM as a pentamer. Figure 1.1 shows a schematic of an IgG antibody,

with important regions labelled. Heavy chains have a constant domain, identical in all an-
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tibodies of the same isotype, and a variable domain determined by their particular B cell

production. Light chains are either one of two types; γ and κ. Both types have one con-
stant and one variable domain, and either can be found on any of the isotypes. An antibody

can be divided into two regions; the Fab (antigen-binding) region at the top of the ‘Y’ and

the Fc (crystallizable) region at the bottom. Antibodies are frequently described as modu-

lar proteins; exposing a typical IgG antibody to the enzyme papain would yield two Fab

fragments (the ‘arms’) and one Fc fragment, each of which could then function as an inde-

pendent entity.

Fc region

Fab region

Fv region

VL

CL

VH

CH

CH CH

CH CH

VL

VH

CL

CH

figure 1.1 Schematic of an IgG antibody. An IgG is composed of two heavy chains and two light chains,

joined by disulphide bridges. CH refers to the constant region of the heavy chain, whilst VH

refers to the variable region. The same is true for the light chain with VL and CL. The paratope,

where the antibody binds to antigen is at the top of the arms of the ’Y’, with each IgG possessing

two binding sites. Other antibody isotypes will present as different complexes, due to a different

number and orientation of heavy and light chains.

The Fab region is of key interest in therapeutics as it contains the paratope, the do-

main which binds to a specific epitope on an antigen. Each paratope is composed of

six complementarity-determining regions (CDRs), three from the variable light chain

and three from the variable heavy chain. Thus, a typical IgG antibody would have two

paratopes with twelve CDRs in total. This highly variable region is referred to as the Fv

(variable) region. The Fc region, in comparison, contains the constant region of the heavy

chains and is the same for each antibody isotype. This region binds to Fc receptors on

cells to initiate downstream pathways associated with the immune response. The Fab and

Fc regions thus ensure antibodies can bind antigens and lead to subsequent biological

activity. Being a highly researched area, the literature has a wealth of extensive reviews on

antibody structure, function and application in therapeutic contexts (Awwad et al., 2018;

Kubota et al., 2009; Muhammed, 2020; Wang et al., 2007).
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Monoclonal antibodies (mAbs), antibodies produced recombinantly by genetically identi-

cal cells, and possessing the same specificity for a particular antigen (Nelson et al., 2000),

are a dominating and growing class within the biologics market. The difference between

monoclonal andpolyclonal antibodies (pAbs) is apparentwhen considering the natural im-

mune response within the body. Antigens may have multiple epitopes; when faced with

a foreign body such as a bacterium, different B cells may recognise the same antigen, and

subsequently each may produce antibodies — however, each collection of antibodies may

recognise a different epitope on the antigen. This polyclonal response is thus the result

of different B cell responses, and results in the production of antibodies with differing

paratopes. Monoclonal antibodies, in contrast, describe all the antibodies produced by a

single B-cell clone; as they are structural identical, these share the same specificity for a

single epitope on an antigen.

Compared to other groups of biologics, mAbs made up over 50 % of new approvals from

2015 to 2018 (Walsh, 2018), up from almost 25 % a decade previously. Analysis of historic

market approvals reveal the approval rate for mAbs to be double that of traditional phar-

maceuticals (Kaplon et al., 2019), whilst mAb sales grew from almost US$ 40 billion in 2008

to over US$ 70 billion in 2013 (Ecker et al., 2015) — the reporting authors also predicted

there would be at least 70market approvedmAb products, up from 47, in the United States

and Europe by 2020. A recent review (Lu et al., 2020) indeed confirmed over 70 mAbs were

now commercially available in these regions.

In 2017, of the top ten best-selling pharmaceutical products, six were mAbs (Urquhart,

2018); whilst in 2018 and 2019, sevenweremAbs (Urquhart, 2019; Urquhart, 2020). Of these

marketed antibody products, over fifteen have achieved elusive ‘blockbuster’ status— an-

nual sales exceeding US$ 1 billion — including bevacizumab, trastuzumab and rituximab

(Busse et al., 2019). Adalimumab, an anti-TNF-α mAb aimed at treating a range of inflam-

matory disorders, remains one of the best-selling pharmaceuticals of all time, with annual

sales well in excess of US$ 10 billion (Lindsley, 2018).

To date, IgG remains themost popular commercial mAb isotype (IgG1 being themost com-

mon subclass), with several Fab and scFv (single chain) fragment exceptions (Lu et al., 2020;

Shoae et al., 2019). Therapeutic antibody fragments, composed of smallermolecularweight

(< 50 kDa) Fab or Fv products, allow developers to exploit the modular nature of antibod-

ies by using only the regions that bind to antigen. Whilst their use may highly depend on

clinical context, e.g. no Fc binding requirement, the general benefits of only utilising vari-

able fragment include faster, cheaper production (via bacterial host cell expression), greater

penetration into tissue inaccessible by full fragment mAbs and a reduced risk of unwanted
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effects from bystander immune cells (Nelson, 2010). Indeed, the second therapeutic anti-

body to be approved by the FDA, abciximab, was a Fab fragment product (Marks, 2012).

1.1.3 indications for therapeutic antibodies

Inflammatory disorders and oncology remain the top indications for therapeutic mAbs;

of all the mAb products listed by Lu et al. (2020), over 60 % were for either of these two

disease categories, with the remainder not grouping into any obvious category. Table 1.1

lists these targets and many more for a variety of selected mAb products. Some antigens

are targeted more than others, indicating the wide role they may play in disease.

The general mechanism of action for mAbs treating inflammation is through their binding

table 1.1 Targets and indications for a selection of assorted commercial mAb therapeutics, including anti-

body conjugate products. Therapeutics are given their international nonproprietary name (INN).

Included references are reviews detailing current targets and indications for each antibody and

their clinical successes. For a list of every antibody product approved by the FDA since 1986, see

Rodgers et al. (2016) or Lu et al. (2020).

mAb Therapeutic Target(s) Indication(s) Reference

Adalimumab TNF-α Autoimmunity Bang et al. (2004)

Bevacizumab VEGF-A Cancers, macular deg. Keating (2014)

Brolucizumab VEGF-A Cancers, macular deg. Yannuzzi et al. (2019)

Certolizumab pegol TNF-α Autoimmunity Mease (2011)

Crizanlizumab P-Selectin Sickle cell disease Riley et al. (2019)

Golimumab TNF-α Autoimmunity Frampton (2017)

Ibritumomab tiuxetan CD20 Cancers, MS Mondello et al. (2015)

Infliximab TNF-α Autoimmunity Siddiqui (2005)

Ixekizumab IL-17A Psoriasis Hanley et al. (2017)

Obinutuzumab CD20 Cancers, MS Tobinai et al. (2017)

Ocrelizumab CD20 Cancers, MS Mulero et al. (2018)

Ofatumumab CD20 Cancers, MS O’Brien et al. (2010)

Omalizumab IgE (Fc region) Asthma Lin et al. (2016)

Pertuzumab HER2 Breast cancers Ishii et al. (2019)

Ranibizumab VEGF-A Cancers, macular deg. Chong (2016)

Rituximab CD20 Cancers, MS Leget et al. (1998)

Secukinumab IL-17A Psoriasis Frieder et al. (2018)

Trastuzumab HER2 Breast cancers Gajria et al. (2011)

Trastuzumab emtansine HER2 Breast cancers Barok et al. (2014)

Ustekinumab IL-12, IL- 23 Psoriasis Benson et al. (2011)
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and subsequent neutralisation of pro-inflammatory cytokines, including tumour necrosis

factors (TNFs) and interleukins (ILs). Both TNFs and ILs are activated by immune cells dur-

ing the inflammatory response and stimulate a host of cell signalling pathways; their over-

reaction being responsible for a range of autoimmune disorders. For rheumatoid arthri-

tis treatment, several mAbs have been employed to target specific cytokines, including

tocilizumab for IL-6R, and infliximab, adalimumab and golimumab for TNF-α (Tanaka et

al., 2014). Ustekinumab and Secukinumab have been used to treat psoriasis, neutralising

IL-12 and IL- 23, and IL-17A cytokines, respectively (Jeon et al., 2017). For Crohn’s disease,

the anti-TNF-α mAb, infliximab, has also been used as an anti-inflammatory treatment

(Poggioli et al., 2007).

Immunotherapy, which benefits hugely frommAb products, has been employed for oncol-

ogy treatment. Three mechanisms of action via the binding of mAbs to targets associated

with cancerous cells are known; inhibition of receptors used by cancer for various func-

tions required for their growth, antibody-dependent cellular cytotoxicity and complement-

dependent cytotoxicity — the latter two calling on immune responses and resulting in

cancer cell lysis (Kimiz-Gebologlu et al., 2018). A clinical example is trastuzumab, an anti-

HER2 receptor therapeutic for the treatment of certain breast cancers, with the binding of

HER2 shown to have anti-tumour effects by various mechanisms, including downregula-

tion of pathway signalling required for tumour progression and the activation of cytotox-

icity immune effects (Gajria et al., 2011).

VEGF-A, a growth factor that promotes cell proliferation through the formation of blood

vessels, is a further antigen target due to its role in tumour growth. The anti-VEGF-A thera-

peutic, bevacizumab, has been employed to limit disease progression in colorectal (Bupathi

et al., 2016), renal cell (Harshman et al., 2010) and non-small cell lung cancers (Lauro et al.,

2014).

The examples given show the diversity in targets for mAb therapeutics and how antibod-

ies can interact with structure-specific agents processes associated with disease. As targets

may be involved in multiple diseases, an expansion of indications — where a drug is ap-

proved for treatment of a disease different to the one originally marketed for — is a phe-

nomenon widely seen with commercial mAb products. Adalimumab, introduced earlier

as one of the best-selling pharmaceuticals of all time, was initially approved by the FDA

for rheumatoid arthritis in 2002, but has since been approved for psoriatic arthritis (2005),

ankylosing spondylitis (2006), juvenile idiopathic arthitis (2008), psoriasis (2008), Crohn’s

disease (2010), ulcerative colitis (2012), hidradenitis suppurativa (2015) and uveitis (2018)

(Lu et al., 2020). Such an increase in approvals is rather bemusing, especially when one
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of its best known brand names, Humira, is an acronym; human monoclonal antibody in

rheumatoid arthritis.

1.1.4 expression systems

The engineering of antibodies for therapeutic purposes has been made possible by the de-

velopment of many techniques, including recombinant DNA technology, bioinformatics,

phage display, and cell culture. Early methods of producing antibodies, i.e. via the immu-

nisation of an animal host and subsequent use of hybridoma technology, has largely been

eliminated. The use of expression systems, i.e. dedicated cell lines for expression of recom-

binant product, has taken over. This has opened up new streams of development in cell

engineering, medium optimisation and upstream processing operations. The choice of cell

line heavily depends upon the desired product and is an expansive area of research.

The industrial production of therapeutic proteins, including mAbs, is reliant upon expres-

sion host cell systems. These living systems, or cell lines, are selected by their capability

for indefinite proliferation, genetic manipulation and reliable expression of recombinant

product. Common cell types employed include bacterial, fungal, mammalian and even

plant and insect cells.

E. coli remains the most employed bacterial host, being an extensively characterised mi-

crobial organism capable of technically simple genetic engineering; it was the expression

system for many early therapeutic proteins, including insulin in 1982 (Quianzon et al.,

2012), human growth hormone in 1985 (Chang et al., 1987), interferon α-2 in 1986 (Spiegel
et al., 1986) and granulocyte colony-stimulating factor in 1991 (Vanz et al., 2008). This early

adoption is immediately obvious when considering what bacterial systems offer; inexpen-

sive medium requirements, quick growth rates, rapid product expression, high titres and

process scalability. Being prokaryotic organisms (with no nucleus or membrane-bound or-

ganelles), their primitive physiologies mean they are capable of growing indefinitely in

culture, under ideal conditions, without the need for prior biological manipulation. This

contrasts with mammalian cells, which require immortalisation to divide continually and

not suffer from drastic genetic changes or eventual senescence. This immortalisation may

arise naturally, e.g. isolating a cell from cancerous tissue, as with HeLa cells (Lucey et al.,

2009), or it may be acquired artificially, e.g. from the introduction of an adenoviral gene,

as with the immortalisation of human embryonic kidney (HEK) cells (Shaw et al., 2002).

Despite their process advantages and early success, the frequently reported drawback for

bacterial systems is the lack of suitable post-translational modifications of expressed prod-

uct. Performed following (or in some cases during) protein synthesis within the Golgi ap-
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paratus and endoplasmic reticulum — organelles which bacteria do not possess — these

describe numerous covalent and enzymatic changes to the product including glycosyla-

tion, phosphorylation, ubiquitination and methylation amongst many others. More struc-

turally complex proteins,when produced usingE. coli, may also suffer frommisfolding and

consequent degradation or aggregation into inclusion bodies; this generally being a result

of the lack of post-translational modifications which contribute to proper protein folding

(Baneyx et al., 2004). Whilst bacteria are biologically capable of modifying their proteins

during or after translation (Macek et al., 2019), these chemical changes are of a different na-

ture to that found in eukaryotes and so give little clinical benefit to therapeutics destined

for the human body. However, certain therapeutic antibody fragments may still be made

using bacteria. Ranibizumab, an anti-VEGF-A Fab product, is commercially produced us-

ing E. coli; the fragment has no Fc region and thus lacks any glycosylation sites, but has

indeed been used successfully for the treatment of macular degeneration (Zou et al., 2011).

Glycosylation is the most desired post-translational modification within commercial

biopharmaceuticals. N-linked glycosylation, the most common type, describes the attach-

ment of a sugar moiety (or glycan) to the nitrogen atom of an asparagine residue. For IgG

molecules, this occurs at asparagine residue 297 in the heavy chain of the Fc region. This

modification is deemed essential for effector functions, the result of Fc region binding to

suitable receptors and thus is closely tied to the therapeutic efficacy of the final protein

product (Hossler et al., 2009). Due to the nature of the modification process, different

types and quantities of glycans can be added, ultimately resulting in a pool of seemingly

identical mAb products, but each with varying efficacies (Walsh et al., 2006). In addition,

the presence of, or lack of, glycans may also affect solubility, stability and aggregation of

the antibody (Higel et al., 2016; Zheng et al., 2011). These effects have subsequently led to

regulatory bodies insisting that glycoform profiles for therapeutic proteins be reproducible

and kept within defined limits.

The demand for correctly folded, glycosylated proteins, starting in the late 1980swith tissue

plasminogen activator (Collen et al., 2004) and erythropoietin (Kalantar-Zadeh, 2017), as

well as for large molecular weight (>50 kDa) antibodies, has meant that mammalian cells

gradually surpassed bacteria as the most employed expression system. Up to 1989, 66 %

of approved biopharmaceuticals were produced using non-mammalian cells; from 2015

to 2018, that had decreased to 21 % of new approvals, with 79 % now using mammalian

(Walsh, 2018). The ability to producemore complex proteins has consequently led to greater

returns. Of the top proteins sold in 2007, two thirds of the revenue came from products

made using mammalian systems, whilst the rest came from those made using other cell

lines such as bacterial and yeast systems (Zhu, 2012).
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The use of mammalian cells however brings process challenges, including low cell den-

sities, genomic stability issues, reduced titres and variations in expressed product. These

are generally the result of the greater genetic, phenotypic and metabolic complexities of

animal-origin cells, and the specialised culture requirements that these systems demand.

Mammalian culture times are also typically longer than bacterial cultures and require

greater expense to run — the latter being partly responsible for the high drug costs seen

with mAbs produced today. However, due to the clinical necessity of therapeutic proteins

having post-translational modifications — especially glycosylation — these issues have

largely been rectified, accepted or at least made tolerable by optimisation over the past

three decades.

Beginning with 100 mgL-1 in the late 1980s, product titres have now reached an excess of 5

gL-1 for mammalian systems (Kunert et al., 2016). The mode of operation has contributed

in part to this, with extended fed-batch runs, involving periodic feeding to keep substrates

high, boosting cell densities and consequent titreswhen compared to simpler, shorter batch

cultures. The culture environment has likewise been optimised, with increased sophistica-

tion, e.g. onlinemonitoring, in theway bioreactors control key parameters (Pais et al., 2014;

Zhao et al., 2015), as well as tailored media formulations (Jerums et al., 2005) being used.

Finally, advancements in vector design, including the engineering of genetic elements such

as promoter and selection markers (Ludwig, 2006) and improved cell development tech-

niques have ensured the generation of high producing, fast growing cell lines.

Mammalian cell lines employed for therapeutic protein production include NS0, Sp2/0,

baby hamster kidney (BHK), Chinese hamster ovary (CHO), Vero, HEK-293 and PER.C6

cells. The first four listed are of rodent origin, with Vero cells derived from a monkey and

HEK-293 and PER.C6 from humans. HEK-293 and PER.C6 cells, derived from human foeti

and immortalised via adenovirus transformation, have found extensive use in recombinant

protein and viral production (Jäger et al., 2013; Xie et al., 2002).

NS0 and Sp2/0, both artificially immortalised murine cell lines, share a similar lineage.

Both were derived from a myeloma, whose formation was induced by the injection of

mineral oil into an inbred BALB/c mouse. NS0 cells, non-secreting/-synthesising, are

so named as a result of their development history — the cells initially produced natural

IgG1 molecules, but gradually lost this ability after successive selection and cloning steps

(Barnes et al., 2000). However the final cell line retained the cellular machinery needed

to produce heterologous mAbs. Sp2/0 is much the same, except hybridoma technology

was used in the development process to fuse an early clone with BALB/c spleen cells

(Shulman et al., 1978). As with NS0, the resulting cell line was unable to express endoge-
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nous antibodies, but could be used for heterologous expression of antibody products.

Therapeutic mAbs commercially produced using NS0 include oftatumumab, belimumab

and raxibacumab; whilst for Sp2/0, include basiliximab, infliximab and cetuximab. Both

cell lines benefit from a natural ability to grow in suspension, can be easily transfected

and are adaptable to serum-free media (Yoo et al., 2002).

BHK, a cell line derived from polyoma-induced transformation of fibroblasts, themselves

isolated from trypsinised kidneys of young hamsters (Macpherson, 1962), has been used

to commercially produce recombinant factor VIIa (Hedner et al., 2011). Due to BHK cells

susceptibility to viruses common to humans, they are also used for viral vaccine research.

Lastly, CHOexpression systems,with their prominence in recombinant protein production,

deserve a separate section for discussion.

1.1.5 chinese hamster ovary cells

CHO cells are the most popular mammalian cell expression system for the industrial pro-

duction of mAb therapeutics. Dhara et al. (2018) list all FDA-approved mAb products and

the expression systems employed to produce them. Using these data, 61 % of mAbs are

produced using CHO cells, followed by NS0, 22 %; SP2/0, 11 %; murine hybridomas, 3 %;

and E. coli, 3 %. From 2014 to 2018, 84 % of mAbs approved were produced using CHO

cells (Walsh, 2018). CHO cells are not restricted to antibody production; the data listed by

Dumont et al. (2016) show the diversity of recombinant proteins commercially produced,

including cytokines, enzymes, fusion proteins, hormones and clotting factors. Indeed, an-

other report, albeit an older one, states that nearly 70 % of all recombinant therapeutic

proteins are produced using CHO cells (Jayapal et al., 2007). Table 1.2 shows an assorted

list of proteins industrially made using the CHO expression system.

The reasons for the dominance of CHO have been extensively documented and are often

included in the introductions of many CHO research articles. (i) Shared with many mam-

malian expression systems, is the ability of CHO cells for post-translational modification of

expressed product and thus ensures heterologous proteins have sufficient biological activ-

ity in vivo, (ii) an expanding marketed product portfolio from the FDA, starting with tissue

plasminogen activator in 1987, has set a precedent for regulatory approval with products

made using CHO cells. Such a favourable record is appealing for companies choosing an

expression system in the early stages of biopharmaceutical development. It also means a

wealth of experience and knowledge is already present amongst drug researchers within

many companies. (iii) Suspension adapted CHO cells lines, capable of high density growth

within chemically defined medium, have been developed and can be employed for stirred

tank reactor production, enabling volumetric scaling to industrial sizes. (iv) They are rela-
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tively safewith respect to pathogenic agents, withmany viruses infectious to humans, such

as HIV, influenza viruses and the measles virus, not infectious to CHO cells. (v) Tolerance

of genetic manipulation, when subjected to transient and stable transfection techniques,

allows designed plasmids to be taken up, genes read and product expressed with relative

ease.

table 1.2 A small selection of assorted therapeutic proteins currently produced

using CHO cells with recombintant DNA technology. Adapted from

Dumont et al. (2016).

Protein Therapeutic Type Company*

Adalimumab

mAb

Abbot Laboratories

Rituximab Biogen

Trastuzumab Genentech

Interferon beta-1a
Cytokine

Biogen

Darbepoetin alfa Amgen

Agalsidase beta
Enzyme

Genzyme

Human DNase Genentech

Abatacept Fusion protein Bristol Myers Squibb

Follitropin alfa Hormone Merck

Factor VIII Clotting factor Baxter Healthcare

* Only one company listed; others may produce same therapeutic or a variant of it, depending
upon patent status and geographical location.

Despite being frequently termed the workhorse of the biopharmaceutical industry, CHO

cells were not originally intended for use as an expression system. Derived from a biopsied

ovary of an inbred rodent (Cricetulus griseus, or Chinese hamster) in 1957, the adherent

cells, described as ‘fibroblast-like’, were initially studied for genetic purposes (Tjio et al.,

1958). Their relatively low chromosome number (2n=22; compared to human cells with

2n=46), and the observation that themodal chromosome number did not vary significantly

over many months of culture, suggested the new ‘Chinese hamster cells’ could be used as

an in vitro model to study the effects of physical and chemical agents on chromosomes.

It was soon reported these new cells were ‘particularly hardy and reliable’ (Puck et al.,

1958) and appeared to have immortalised spontaneously. Their low generation time of 10

hours, deemed beneficial for experimentation, further ensured they would be continued

to be studied.

Several subclones from the original cells were soon derived. CHO-K1, again adherent, but

with a lower chromosomenumber of 20, is now regarded as an early parental cell line. Orig-
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inal work on this subclone reported the consequence ofmutagenesis, via exposure to either

ethyl methanesulfonate or methylnitronitrosoguanidine, on the activity of the enzyme di-

hydrofolate reductase (DHFR) (Kao et al., 1968). DHFR converts folate to tetrahydrofolate,

a precursor for the synthesis of purines, pyrimidines and glycine, regarded as essential

for the survival of cells. Thus, cell mutants lacking DHFR activity had to be cultured in

medium supplemented with these essential metabolites for growth. In later years it was

proposed CHO mutants lacking DHFR activity could be exploited in a selection system

for stable transfection purposes. A cell line, CHO-DG44, was prepared where it was made

certain both gene loci for DHFR were removed via gamma radiation (Urlaub et al., 1983)

— a scenario where DHFR activity could return was deemed theoretically possible in the

earlier mutants.

The DHFR/MTX system, a means of selecting and amplifying a gene of interest, relies on

the folate analogue, methotrexate (MTX), to inhibit the activity of DHFR. If a CHO cell

successfully incorporates a vector containing both the gene of interest and a nearby gene

coding for DHFR, theywill survive and grow inmedium lacking any essential metabolites,

such as glycine, hypoxanthine and thymidine. Adding MTX, and steadily increasing the

concentration, further ensures only cells expressing high copies of DHFR, and the gene of

interest, ultimately survive.

Another selectionmechanism, theGS/MSX system, relies instead uponCHOmutants lack-

ing the enzyme glutamine synthetase (GS). GS converts glutamate and ammonia to glu-

tamine, an essential amino acid required for cell survival. Growing the cells in medium

without l-glutamine supplementation ensures only cells with incorporated genes coding

for GS and the protein product survive and grow. Methionine sulfoximine (MSX), an ana-

logue of glutamate, inhibits GS and as before can be applied as a selection pressure to

obtain high producing transfected cells. Another cell line, CHO-K1SV, was derived from

CHO-K1 and adapted for suspension culture by Lonza (Fan et al., 2013), and employs this

GS/MSX system for industrial protein production. And finally, as well as CHO-K1 and

CHO-DG44, a further parental cell line was developed, CHO-S, and adapted for suspen-

sion culture (Thompson et al., 1973). For a detailed overview of CHO cell lineages with

further historical detail, see Lewis et al. (2013).

1.1.6 stable and transient transfection

The use of mammalian expression systems is reliant upon the successful transfection of

genetic material, specifically DNA (as RNA can also be tranfected), for the expression of

protein product. Transfection describes the process of introducing exogenous nucleic acids

into mammalian cell lines. This is similar to, but should be not confused with, transfor-
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mation, which instead describes the introduction of nucleic acids into bacterial and other

non-mammalian systems.

Transfections may be defined as either stable or transient, depending upon the fate of the

DNA (usually contained within a vector) once inside the cell. The former leads to the in-

tegration of the genetic material into the nucleus of the cell, ensuring it is replicated along

with the host genome each time the cell divides. As noted in § 1.1.5, the use of a selection

marker (which is likewise incorporated with the gene encoding the desired protein) en-

sures efficient selection of high producer cells post-transfection. This results in a new cell

clone capable of indefinite expression of the protein. For transient transfection, the DNA

is not integrated into the nucleus, but instead remains within the cytosol for a short time

period (typically less than a week), with both the DNA copy number and the subsequently

expressed product gradually diluting as cells divide. In recent years transient transfection

has become an increasingly used workflow for biopharmaceutical development, particu-

larlywithin pre-clinical antibody research. In contrast to stable transfection, transient trans-

fection is both faster and cheaper, allowing rapid production and assessment of products

without the commitment to stable cell generation.

Electroporation-mediated (Steger et al., 2015), polyethylenimine-mediated (Elshereef et al.,

2019) and lipid-mediated (Rosser et al., 2005) transfection have been employed routinely

for transient transfections. However, these have been performed almost exclusively using

batchwise cultures. The key advantage of pairing transient transfection with continuous

processes may have been overlooked, namely the potential for sequential transient gene

expressions without any culture downtime. Indeed, such a set up could only be achieved if

cells were cultured continually via a perfusion process, with a system such as this enabling

even shorter antibody production times. The higher cell densities typically seen with per-

fusion culturesmay further result in higher product titres during these transient expression

cycles.

There exists no literature demonstrating this idea of continual transient transfections

within a long-term continuous process, with an application of the work reported here in-

deed being sequential transient transfections. For a discussion on batch, semi-continuous

and continuous processes, including a description of each, see § 1.2.

1.1.7 chemically defined bioprocessing

The successful production of a biopharmaceutical is dependent upon the harmonisation of

multiple processes, both upstream and downstream, along with the correct input of raw

materials and fine tuning of parameters. Due to the interconnectivity between bioprocesses
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and biopharmaceuticals, it is often remarked the product is the process, or rather, the pro-

cess defines the product (Vulto et al., 2017). This arises from the observation that seemingly

trivial variations within a bioprocess can have dramatic effects on the final product. As the

safety and efficacy, i.e. the critical quality attributes, depend ultimately upon the structure

of the product, it is essential the overall process is reproducible batch-to-batch.

Such discussion complements the production of biosimilars. Once the patent has expired

on a marketed biopharmaceutical, companies who are wishing to develop their version of

this product can never expect to exactly replicate its molecular structure. They do not have

access to the specific expression system, which will be a clone transfected with a specific

vector and subsequently tailored using a cell line development process, and the process

conditions originally used during productionmay be unknown. Thus, theymust develop a

newbioprocesswith their own expression system,with the aimof replicating the safety and

efficacy of the reference product as far as possible. As noted previously, this contrasts with

conventional pharmaceuticals, whose structures have no molecular ambiguity and can be

easily replicated with much simpler, and more widely understood, chemical reactions.

To ensure the above is followed, in recent times there has been a move towards chemically

defined bioprocessing, i.e. where the components of material inputs are explicitly known,

quantifiable and traceable. This is most pronounced within the upstream processes of pro-

duction, where materials used must be accounted for downstream during the purification

of the product. If thematerials within the process are not known, then it cannot be known if

they, or their derivatives, have been truly removed at the end of the process or what effect

they may have had on the product.

Cell culture media has been a relatively easy target to drive this trend towards chemically

defined processes. In the early days of cell culture, media was of low definition, i.e. it was a

basal medium supplemented with serum, typically of bovine or even human origin. These

sera, essentially biological extracts, served as a crude source of nutrients and factors for cel-

lular functions such as attachment, growth and in the case of primary cells, differentiation.

Due to their animal origin, serum products are ill-defined, prone to supply issues andmay

be considered unethically-sourced (van der Valk et al., 2004). For bioprocessing, the disad-

vantages of using such animal-derived products include batch-to-batch variability and the

consequences on the product of not knowing the exact components. Even if the effects on

product efficacy are mitigated, regulatory bodies continue to strongly discourage the use

of animal-origin products due to the risk of pathogenic contamination, particularly with

prions and viral agents, on the final product (Weinberg et al., 2005).

To overcome this, serum-free medium has been developed, eliminating the need to add
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animal-derived extracts. Because specific animal-derived proteins, again usually of bovine

origin, may still be added, protein-free medium continued the trend. A beneficial conse-

quence of using animal origin-free medium is the design of media specific to the cell type

employed, e.g. NS0 cells (Zhang et al., 2005) and Vero cells (Rourou et al., 2009), which has

brought greater knowledge about particular cell line medium requirements and in turn a

degree of optimisation. Chemically definedmedium,where each component is known and

quantified, was the next improvement. Particular types of chemically defined media may

also be peptide-free and protein-free, depending upon the intended cell line, and is widely

considered the most defined type possible. A popular commercial example, CD CHO from

Thermo Fisher Scientific, is a chemically defined, serum-free, peptide-free and protein-free

(recombinant or otherwise) formulation intended for suspension-adaptedCHOcell culture

(Zhu et al., 2012). The lack of recombinant proteins in this instance is a further measure to

ensure no animal-origin components, as recombinant materials are themselves products of

cell culture processes. Alternatives to FBS have been reviewed by Gstraunthaler (2003).

Despite the general move towards more defined media, adherent cell culture media is

still frequently supplemented with foetal bovine serum (FBS), often as 10 % (v/v) of the

medium. As with other sera, FBS is a variable mixture of growth factors, hormones, en-

zymes, fatty acids, adhesion proteins and trace elements (Brunner et al., 2010). The presence

of adhesion proteins, effectively ‘sticky’ substrates that mimic the extracellular matrix of

cells, act to encourage initial cell attachment and eventual spreadingduring culture growth.

Whilst the issue of ill-defined FBS for adhesion may not seem relevant to the modern in-

dustrial production of mAbs — where cells are in suspension within chemically defined

medium— it deserves discussion when adherent processes are repurposed for novel pro-

cesses, e.g. in the use of microspheres as a cell retention device, as is the case in this work.

The coating of culture vessels with particular adhesion substrates, prior to cell seeding, is

a common technique to facilitate cell adherence, which may then not demand the use of

FBS. Adhesion substrates used however are typically animal-origin proteins, and thus of

the same kind encountered in sera, such as fibronectin and vitronectin (Anwar et al., 1993;

Groth et al., 1995). Even in these instances,manyprotocolsmay continue to list FBS as a sup-

plement, likely for the benefit of serum’s other components for cell culture. Chemically de-

fined, animal origin-free adhesion substrates do exist, generally taking the form of cationic

homopolymers. The cationic character derives from their amines; functional groupswhich,

under physiological pH, give a net positive charge and so attract the negatively-charged

membrane of mammalian cells. Such an attraction ultimately causes cell adhesion. Polyly-

sine, available as either d or l enantiomorph, is ubiquitous in the literature as a chemi-

cally defined adhesion substrate for many cell types (Ando et al., 2015; Huang et al., 2005;
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Kam et al., 2001; Wei et al., 2009), and has been used since at least the 1970s (Mazia et al.,

1975; Yavin et al., 1974). The high cost of polylysine however means its usage in coating a

large volume of high surface area microspheres may be prohibitive. The continued usage

of chemically defined medium, i.e. CD CHO, alongside the use of an animal origin-free

adhesion substrate, is a key criterion for the work carried out and presented here.

1.2 continuous bioprocessing

1.2.1 biologics in batch

The industrial production of biologics, particularly biopharmaceuticals such as mAbs, is

overwhelmingly performed using batchwise processing. Because of this, all unit opera-

tions from upstream to downstream are physically separated from one another and act

independently as discreet steps. This brings two processing consequences; (i) a unit cannot

begin until the preceding one has completed, resulting in idle operations, and (ii) non-value

added steps such as holding tanks are necessary to transport the product between oper-

ations once it exits the bioreactor and starts purification. This presence of holding tanks,

usually contained within skids, is a characteristic feature of the commercial production of

biopharmaceuticals. Another is the frequent interaction between operator personnel and

unit operations as the product makes its way downstream.

The use of batch production contrasts with other established processing industries such as

oil and gas, small drug pharmaceuticals and food and drink, where at least some of the

processes involved are carried out continuously, i.e. with integrated unit operations and

with no or little downtime. There are many reasons for the continued reliance on batch for

biologics; (i) the industry, in its commercialised form, is relatively young at around three

decades, (ii) there is a prevailing conservative mind-set by companies to stick with what

they knowwhen confronted with new technologies, such as continuous processing equip-

ment, (iii) this mind-set in part is due to the inherently challenging and highly regulated

nature of biologics manufacturing, (iv) the product is the process, so any continuous pro-

cesses would need to ideally be developed from the start, rather than retrofitted in later,

and simply (v) the global market demand for biologics will never meet that of an industry

such as oil and gas, so having a continuous output is not strictly necessary.

For upstreamprocessing, i.e. the use of a bioreactor to growa cell line to a sufficient biomass

for subsequent expression of heterologous product, processes are frequently either batch

or fed-batch mode. In batch, the bioreactor is a closed system, with medium and a cell seed

added at the beginning and the culture allowed to commence. It is here that the classic cell

culture growth curve starts; cells begin to consume substrates, acquire biomass and release
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metabolites, some of which are toxic. As substrates are used up, cell culture growth evens

out, and eventually, as toxic metabolites continue to accumulate and have a detrimental

effect, cell death occurs. Subculturing, which is essentially the manual process of replen-

ishing the medium with a fresh cell seed, would occur during the mid- or late-exponential

phase.

All cell culture operations are at least batch, with batch highly prevalent in both research

and industrial settings for the routine subculture to prolong the life of a cell line, in ei-

ther suspension or adherent modes. In fed-batch, which may be referred to as a semi-

continuous operation, medium and cell seed is added at the beginning as before. How-

ever, after a defined time period, specific substrates are added, or fed, at specified time

points, to keep the quality of the medium at a desired level. This has the effect of boosting

the biomass achieved, extending the culture time and increasing product output. Different

feeding strategies mean the concentrations of particular substrates can be controlled and

tailored to the needs of the specific cell line and culture.

It is widely known that fed-batch is the most popular mode of operation for commercial

upstream purposes, with large-scale reactors (often >5,000 L) being employed to maximise

product yield, with the wider process, taking into account downstream operations, being

batchwise in nature. For both batch and fed-batch operations, the product remains in the

bioreactor until the end of the culture period.

1.2.2 perfusion and continuous upstream operations

There exist operations within biopharmaceutical production which may benefit consider-

ably from fully continuous processing. Perfusion technology — the leading form of con-

tinuous upstream processing— brings tangible advantage to cell culture and recombinant

protein production. These benefits are generally independent of wider process adoption of

continuous technologies, e.g. continuous downstream units, and thus can be explored in

isolation within research and development settings. Perfusion operations mimic the mam-

malian circulatory system, i.e. cultured cells experience a continual arrival of freshmedium

and simultaneous exit of spent medium. In these systems, cells are physically retained, or

separated from the exiting medium, by a retention device, so as to allow fresh medium to

be perfused through without gradual cell loss. In practice, this takes the form of a modi-

fied bioreactor, where an inlet allows medium to be pumped in, and an outlet allows ‘old’

medium, already present in the vessel, to be pumped out along with the product. The re-

tention device can be external or internal, depending upon the technology employed, and

comes in a wide variety of formats (see § 1.2.3).
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The advantages that perfusion offers over batch and fed-batch operation include; (i) vastly

higher cell densities, often reaching in excess of 1.0 × 108 cellmL-1 (Clincke et al., 2013;

Zamani et al., 2018), (ii) much longer culturing times due to medium replacement, and

consequently no culture death, with twenty-five days and more culture reported (Bosco et

al., 2017; Zhang et al., 2015), (iii) continual removal of product at the outlet, meaning prod-

ucts prone to degradation can be processed immediately as they exit, (iv) higher volumetric

productivities, and so allowing a reduced footprint of upstream equipment within indus-

trial sites, which in turn results in reduced capital cost and cost of goods, and finally (v)

an optimal medium environment for cells, which may bring benefits for both product titre

and therapeutic quality, including greater consistency in glycosylation profiles (Karst et al.,

2017a; Karst et al., 2017b). Table 1.3 shows the mAb products commercially manufactured

using perfusion today, with Janssen Biotech being the leading industrial player.

table 1.3 FDA-approved mAb products manufactured, or-

dered by year of approval, using perfusion tech-

nology. Adapted from Schmidt (2017), where non-

mAb biologics produced using perfusion culture

are listed.

mAb Therapeutic
Year of
Approval

Company

Abciximab 1994 Janssen Biotech

Infliximab 1998 Janssen Biotech

Alemtuzumab 2001 Genzyme (Sanofi)

Golimumab 2009 Janssen Biotech

Basiliximab 2009 Novartis

Ustekinumab 2009 Janssen Biotech

Process intensification is synonymous with perfusion, and is responsible for the key ben-

efits of this technology. An intensified bioprocess describes an increased cell density cul-

ture, greater product titre with a consequent reduction in physical space requirements,

i.e. higher volumetric productivities, with gL-1day-1 often used as the metric. For perfu-

sion, this means a smaller site footprint, reducing capital and operating costs and con-

trasts with much larger bioreactors and support equipment seen with fed-batch. Due to

these reduced volumes, perfusion operations are thus seen as very much compatible with

single-use technology and often are presented together (Whitford, 2015). As a theoretical

example to demonstrate volumetric productivities, a single-use 50 L perfusion bioreactor

could yield the same amount of product as a stainless steel 1,000 L fed-batch bioreactor

(Langer, 2011).
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Chen et al. (2018) identified three parameters responsible for process intensification; cell-

specific productivity, viable cell density and length of ‘idle’ bioreactor stages, e.g. non-

productive cell growth stages. Whilst perfusion remains the best way to intensify an up-

stream process, it is worth noting that fed-batch processes can indeed be intensified them-

selves. This ismadepossible by perfusion being used in the seed train prior to the fed-batch,

as an ’N-1 seeding strategy’, to rapidly generate enough cells to vastly increase the seed-

ing density of the eventual fed-batch run, as demonstrated by Xu et al. (2020). The ’N-1’

refers to the step immediately prior to the fed-batch operation, i.e. the step where cells will

be grown to later become the seed. Due to this higher cell seed the fed-batch run may be

completed in a shorter time period thanwould otherwise occur, meaning faster production

cycles are possible.

Perfusion is not a new technology and, for biopharmaceutical manufacturing, actually pre-

dates the use of fed-batch processing. In the late 1980s and early 1990s, when product titres

were a fraction of what they are today, and when a lot of heterologous products were in-

herently unstable in media, perfusion operations were solely employed (Bonham-Carter et

al., 2011). However, media quality improved, more robust cell lines were developed and

product titres consequently jumped, meaning familiar, scalable reactors took over and fed-

batch became dominant in the industry.

Concerns relating to the adoption of perfusion operation within modern commercial pro-

cesses mirror those of general continuous bioprocessing, with a survey from industry re-

vealing process operational complexity, process development challenges and contamina-

tion risks as the biggest perceived concerns when using perfusion, as compared to fed-

batch operations (Langer et al., 2014). Others have been more direct in their scepticism

concerning the role of perfusion in bioprocessing today, referencing the genetic instabil-

ity of cells when subjected to cultures lasting weeks at a time, the required higher costs

of research and development and asking why companies, with successful batch facilities,

would ever need to switch to continuous operations (Croughan et al., 2015).

However, the use of perfusion in commercial processing is growing with renewed interest.

Despite perceived regulatory concerns, regulatory bodies actually encourage the uptake

of perfusion processes — the first biologic manufactured using perfusion was approved

by the FDA in the mid 1990s — and see it alongside other emerging initiatives such as

quality by design and process analytical technology (Fisher et al., 2019). Perfusion is seen

as a key technology in the factory of the future; characterised as, continuous, single-use,

modular (‘plug-and-play’), multiproduct, and small-scale yet intensive to meet changing

market demands.
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Figure 1.2 visualises the four cell culturemodes, separated into batch, semi-continuous and

continuous operations, and shows typical growth curves for each. All have been discussed,

with the exception of chemostat culture, which is essentially perfusion but without any

means of cell retention. The rate of medium going in, i.e. the dilution rate, is equal to that

leaving, so metabolite and substrate concentrations, and cell number, reach a steady state.

A culture at steady state will have a dilution rate equal to its growth rate, meaning the

growth can be directly controlled by the rate at which medium is entering and leaving.

Chemostats are not typically used with mammalian cells, where they would experience

detrimental cell loss, and instead are employed for rapidly growing bacterial and fungal

cultures (Basson, 2000; Lis et al., 2019). Chemostat vessels have been used with CHO cells,

but solely as an experimental technique to investigate the effect of mild hypothermia on

productivity, separately from the specific growth rate, which is not possible with usual

batch operations (Vergara et al., 2014). Chemostats will not be discussed further here, but

remain a technically simple option for continuous upstream processing.
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figure 1.2 Schematic detailing the four cell culture modes, categorised as either batch, semi­continuous

or continuous operation. Cells can be cultured in processes defined as either batch, fed-batch,

chemostat or perfusion. For batch, the culture duration is limited as medium will progressively

get consumed as cells grow. Fed-batch allows an extended culture duration due to the inter-

mittent feeding of substrates, although the culture must eventually terminate due to volume

limitations within the vessel. For chemostat and perfusion, medium is continuously replenished

and the culture can be sustained indefinitely. For perfusion, however, cells are retained (either

internally or externally to the bioreactor) and do not get diluted out along with the medium, as

is the case with a chemostat process. The choice of process will depend upon the intended ap-

plication. Simplified, relative growth curves show the expected viable cell densities and typical

culture durations for each of the cell culture modes.
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Continuous downstream processing is also an emerging area for biopharmaceutical manu-

facture, albeit very much new unlike perfusion. It has not been explored in this thesis, but

Zydney (2015) has reviewed current technologies for all major downstream operations.

Considered together, Konstantinov et al. (2014) provides commentary on industrial con-

tinuous bioprocessing and discusses examples of hybrid set ups, e.g. a perfusion and batch

downstream process, or a batch upstream and continuous downstream process, as well as

fully integrated, continuous processes. Whilst the former are achievable and very much

feasible, the latter may still be not be possible at certain scales, due to specific downstream

equipment simply not being available as continuous units yet.

For most industry players economics will usually dictate their decision on whether to use

any continuous unit operations within a commercial process. Pollock et al. (2013) have

compared the economic, environmental and operational feasibility of fed-batch and two

perfusion processes (one employing a spin filter cell retention device, the other an ATF cell

retention device; both of which are explained further in § 1.2.3). Interestingly, the authors

reported on the limitations of the spin filter process, including its low robustness, with

an ATF providing the most economic benefit. However, fed-batch came out top if envi-

ronmental and operational feasibility is deemed more important, owing to its lower water

usage and regarded as easier to use. However, the latter may change over time as more

operators are accustomed to perfusion operations or if the operations were performed by

a company already familiar with continuous processing.

1.2.3 cell retention for perfusion

The cell retention device, ormore broadly themeans of cell retention, is the defining feature

of any perfusion unit operation. Cell retention devices form an incredibly diverse range of

equipment, and there are multiple ways, some of which are very sophisticated, to stop

cells from exiting a system in a perfusion process. Some sources refer to cell retention as

cell recycling, or cell separation, as this better reflects the nature of the particular retention

method used. The first distinguishing factor for cell retention devices are their physical

location; external devices are outside the bioreactor,whereas internal are inside. The second

is their type of retainment; Voisard et al. (2003), who have produced a detailed review on

cell retention devices, divides this up by size, i.e. via filtration, and by density, of the cells.

For filtration, a physical barrier is employed to stop cells from exiting with the perme-

ate. Hollow fibre membranes are probably the most encountered within modern industrial

continuous processing. These devices take the form of a cassette, or cartridge, filled with

thousands of semipermeable hollow fibres. The cassette has an inlet and an outlet and is

designed so that any liquid, such as medium, entering will flow through the interior of the
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fibres. Cells are seededwithin the extracapillary space, i.e. outside the fibres, but within the

cassette. When medium is perfused through, substrates can diffuse out for cell consump-

tion, whilstmetabolites can diffuse in and exit. The pores of the fibrewalls, often referenced

by their molecular weight cut off, can be controlled, and so products such as antibodies can

be allowed to either exit with the permeate or be retained, depending upon the application.

Whitford et al. (2009) listed three fundamental characteristics of hollow fibre membranes

for perfusion operations; (i) extremely high binding culture ratio to volume ratios, (ii) im-

mobilisation of cells at a very high density, and (iii) selected porosity of the fibres, e.g. to

concentrate the secreted product.

The pumping mode defines the hollow fibre membrane operation, and is sometimes re-

ferred to itself as the cell retention method. Tangential flow filtration (TFF) mode describes

the flow of medium passing through the fibres, i.e. tangentially, and allowing the exchange

of liquids. TFF is often contrasted with dead end filtration, where liquid is passed straight

through into a filter, eventually leading to fouling of the membrane. Alternating tangen-

tial flow (ATF), designed for cell culture, has the same principle as TFF but an added di-

aphragm pump causes the flow of liquid to occur in both directions within the cassette, i.e.

alternating, which helps to flush the membrane and further keep it from fouling.

Spin filters have been used commercially for several decades, with much of the literature

on the development of the retentionmethod dating from the 1990s (Deo et al., 1996; Yaban-

navar et al., 1992). Perfusion operations employing spin filters use a rotating screen filter,

frequently within the bioreactor, where cells are entrapped and cultured, whilst medium

enters into the vessel and exits from the inside of the filter. Cells are retained mainly due

to hydrodynamic effects caused from the rotation. The rotating speed of the screen is the

key parameter, with a relatively fast spin needed to prevent cell accumulation on the filter

and also reduce fouling. The pore size of the screen can also be increased to prolong the

process before significant fouling occurs.

Microcarriers are capable of physically adhering cells and thus offer an alternative method

of cell retention, provided they themselves can be retained. A key benefit of using micro-

carriers is their versatility; they can be used externally or internally with almost any type

of vessel, and unlike other retention devices they do not require considerable expertise to

operate. Their use in perfusion processes is demonstrated in the literature, although they

are certainly less encountered than hollow fibre membranes. Goldman et al. (1998) used

macroporous microcarriers to retain an adherent CHO cell line within a fluidised bed sys-

tem operating in perfusion mode, whilst Bleckwenn et al. (2005) used microporous micro-

carriers for HeLa cells, employed within a bioreactor and retained via the use of a mesh
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screen module operating using ATF. The use of microcarriers as a bespoke cell retention

devices is the overarching finding in the work presented here andwill be discussed in later

chapters.

1.2.4 current technologies for continuous upstream r&d

Much of the literature provided so far has focused on the use of perfusion operationswithin

an industrial setting, i.e. for the commercial, large-scale production of biopharmaceuticals.

The work presented in this thesis is not intended to be used for industrial applications, but

rather as an introduction as to how continuous upstreamprocesses could be used for small-

scale research and development purposes. Commercially available perfusion systems for

research and development are severely limited, which may help explain the reluctance of

industry to fully adopt perfusion in their processes. The market leader, the ambr250 High

Throughput Perfusion system, launched in 2018 by Sartorius Stedim, is designed for perfu-

sion development and uses up to twenty-four parallel bioreactors with working volumes

from 100 to 250 mL. The cell retention device, attached to each bioreactor unit, is a hol-

low fibre membrane with TFF operation. Each bioreactor, including the retention device, is

single-use. The system is likely to be very expensive and certainly would not be affordable

for most academic departments involved in perfusion research — no literature on its use

from academic sources could be found — or even for start-up biologics companies. The

system also possesses a large footprint and is clearly designed for industrial companies,

with large labs, who intend on developing scalable perfusion operations for commercial

processes.

However, many examples exist in the literature of perfusion systems developed in-house,

with some even demonstrating the use of bespoke cell retention methods. Clincke et al.

(2013) attached a hollow fibre membrane to a single-use 10 L wave bag bioreactor and

employed either TFF or ATF for comparison, with some cultures lasting over 40 days. Cell

bleeding was employed to maintain the cultures at high viability after sufficient growth.

For TFF, the maximum cell density achieved was 2.14 × 108 cellmL-1, whilst for ATF, it

was 1.30 × 108 cellmL-1; the authors noting the increased viscosity when dealing with high

densities caused challenges with both TFF and ATF functions.

In the same lab, Zhang et al. (2015) used a CellTank system, employing a polyester ma-

trix (150 mL total volume) within a cassette, submerged within a 2 L bioreactor, as an

internal cell retention device. Suspension-adapted CHO cells were physically entrapped

within this matrix, with an inlet allowing entry of medium and an outlet from the cassette

letting medium exit. Maximum cell densities achieved were above 1.0 × 107 cellmL-1 and

runs were carried out for up to 30 days. Due to the inaccessibility of the retained cells,
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cell bleeds were not feasible, and instead hypothermic temperatures used to arrest cell

growth, although the authors noted rapidly increasing the recirculation rate would dis-

lodge cells from the matrix and could be used as a crude way to bleed cells. Kwon et al.

(2017) utilised a novel cell retention method; namely, microfluidic channels (channels with

widths measuring 600 µm or less) in the form of spirals, fabricated using soft lithography

with polydimethylsiloxane as the material. The separation effect was due to ‘inertial sort-

ing’, with hydrodynamic forces causing the majority of cells to flow towards the inner wall

and consequently into the retentate outlet at the end of the spiral. Spent medium then exits

through the permeate outlet. As some cells also exit through the permeate, cell bleeding is

not required to maintain a viable high cell density. Using this method eliminated any bio-

fouling experienced with filter-based retention devices, such as hollow fibre membranes.

The authors demonstrated this retention technique with four spirals attached, externally,

to a spinner flask, with 18 days perfusion culture using CHO cells performed and a cell

density of over 2.0 × 107 cellmL-1 achieved.

As a technically simple way to mimic perfusion, semi-continuous or pseudo-continuous

upstream operations have also been reported. In these instances, cells are usually settled

via gravity and the medium replaced manually at set intervals to replenish substrates and

remove toxic metabolites. An ambr15, designed for batch operation, was employed using

this sedimentation strategy as a separation method (Kreye et al., 2019). For medium ex-

change, the agitator was switched off, cells allowed to settle for at least 30 min and 3 mL

supernatant removed, with 3 mL fresh medium then added. These commands were pro-

grammed in, allowing the ambr system to automatically carry out medium exchange. This

was performed for 45 days using a human cell line, with over 1.0 × 107 cellmL-1 achieved,

with the authors favourably comparing results to that performed using a standard ATF

perfusion process. Gagliardi et al. (2019) demonstrated a relatively more sophisticated ap-

proach, again using the ambr15 system but instead employing offline centrifugation via an

external centrifuge (separate from the ambr15 system) equipped with a custom holder for

the ambr15 vessels. In contrast to relying on cell sedimentation via gravity, this method

ensured cells were only in suboptimal conditions for a minimum time period. Both these

reports show that a pseudo-continuous set up can be achieved for laboratories that do not

wish to employ cell retention devices.

1.3 polymerised high internal phase emulsions

1.3.1 an introduction to polyhipes

A high internal phase emulsion, or HIPE, is defined as an emulsion with an internal, or

droplet, phase volume ratio of 0.74 or greater, i.e. 74 % of the total emulsion volume is

25



chapter 1 – literature review

comprised of droplets dispersed within an external phase. Usually this internal phase is

water and the external, or continuous, phase is ‘oil’ (or rather some hydrocarbonmonomer

with sufficient hydrophobicity), creating a water-in-oil HIPE, and so requires a surfactant

for a stable emulsion to occur. These water-in-oil HIPEs are typically white, viscous paste-

like liquids. A polymerised high internal phase emulsion, or polyHIPE, may be formed

when the external phase of the emulsion is cured, i.e. polymerised, and thus hardens to

formapolymericmaterial. Thewater droplets can be dried to leave a highly porous (74%or

greater void space) plastic, described as scaffold-like, permeable and with varying degrees

of interconnectivity. This interconnectivity describes the pores (also known as voids) and

their open connections to one another via pore throats (or windows) and is the defining

characterstic for polyHIPE materials. Foudazi (2021) has provided an in-depth discussion

on the formation of this interconnected structure during the polymerisation of HIPEs.

Curing can be achieved through heat or radiation exposure, and may take less than a

minute or many hours to complete, depending upon the monomers used, the presence

of an initiator, the volumes used and the polymerisation mechanism. Because the pores

are the direct result of the space previously filled by water droplets, a polyHIPE is consid-

ered an example of emulsion templating, with the water technically acting as a porogen

(pore-generating) for the final material. However, the morphology of a polyHIPE may be

different to that exactly seen in its preceding HIPE, due to coalescence of droplets imme-

diately before or during polymerisation, as well as the effects of Ostwald ripening if the

HIPE is stored for extended periods (Barbetta et al., 2009).

The criterion of a 74 % internal phase volume for a HIPE is not arbitrary; 0.74048 is the

maximum fraction of space, or packing density, that equally sized spheres, of any specified

size, can fill within any volume of space — known as the Kepler conjecture (Hales et al.,

2017). Because HIPEs can exist with internal phase ratios many times greater than 0.74, it

thus stands that the water droplets contained in the internal phase are not uniform in size,

but deformed and irregular, which explains the seemingly randomly sized voids observed

in subsequent polyHIPE structures. Polymerised medium high internal phase emulsions,

or polyMIPEs, with 30 to 74 % internal phase volumes, and polymerised low high internal

phase emulsions, or polyLIPEs, with less than 30 % volumes, do also exist (Wu et al., 2013),

but are much less encountered in the literature and have not been explored in this work.

Cameron (2005) andPulko et al. (2012) have bothwritten succinct reports on the use of poly-

HIPE technology to achieve porous polymeric materials, whilst an up-to-date and highly

detailed review on emulsion templating using HIPEs is given by Zhang et al. (2019). The

production of polyHIPE materials was first patented in 1982 by researchers at Unilever,
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who also coined the term ‘polyHIPE’ to refer to these new highly porous structures (Barby

et al., 1982).

1.3.2 chemistry of polyhipes

The structural characteristics of a polyHIPE are determined by the components of its pre-

cursor HIPE, including monomer type, crosslinker and surfactant, as well as the process-

ing conditions in which the HIPE was generated. For monomers, styrene remains the most

employed for the fabrication of polyHIPEs, being inexpensive, readily available and suf-

ficiently hydrophobic to form a stable emulsion, with its use extensively documented in

the literature (Choudhury et al., 2016; Mercier et al., 2000; Yang et al., 2015; Xu et al., 2015).

Other styrenic monomers frequently used include divinylbenzene — often in combina-

tion with styrene itself — typically as a crosslinker to covalently link the forming polymer

chains and provided added strength (Jing et al., 2015; Woodward et al., 2017). Another,

4-vinylbenzyl chloride, has been used alongside divinylbenzene to form polyHIPEs with

reactive chloride moieties, allowing chemical modification of the resultant material, with

amino and hydroxy functionalisations demonstrated (Barbetta et al., 2000; Krajnc et al.,

2002). The post-fabrication functionalisation of polyHIPEs is a popular area of research

and will be discussed further in § 1.3.5.

Free radical polymerisation, often used as the mechanism for the fabrication of polyHIPEs,

are chain reactions involving initiation, propagation and termination steps. Initiator

molecules are first degraded, through heat or radiation exposure, to generate free radicals

(chemical species with an unpaired valence electron), which then ‘attack’ the pair of

electrons found in double bonds, such as C=C groups within monomers. In doing so, a

new chemical bond is formed between the initiator radical and one of the carbons of the

double bonds, leaving a new radical on the other carbon. This is the initiation step, and

is followed by propagation, where another monomer is attacked with the new radical on

the first monomer, creating two units, and is repeatedly carried out, forming a polymer

chain. The termination step describes the end of the polymer chain making process, where

radicals on two growing chains eventual meet and join, with the polymerisation process

then complete.

The degradation of initiators into radicals may be performed by thermal decomposition

or photolysis, usually by UV radiation, amongst others. Despite their popularity, the use

of styrene and its derivatives demand prolonged thermal decomposition for polymerisa-

tion to occur, often resulting in overnight oven use for polyHIPE fabrication. Whilst this

may be deemed acceptable for HIPEs poured into moulds for simple shapes such as discs

and columns, i.e. monolithic structures, issues arise when more sophisticated formats are
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required, such as microspheres or rods, where it may not be scalable, practical or even

physically possible for such shapes to form during thermal polymerisation.

Acrylate, or acrylic, monomers are an attractive alternative to styrene-basedmonomers for

polyHIPEmanufacturing, with their advantages starting to be realised in research settings.

In contrast to styrene, the double bonds found in acrylics are highly susceptible to breakage

by free radicals, and thus acrylic-based HIPEs can polymerise within minutes, sometimes

even seconds, when exposed to UV radiation at particular wavelengths. Such rapid pho-

tocuring opens up the possibility of fabricating more nuanced polyHIPE structures (see §

1.3.6), allows the creation of bespoke manufacturing set ups and even permits less stable

HIPEs to be used.

Whilst styrene can theoretically be photocured, the inhibition effect of ambient oxygen on

formed free radicals dramatically slows down the rate of polymerisation which, due to the

relatively less reactive double bond, makes the curing process unfeasible. Strategies do ex-

ist to eliminate oxygen inhibition (Ligon et al., 2014), including the use of vacuumchambers

for curing and oxygen radical suppression via certain gaseous molecules, but these have

not been explored in this thesis and may add unnecessary complexity for investigators.

Fortunately, this effect from oxygen can generally be ignored for the photocuring of small

volume acrylics, such as those found in academic laboratories focusing on acrylic-based

HIPEs.

To demonstrate the advantages of using acrylic monomers, Johnson et al. (2013) used a

microchip laser of an appropriate wavelength to photopolymerise acrylic-based HIPEs

into polyHIPE scaffolds with highly controlled formats, including grid arrays and hol-

low tubes. The same group further explored this UV stereolithography technique with

the fabrication of polyHIPE ‘woodpile’ structures (Wang et al., 2016). For both reports, the

acrylic monomers 2-ethylhexyl acrylate and isobornyl acrylate were used, and the tech-

nique would have been highly impractical with thermal polymerisation.

Acrylics comprise an incredibly diverse and versatile family of compounds, which can

be exploited to tailor the properties of their resultant polymers. Methyl methacrylate and

ethylene glycol dimethacrylate have been used to fabricate polyHIPEs with increased me-

chanical strength (Huš et al., 2014), and stearyl acrylate, isodecyl acrylate and isobornyl

methacrylate were used for polyHIPEs with elastic and brittle characteristics (Tunc et al.,

2012). In the last study, divinylbenzenewas used as a crosslinker for all the HIPEmaterials,

meaning the polymerisation process had to be thermally initiated, in this instance at 60 ∘C

for 48 hr.
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1.3.3 polyhipes as cell culture scaffolds

The practical advantages of using in-house polyHIPE technology include its simplicity,

robustness and low cost, meaning laboratories possessing only basic equipment can still

reproducibly fabricate highly porous materials with relative ease. These benefits may be

pronouncedwhen using photocurable acrylic-basedHIPEs, as the time required for manu-

facture is greatly reduced and allows serialmaterial creation for testing and evaluation. The

characteristic porous, interconnected nature of polyHIPEmaterials has resulted in thembe-

ing employed for a range of applications, including as (i) filtration and separation media

(Bhumgara, 1995; Chen et al., 2018; Schwab et al., 2009), (ii) solid phase chemistry supports

and in catalysis (Koler et al., 2017; Krajnc et al., 2005), (iii) chromatography resins (Hughes

et al., 2014; Pribyl et al., 2018) and (iv) sensors (Silverstein et al., 2005).

Relevant to the work reported here, however, is the use of PolyHIPEs as materials for

adherent cell culture. Their application as scaffolds in tissue engineering, particularly for

bone replacement, is a recurring theme in the literature. Owen et al. (2016) cultured mes-

enchymal progenitor cells on acrylic polyHIPE ‘woodpile’ structures to demonstrate the

potential for such materials to be used for bone engineering, whilst Akay et al. (2004) cul-

tured osteoblasts on styrenic polyHIPE discs and Bokhari et al. (2005) did the same except

used hydrogel-polyHIPE hybrid materials. Moglia et al. (2011) showed how HIPEs gener-

ated using propylene fumarate dimethacrylate, amonomer capable of polymerisation at 37

°C, could be injected into moulds and subsequently cured at physiological temperatures.

The authors then successfully cultured 3T3 cells on the resulting polyHIPEs and proposed

such materials, which were also biodegradable, could be used as in vivo bone grafts. Other

polyHIPEs with similar properties have been explored; polycaprolactone, a biodegradable

polymer, was chemically modified into polycaprolactone methacrylate — now an acrylic

macromonomer — to allow photocuring into a polyHIPE (Dikici et al., 2019). These mate-

rials were cultured with human dermal fibroblasts for seven days. Polyester polyHIPEs,

fabricated using tetrakis-3-mercaptopropionate and divinyladipate, were cultured with

human articular chondrocytes for cartilage engineering purposes, with the degradation of

the materials demonstrated using simple PBS and NaOH solutions (Naranda et al., 2016).

Aside from tissue engineering, non-degradable polyHIPEs have been widely explored as

general cell culture materials, with reports often focusing on the newfound benefits of 3-D

scaffolds. Hayman et al. (2005) cultured human stem cell-derived neurons on styrenic poly-

HIPE discs, themselves coated with polylysine and laminin substrates, to demonstrate the

advantages of using porous materials. Sun et al. (2019) used styrenic polyHIPEs as sub-

strates for the culture of human lung adenocarcinoma cells to, intriguingly, study the ef-
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fects of cigarette smoke cytotoxicity and compared the results to similar studies performed

using 2-D culture. HepG2 liver cells were cultured on usual 2-D substrates and 3-D styrenic

polyHIPE scaffolds (Bokhari et al., 2007b) with the authors reporting that albumin produc-

tion, essential for hepatocyte activity, increased when polyHIPE materials were used. All

the experiments in the reports listedwere carried out using in-house fabricated polyHIPEs,

with a variety of mammalian cells used, including primary cells, and demonstrate the ac-

cessibility and versatility of polyHIPE technology.

1.3.4 commercial polyhipe case study: alvetex

Alvetex, a crosslinked polystyrene polyHIPEmaterial (Knight et al., 2011), remains the only

commercially available polyHIPE product range for cell culture applications. Beginning as

a spin-out company, Reinnervate, from DurhamUniversity (which has a considerable out-

put in polyHIPE research), UK, and now owned by Reprocell, Alvetex is available as 200

µm thick disc-like structures in two formats, Alvetex Scaffold and Alvetex Strata, with the

former possessing a larger average void size (42 µm to 15 µm). Figure 1.3 shows electron

scanning micrographs of both formats. Both are 90 % porous polyHIPEs, with the reduced

void size of Alvetex Strata likely a result of different processing conditions during HIPE

generation, e.g. greater mixing during HIPE formation to break up water droplets. The

crosslinker employed for both is probably divinylbenzene, if the literature of the develop-

ment of the products are reviewed (Bokhari et al., 2007a; Bokhari et al., 2007b), although

this is not confirmed in current commercial documents.

Both Alvetex Scaffold and Alvetex Strata structures come installed within standard multiwell

plates, either fixed to the bottom of wells or mounted within removable well inserts. Com-

mercial sources advertise the products as substrate materials for adherent 3-D cell culture,

and claim the biological relevance of cell research is enhanced when cells are cultured in

environments similar to those found in vivo (Reprocell, 2019a). The specific application of

Alvetex Strata, in comparison to Alvetex Scaffold, appears to be to allow epithelial-type cell

lines or even tissue to grow on top of the material, rather than within, with nutrients then

available from both above and below (Reprocell, 2019b).

Cell culture applications in the literature which have demonstrated the uses of Alvetex

products include the growth of astrocytes for phenotypic studies (Ugbode et al., 2016), the

use of transfected HEK cells as positive controls for in situ hybridisation techniques (Mac-

Donald et al., 2014) and the characterisation of murine neurons in 3-D culture for compar-

ison to usual 2-D culture (Smith et al., 2015), amongst many others. It is evident that, just

like familiar polystyrene multiwell plates for 2-D culture, Alvetex materials for 3-D culture

can be used as a substrate for virtually any adherent cell type. It can be proposed that usual

30



chapter 1 – literature review

adherent culture methods would be repeated, such as the use of FBS within medium to en-

hance adhesion. Indeed, in all three reports listed earlier, 10 % FBS supplemented medium

was used, with one even soaking the scaffolds overnight with FBS and another pre-coating

with polyornithine, a cationic polymer. Alvetex, like plates and flasks, can thus be chemi-

cally treated before cell seeding with specific adhesion substrates. Official application pro-

tocols does advise users on the coating of Alvetex products with polylysine, fibronectin,

collagen and Matrigel substrates, if they wish to enhance cell adherence to the material.

This is relevant as the polyHIPEs fabricated for this work is also coated with substrates.

Alvetex Scaffold Alvetex Strata

figure 1.3 Scanning electron micrographs showing the structure differences between Alvetex Scaffold

and Alvetex Strata. Transverse sections of Alvetex Scaffold and Alvetex Strata obtained using elec-
tron scanning microscopy. The larger pore diameters in the former is apparent. Both materials

show interconnectivity, with windows connecting surrounding pores. Scale bars = 100 µm. Re-

produced with kind permission from Reprocell (2019a).

Interestingly, Perfusion Plate, a 4-well polystyrene plate product for perfusion culture, is

also available (Reprocell, 2019c). Well inserts, containing Alvetex structures, can be used

with the plates so pairing 3-D culture with medium perfusion, and ensure cells can ex-

perience other in vivo conditions such as dynamic medium flow. Tubings, luer fittings, a

pump and a medium vessel can be obtained by the user. With the set up suggested in

commercial literature, cultured cells would experience perfusion of recycled medium, i.e.

pseudo-continuous culture, where nutrient concentration would gradually diminish over

time due to cell consumption. This contrasts with true continuous, or ‘normal’ perfusion

as recognised in the biologics industry, where nutrients are kept sustained at defined con-

centrations by the continuous delivery of fresh medium. The product is clearly aimed at

further mimicking in vivo dynamic flow environments, i.e. circulatory systems found in
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mammals, rather than for intensified biologics processes, as is the case in this thesis. Nev-

ertheless, the Perfusion Plate, with the use of Alvetex, is one example of continuous culture

using cells adhered on polyHIPE materials.

The culturing of CHO-K1 cells, a parental adherent CHO cell line, with Alvetex Scaffold has

been reported in a commercial protocol (Reprocell, 2019d),with evidence of cell penetration

into thematerial. FBS, at 10%,was used in the culturemedium.No other examples of CHO

cells being cultured using polyHIPE materials have been found.

1.3.5 polyhipe functionalisation

An advantage of in-house polymeric material fabrication is the opportunity for investiga-

tors to tailor, and so enhance, the properties of the material to their specific application.

A popular technique is the inclusion of comonomers with specific chemical species, such

as functional groups, so that the resultant polymer now contains these groups. These can

then either directly affect the characteristics of thematerial, or the groups can be used them-

selves as reactive species for further functionalisation by reacting with other compounds.

Whilst all chemical species are capable of reacting with others, some are far more reactive

than others and so are often highly sought after within comonomers, including amino and

carboxyl moieties.

The comonomer approach has been utilised numerous times with polyHIPE technology.

Hayward et al. (2013a) included the monomer pentafluorophenyl acrylate into their com-

bined styrenic and acrylic HIPEs to give the polyHIPE material ester functionality. The

authors used this species to chemically couple either glucose or galactose (both of which

were aminated and thus reactive) onto the surface of the materials, yielding carbohydrate-

functionalised polyHIPEs. To demonstrate the effect of galactose, which they note is known

to bind hepatocytes and promote cell adhesion, they cultured primary rat hepatocytes on

the new materials, including the non-functionalised original, and reported the highest al-

bumin concentration on the galactose-functionalised polyHIPE in the first three hours.

Similarly, 4-vinylbenzylamine or 4-vinylbenzylphthalimide was included in the fabrica-

tion of styrenic polyHIPEs, with the incorporated amino groups then used to conjugate

reactive polypeptides onto the materials (Audouin et al., 2012). The visual effect on

the hydrophilicity of the materials was evident when a water droplet was dispensed

onto the functionalised polyHIPEs. Langford et al. (2014) fabricated polyHIPEs using

the monomers trimethylolpropane triacrylate, an acrylic, and trimethylolpropane tris(3-

mercaptopropionate), a thiol. The generated HIPEs were stable and photopolymerised.

The reactive S-H groups on the thiol, now incorporated into the polyHIPEs, were used in
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both UV- and thermally-initiated “click” thiol-ene reactions, as well as Michael addition

reactions, to conjugate the materials post-fabrication with various acrylics, including fluo-

rescent compounds. The authors noted the mild reaction conditions required, suggesting

sensitive, biological compounds could also be conjugated using these techniques.

As an alternative approach, Hayward et al. (2013b) included the comonomer acrylic acid

into the internal phase, i.e. with the water, during the generation of a HIPE, due to acrylic

acid’s hydrophilicity making it unsuitable for the external phase. The incorporated car-

boxyl groups were detected using toluidine blue, resulting in staining of the functionalised

materials, and the familiar water droplet test was carried out.

Several considerations must be addressed when using the comonomer technique for poly-

HIPEs. The effect of the comonomer on the stability ofHIPE has to be determined, although

this is less important when using photopolymerisable HIPEs. Whilst some comonomers

may incorporate reactive functional groups in the finalmaterial, their presence in theHIPE,

even if stable, will certainty affect the characteristics of the polymerised material. For both

points, these effects may depend upon the amount of comonomer used and a trade-off

may arise between functional group presence and any detrimental impact on final struc-

tural properties.

However, an advantage of post-fabrication conjugation, i.e. chemically coupling a new

compound onto a reactive species present in the material, is that the structural character-

istics of the polyHIPE, such as porosity and shape, are generally not affected, and instead

only the chemical properties are modified.

1.3.6 polyhipe microspheres

The fabrication of sphericalmicroparticles, ormicrospheres (sometimes referred to as beads

or particles), has been reported usingHIPEs. PolyHIPEmicrospheric materials are a highly

specialised format, being considerablymore challenging to fabricate thanmonolithic struc-

tures and often requiring bespoke set ups to reproducibly manufacture.

The use of syringe pumps within controlled fluidic systems is a technique widely demon-

strated in the literature (Gokmen et al., 2009; Lapierre et al., 2015; Moglia et al., 2014; Pater-

son et al., 2018;Whitely et al., 2019). The principle being that aHIPE is controllably injected,

via a syringe pump, into tubing containing a flowing carrier phase medium, consequently

forming HIPE microspheres which are serially polymerised into spherical polyHIPEs. The

injection flow rate of the HIPE, and the flow rate of the carrier phase, can be varied to

control the size of the resulting microspheres. Because of the requirement of rapid curing,

photopolymerisable HIPEs are the dominating type, and in all the reports listed acrylic
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polyHIPE microspheres were fabricated using UV radiation. The carrier phase in the mi-

crofluid systems is sometimes called the continuous phase, though this should be not con-

fused with the continuous phase, i.e. the external phase, of HIPEs as introduced earlier.

The composition of the carrier phase is a key decision in polyHIPEmicrosphere fabrication

set ups and remains an active area of research, including in the work presented in this the-

sis. Polyvinyl alcohol, a synthetic, slightly viscous polymer, remains themost used (Moglia

et al., 2014; Whitely et al., 2019), whilst Gokmen et al. (2009) also compared sodium dode-

cyl sulphate and glycerol solutions and Lapierre et al. (2015) used fluorinated oil Novec

7500 with an added surfactant. In all these reports, a co-flow orientation was used, with

HIPE injected so as to follow the flow of the carrier phase. Paterson et al. (2018), interest-

ingly, used only water as a carrier phase—described as a ‘water-in-oil-in-water’ technique

due to the typical water-in-oil HIPE used— but instead relied on an alternative T-junction

orientation, where the injection of the HIPE was perpendicular to the flow of the carrier

phase. The authors also demonstrated a much simpler, albeit cruder, method where HIPE

precursor was poured into a beaker of water agitated by an impeller; the shear of the water

rapidly breaking up droplets into HIPE microspheres. The beaker was exposed to UV be-

fore sedimentation of the HIPE spheres could occur, but the diameters of the polymerised

microsphereswere hugely varied compared to themonodispersity seenwith the T-junction

lab-scale fluidic system.

Generally, the literature presented here reported polyHIPE microspheres with varying de-

grees of dispersity and porosity, and indeed material sphericalness, and confirmed these

parameters to be dependent uponmanufacturing conditions, including carrier phase com-

position and flow rate, HIPE injection flow rate and HIPE precursor fabrication. Where

applications of polyHIPE microspheres were demonstrated, they included drug delivery

carriers, protein delivery carriers within bone grafts and as scaffolds for the culture of hu-

manmesenchymal progenitor cells for angiogenesis. All examples showed low production

rates.

Only one example documenting the fabrication of styrenic polyHIPE microspheres could

be found. Desforges et al. (2002) prepared a styrene and divinylbenzene HIPE and used a

syringe pump to dispense it into a vessel filledwith a ‘suspension phase’ containing a solu-

tion of poly(diallyldimethyl) ammonium chloride. The vessel was stirred and heated to 80
∘C. Stirringwas continued for 15min after allHIPEhad been added, turned off, and heating

continued for 6 hr to allow thermal polymerisation. This is similar to the beaker and water

method reported by Paterson et al. (2018). The resulting microspheres were around 1000

µm in diameter and the single micrograph presented shows a slightly deformed spheri-
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cal shape. It remains to be seen if it is possible for styrenic polyHIPE microspheres to be

rapidly fabricated with a fluidic system using photopolymerisation. Eliminating oxygen

inhibition, by use of a vacuum chamber, may be necessary in such a system. There could,

in theory, be a set up using a syringe pump to generate spherical styrenic HIPE micro-

spheres as before, with the system then fashioned so as the microspheres are subjected to

a sufficiently long residence time within a heated chamber to polymerise, but this may be

vastly impractical to carry out.

Due to the high relevance of the findings of these reports tomajor experiments described in

this thesis, a study of the literature has been carried out later in § 5.1.2 alongside the results

and discussion of that chapter. When employed as substrates for cell culture, microspheres

are referred to as microcarriers, and have been used for many decades for anchorage-

dependent cell lines. No commercial polyHIPE microcarriers have been found, although a

patent relating to the fabrication of styrenic polyHIPEmicrospheres (using a similar heated

beaker technique as described early) has been unearthed, but is now several decades old

(Zhang et al., 2005).

A detailed review of the use of microfluidics to fabricate macroporous materials, includ-

ing polyHIPE microspheres, has been given by Wang et al. (2017). Applications of these

materials are also discussed.

1.3.7 alternative methods of microsphere fabrication

The use of HIPEs for the fabrication of porous microspheres has been discussed previ-

ously. Despite being an inexpensive and accessible method of production (when coupled

with UV-initiated radical polymerisation), there remains other techniques to fabricate mi-

crospheres, both porous and solid, which may be of interest to readers. These techniques

are usually described in terms of the actual polymerisation used, with three of them briefly

explored here.

Suspension polymerisation relies upon the agitation of monomer(s) in a liquid phase, usu-

ally water, to keep forming particles suspended whilst they polymerise. Due to the agita-

tion within the liquid phase, the monomers form spherical particles which subsequently

cure to form polymerisedmicrospheres. Hydrophobicmonomomer(s) may be needed, and

surfactants added to stabilise the forming spheres and prevent aggregation. It is worth not-

ing a variation on this techniquewas used by Paterson et al. (2018), as discussed previously,

where HIPE was dispensed into a stirred beaker of water. Once HIPE spheres formed, the

beaker was exposed to UV to initiate polymerisation. Singh et al. (2009) produced phenolic

microspheres by mixing phenol and formaldehyde in water with an initatior, a stabilizer
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and a crosslinker, whilst Abd El�Mageed et al. (2021) produced magnetic polystyrene mi-

crospheres via continuousmixing andhomogenisation,with both reports using suspension

polymerisation.

Dispersion polymerisation describes a reaction where all reagents are first dissolved in

a solvent to form a homogeneous system. It is crucial that the solvent used must be a

nonsolvent for the anticipated polymer. Once the reaction begins the polymer forms and

comes out of the system, with a heterologous system created. Jinhua et al. (2014) pro-

duced polystyrene microspheres using this technique, with ethanol or 2-methoxyethanol

employed successfully as the solvent. Hong et al. (2007) likewise produced polystyrenemi-

crospheres using an aqueous alcoholic medium (ethanol, methanol and water) and added

polyvinyl alcohol as a stabilizer.

Emulsion polymerisation utilises an emulsion, usually a hydrophobic monomer(s) within

an aqueous solution containing a surfactant, to form microspheres. The monomer(s) form

spherical particles within micelles (generated via the surfactant) which are polymerised

to produce the microspheres. Feng et al. (2009) used emulsion polymerisation to fabricate

poly(methyl methacrylate-co-butyl methacrylate) microspheres, with the authors report-

ing that the size of the particles was influenced by the amounts of surfactant and initiator

used. Whilst this is an emulsion-based process, the technique is distinct from polyHIPE

formation, where emulsion templating is used to generate a porous material.

1.3.8 commercial microcarriers

Whilst the previous sections have explored the use of HIPEs as a means to generate porous

microspheres, aswell as alternativemethods ofmicrosphere fabrication, this section briefly

describes commercially available microcarrier products. Microcarriers, which may be de-

fined here as microspheres intended as a substrate for adherent cells, have been in use

since the 1960s (vanWezel, 1967). Themain benefit of usingmicrocarriers is the application

of suspension culture conditions for adherent cells, i.e. the use of agitated vessels such as

bioreactors and shake flasks, which otherwise would not be possible for cells which are de-

pendent upon adhesion to a surface. Another benefit is the ability to scale up adherent cells

using a feasible amount of labware as, without the use of microcarriers, excessive numbers

of flasks and plates would be needed to provide sufficient area. An in-depth guide dis-

cussing specific microcarrier products, general microcarrier culture and related processes

is given by GE Healthcare Life Sciences (2013).

Table 1.4 lists all commercially available microcarrier products currently available (as far

as could be identified), and includes their structural and adhesive properties. Products are

36



chapter 1 – literature review

t
a
b
l
e

1
.
4

C
om

m
er
ci
al
m
ic
ro
ca
rr
ie
r
pr
od
uc
ts
an
d
th
ei
r
st
ru
ct
ur
al
an
d
ad
he
si
ve

pr
op
er
ti
es
,o
rd
er
ed

by
co
at
in
g.

M
ic
ro
ca
rr
ie
r
Pr
od
uc
t

C
oa
ti
ng

A
ni
m
al

O
ri
gi
n?

Po
ro
si
ty

D
ia
m
et
er
Si
ze

D
is
tr
ib
ut
io
n
(µ
m
)

Sp
ec
if
ic
Su
rf
ac
e

A
re
a
(c
m

2 g
-1
)

M
at
er
ia
l

M
an
uf
ac
tu
re
r

C
yt
od
ex

1
C
at
io
ni
c
ch
ar
ge

N
M
ic
ro

14
0–
20
0

30
00

D
ex
tr
an

C
yt
iv
a
(G
E
)

C
yt
op
or
e
1

C
at
io
ni
c
ch
ar
ge

N
M
ac
ro

20
0–
28
0

11
00

C
el
lu
lo
se

C
yt
iv
a
(G
E
)

C
yt
op
or
e
2

C
at
io
ni
c
ch
ar
ge

N
M
ac
ro

20
0–
28
0

11
00

C
el
lu
lo
se

C
yt
iv
a
(G
E
)

H
ill
ex

C
at
io
ni
c
ch
ar
ge

N
So
lid

16
0–
20
0

51
5

Po
ly
st
yr
en
e

Sa
rt
or
iu
s

Pl
as
ti
c
Pl
us

C
at
io
ni
c
ch
ar
ge

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

Sa
rt
or
iu
s

St
ar
-P
lu
s

C
at
io
ni
c
ch
ar
ge

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

Sa
ro
to
ru
s

FA
C
T
II
I

C
ol
la
ge
n/
C
at
io
ni
c

Y
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

Sa
rt
or
iu
s

C
ol
la
ge
n

C
ol
la
ge
n

Y
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

Sa
rt
or
iu
s

C
yt
od
ex

3
C
ol
la
ge
n

Y
M
ic
ro

12
0–
18
0

20
00

D
ex
tr
an

C
yt
iv
a
(G
E
)

C
or
ni
ng

M
C
(C
ol
la
ge
n)

C
ol
la
ge
n

Y
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

C
or
ni
ng

C
ul
ti
Sp
he
r-
G

C
ol
la
ge
n

Y
M
ac
ro

13
0–
38
0

(n
o
d
at
a)

G
el
at
in

Pe
rc
el
lB
io
ly
ti
ca
A
B

C
ul
ti
Sp
he
r-
S

C
ol
la
ge
n

Y
M
ac
ro

13
0–
38
0

(n
o
d
at
a)

G
el
at
in

Pe
rc
el
lB
io
ly
ti
ca
A
B

C
or
ni
ng

M
C
(S
yn
th
em

ax
II
)

Sy
nt
he
ti
c
pe
pt
id
es

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

C
or
ni
ng

C
or
ni
ng

M
C
(C
el
lB
IN
D
)

O
xy
ge
n
gr
ou
ps

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

C
or
ni
ng

Pl
as
ti
c

N
on
e

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

Sa
rt
or
iu
s

C
or
ni
ng

M
C
(u
nt
re
at
ed
)

N
on
e

N
So
lid

12
5–
21
2

36
0

Po
ly
st
yr
en
e

C
or
ni
ng

37



chapter 1 – literature review

ordered according to their coating or rather, as related to thework here, their adhesion sub-

strate(s). As will become evident in the data generated here, the coating used to encourage

initial cell attachment and subsequent adherent growth is critical to the functioning of a

microcarrier. As can be seen, cationic charge and collagen dominate. For the former, the

materials are modified to include cationic amines to provide the positive charges needed

to attract the negative membranes of mammalian cells and thus encourage adhesion. Cy-

todex 1, Cytopore 1 and Cytopore 2 employ diethylaminoethyl (DEAE) groups which, not

surprisingly, also has widespread application as a component of resins in ion exchange

chromatography (Qi et al., 2001). The difference between Cytopore 1 and Cytopore 2 re-

late to the charge density provided by these DEAE groups; Cytopore 1 has a lower charge,

whilst Cytopore 2 has a greater charge, with the latter thus intended for cells which may

be harder to attach to a surface (Cytiva, 2020a).

The popularity of collagen as a protein-based coating, as opposed to other commonly en-

countered extracellular matrix proteins, may be explained by its relatively low cost (as will

be seen later in Chapter 3). Collagen is also the main structural protein in the connective

tissues of mammals (Shoulders et al., 2009), so its adhesive effect will likely been felt by

the most cell lines. The Plastic and Corning MC (untreated) microcarrier products do not

possess any coating, which is likely so the user can coat the materials in an adhesion sub-

strate of their choice, although it is expected a surfactant would need to be present before

this occurs to discourage aggregation of uncoated particles.

The porosity of a microcarrier will affect the number of cells that can grow adherently

upon the material and, along with the size diameter distribution and weight, determines

the specific surface area. High surface areas, allowing plentiful space for adherent cells to

grow, is a defining characteristic of microcarriers and relates to their use as a means to

scale up adherent cell culture. Solid microcarriers are the most popular, with the surface

acting as the only area uponwhich cells can attach and spread. Microporous microcarriers,

such as Cytodex 1 and Cytodex 3, similarly only allow cells to grow upon their outer faces

but instead have surfaces containing microporous grooves and ridges. This allows more

physical area for cell adhesion as well as encourages adherent growth. It also means there

may be nutrients available to the basolateral side of the cell, i.e. from within the structure,

at least until full confluency is reached.Macroporousmicrocarriers, such as Cytopore 1 and

Cytopore 2, as well as CultiSpher-G and CultiSpher-S, may be desirable if shear-sensitive

cells are cultured or if increased surface areas are desired. These products contain pores

large to allow cells entry to within the materials with physical area inside for adherence,

and may be the most related to the polyHIPE microspheres previously discussed.
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For the materials of these products, polystyrene is by far the most popular, likely a con-

sequence of the wide experience of using styrenic monomers. Cytodex 1 and Cytodex 3

use dextran, whilst Cytopore 1 and Cytopore 2 use cellulose; both are polysaccharides.

CultiSpher-G and CultiSpher-S use gelatin (a mixture of proteins derived from the hydrol-

ysis of collagen). These polysaccharide- and gelatin-basedmicrocarriers are biodegradable,

which may be exploited with the use of enzymes to dissolve the microcarriers and thus

force complete dissociation of adhered cells (Sart et al., 2009).

Microcarriers possessing a cationic charge, in contrast to a protein-based coating, bene-

fit from being animal origin-free, provided their material is likewise not animal-derived

(such as polystyrene). However, whilst this may be true for the product itself, the actual

cell processes used with these microcarriers may still require animal-derived products. As

previously discussed, FBS is a frequently added supplement in adherent cell culture, even

for established cell lines such as CHO and HEK. The presence of adhesion-promoting pro-

teins in FBS contributes to the attachment of cells to microcarriers, but it remains unclear if

microcarriers can functionwithout the addition of serum. Indeed, the information brochure

for both Cytopore 1 and 2, despite having cationic charge as coatings, still advises the user

to soak themicrocarriers in serum (Cytiva, 2020b). Possessing amicrocarrier that will work

effectively in serum- and protein-free medium is a key aim of the work here.
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Chapter 2
materials and methods

overview

This chapter describes the materials andmethods used for every experiment performed for the

work presented in this thesis. The order in which experiments are listed generally follows the

order in which their results are shown and discussed in the chapters that follow.

2.1 cell culture

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.1.1 cho cell line routine maintenance

A suspension-adapted Chinese hamster ovary cell line (CHO-S IgG; donated by Cobra

Biologics, Staffordshire, UK as ‘Clone 38’), stably producing an anti-HER2 IgG1 antibody

product, was seeded at 0.2 × 106 cellmL-1 in non-baffled, vented Erlenmeyer flasks

(Corning, Surrey, UK) at 37 ∘C, 5 % (v/v) CO2 and with 140 rpm orbital shaking on a 25

mm throw incubator (Infors HT, Bottmingen, Switzerland) for routine cell culture and

passaged every 3–4 days. Cells were cultured using CD CHO medium (Thermo Fisher

Scientific, Massachusetts, USA), supplemented with 8 mM l-glutamine and 12.5 µgmL-1

puromycin (Thermo Fisher Scientific, Massachusetts, USA). A suspension-adapted Chi-

nese hamster ovary cell line (CHO-S), not stably producing a product, was routinely

maintained as above, except with CD CHO medium containing only 8 mM l-glutamine

supplementation.

A Vi-Cell XR Cell Viability Analyzer (Beckman-Coulter, California, USA) employing a try-

pan blue exclusionmethodwas used to determine viable cell density and viability for both

cell lines. Both cell lines were routinely passaged in 125 mL Erlenmeyer flasks, but ex-

panded into 250, 500 and 1000 mL Erlenmeyer flasks as needed for future experimentation

where higher volumes of cells were required. Total working volume never exceeded 30 %

(v/v) of the nominal volume of the flask to ensure sufficient headspace for gaseous ex-

change. Greater seeding densities, up to 0.4 × 106 cellmL-1, were performed when higher

cell numbers were required within 3–4 days. Cells were only used for experimentation af-

ter the fourth passage following revival from liquid nitrogen cryopreservation, and cells

were discarded before the twentieth passage to prevent unwanted genetic effects.
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To achieve the same mixing between an incubator with a 25 mm throw and that with a 50

mm throw, Equation 2.1 was used (Bates et al., 2011), where rpm1 and rpm2 refer to the

revolutions per minute of the first and second incubator, respectively, and d1 and d2 refer

to the throw (mm) of the first and second incubator, respectively.

( equ. 2.1 ) rpm2 = √ rpm1
2 × (d1

d2
)

2.1.2 hek-293 cell line routine maintenance

A suspension-adapted human embryonic kidney cell line (HEK-293), kindly given as a gift

from Absolute Antibody (Redcar, UK), was routinely cultured using non-supplemented

HEK 293 medium (Thermo Fisher Scientific, Massachusetts, USA). All other culturing

methods, including determination of viability, remain as in § 2.1.1.

2.2 adhesion substrates

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.2.1 prestoblue cell viability reagent for cell adherence

PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific, Massachusetts, USA), a fluo-

rometric assay that utilises the intracellular conversion of resazurin to resorufin (Xu et al.,

2015) to measure the metabolic activity, and hence viability, of cells, was adapted to de-

termine the initial adherence and growth of adherent cells on multiwell plates. PrestoBlue

(PB) was pre-warmed to room temperature, prepared as 10 % (v/v) with fresh CD CHO,

itself pre-warmed to 37 ∘C, and mixed well immediately before use. Wells containing ad-

hered cells were first aspirated of all culture medium and washed twice with pre-warmed

PBS to ensure only adhered cells remained. A wash involved slowly dispensing PBS into

the centre of a well, agitating gently by hand, then tilting the plate to fully aspirate from

the side. The 10 % (v/v) PB-CD CHOmix was added, agitated gently by hand for 10 s and

the plate left for 30 min in an incubator at 37 ∘C, 5 % (v/v) CO2. Wells containing only PB-

CD CHOmix were included as a blank to account for fluorescence of medium. For specific

wash and PB-CD CHO mix volume details, see the experimental methods that follow.

To quantify themetabolic activity after 30min, plates were agitated gently by hand for 10 s,

and 200 µL transferred from the incubatedmix of eachwell to a fresh 96-well plate, making

sure not to disturb the adhered cells. Fluorescence of the aliquoted samples was read using

a SpectraMax iD5 (Molecular Devices, California, USA) with an excitation wavelength of

560 nm and an emission wavelength of 590 nm, with gain set to ‘low’. Results were nor-

42



chapter 2 – materials and methods

malised to the blank using Equation 2.2, with all raw fluorescence as RFU. Normalised

fluorescence was unitless.

( equ. 2.2 ) Normalised Fluorescence = ( Raw Fluorescence
Raw Fluorescence of Blank

) − 1

2.2.2 valitatiter for igg titre determination

ValitaTITER (Valitacell, Dublin, Ireland) 96-well plates were used to determine the concen-

tration of expressed IgG1 antibody product during CHO-S IgG cell culture. Briefly, Vali-

taTITER utilises the coupling of a fluorescently labelled Fc-binding protein to IgG antibod-

ies, and subsequently relies on the fluorescence polarisation (Thompson et al., 2017) of the

bound antibody as a measurement of IgG antibody concentration. Exciting the bound anti-

body with plane polarised light at the excitation wavelength of the Fc-binding protein will

result in emitted light being more polarised than if the labelled was unbound. This is due

to the slower rotation, in comparison to unbound protein, of bound antibodies in solution.

The increase in polarisation is proportional to the amount of bound antibodies and serves

as the principle of the assay.

Samples of cell culture, centrifuged at 1000 g for 5 min, were frozen at -80 ∘C and thawed

together when required. A standard curve, i.e. a serial dilution (with a dilution factor of

two) of IgG antibody concentration using medium starting from 100 and ending at 0.78125

mgL-1, was determined for each lot of valitaTITERplate andCDCHOmedium. IgG1 kappa

(of human myeloma plasma origin) was used as IgG standard for the standard curve. The

specific concentration for each lot was stated by the supplier. Followingmanufacturer’s in-

structions, supernatant samples were first diluted with the medium lot used in the experi-

ments fromwhich they were obtained. For the first generation of ValiaTITER, 60 µL buffer,

supplied by the manufacturer, was dispensed into each of the ValitaTITER plate wells to

desorb the Fc-binding protein, followed by 60 µL of each sample. In the subsequent gen-

eration, this buffer was removed and 60 µL medium was sufficient for Fc-binding protein

desorption. This meant, in the second generation, the dilution factor of samples prior to

reading did not have to be as high. At least three medium blanks were also used to account

for background fluorescence polarisation. Once wells were filled, the contents of each was

mixed by aspirating and dispensing three times, followed by 30 min incubation at room

temperature in the dark. Fluorescence polarisation was then determined using a Spectra-

Max iD5. Themean of the blanks was deducted from these values, the appropriate dilution

factormultiplied and the equation of the standard curve used to determine actual antibody

titres. Suitable dilution was carried out so that, once the mean of the blank was deducted,
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the raw values fell comfortably within the mid-range of the standard curve.

2.2.3 coating and screening of adhesion substrates

Three chemically defined polymers, poly-d-lysine hydrobromide (PDL), MW 70–150,000;

poly-l-ornithine (PLO), 0.01 % (w/v) in water; and polyethylenimine (PEI), branchedMW

10,000 (Polysciences, Pennsylvania, USA), were selected for testing as substrates for adher-

ing suspension-adapted cells. PEI, sourced as a gel-like substance,was transferred to a glass

bottle and dissolved in deionised water to give a 100 mgmL-1 stock solution and stored

at room temperature. PDL, sourced as a powder, was dissolved in 5 mL filter-sterilised

borate-buffered saline (BBS), aliquoted and stored at -20 ∘C. PLOwas aliquoted as sourced

and stored at -20 ∘C.

Four animal origin proteins; collagen (CG), Bornstein and Traub type I, of calf skin-origin;

fibronectin (FN), of bovine plasma-origin; laminin (LM), of murine sarcoma-origin and

vitronectin (VN), of human plasma-origin, were also selected for testing as substrates for

adhering suspension-adapted cells. CG was stored as sourced at 4 ∘C. FN was added to

sterile-filtered deionised water, left to dissolve for 30 min at 37 ∘C and aliquoted. Both LM

and VN were aliquoted from sourced material. FN, LM and VN were stored at -20 ∘C and

thawed at 4 ∘C for several hours, when required, to eliminate possible degradation.

To determine the optimum coating concentration (µgcm-2) of each adhesion substrate

when adsorbed on the well surfaces of multiwell plates, a range of coating concentrations

(µgmL-1) were first prepared (see Equation 2.3). For PEI and PDL, 100, 10, 1, 0.1, 0.01 and

0.001 µgcm-2; and for PLO, 10, 1, 0.1, 0.01, 0.001 and 0.0001 µgcm-2 were tested. BBS was

used to dilute coating concentrations for PEI, PDL and PLO. For FN, 50, 5, 0.5, 0.05 and

0.005 µgcm-2; LM, 20, 2, 0.2, 0.02 and 0.002 µgcm-2; for CG, 100, 10, 1, 0.1, 0.01 and 0.001

µgcm-2; and for VN, 10, 1, 0.1, 0.01 and 0.001 µgcm-2 were tested. Hank’s Balanced Salt

Solution (HBSS) was used to dilute coating concentrations for FN, LM and VN. For CG,

sterile water was used.

( equ. 2.3 ) Coating = Desired Coating Concentration× (Area to be Coated
Coating Volume

)

As an example; if a single well of a 24-well plate (2 cm2) was to be coated with 0.2 mL of an

adhesion substrate at a desired coating concentration of 10 µgcm-2, a concentration of 100

µgmL-1 of the adhesion substrate would be needed. This would need to be diluted from

the stock solution using an appropriate coating buffer.
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Tissue culture-treated Nunc 96-well plates were adsorbed with adhesion substrate in the

concentrations given previously. For coating, 50 µL of each coating concentration was

pipetted in the centre of each well, and the plate agitated thoroughly by hand to ensure

even spreading of coating liquid, before overnight incubation at 37 ∘C, 5 % (v/v) CO2. The

next day, all wells were fully aspirated. For wells adsorbed with PDL, PEI and PLO, 100 µL

PBS was dispensed, left briefly, then aspirated and discarded as a washing step. This was

repeated once, and wells left to air dry for 15 min. For CG, FN, LM and VN, 100 µL HBSS

was dispensed, left briefly, then aspirated and discarded as a washing step. This was re-

peated once, then 50 µL HBSS added to keep all wells hydrated. All multiwell plates were

sealed with parafilm, stored upright at 4 ∘C and used within 12 hr. The 50 µL HBSS was

removed prior to cell seeding. Figure 2.1 shows the workflow of using adhesion substrates;

multiwell plates are first coatedwith adhesion substrates overnight, followed by overnight

seeding of CHO cells with subsequent analysis of cell adherent growth during the culture.

This sequence of events was generally the same for all adhesion substrate work.

- Add adhesion substrates to wells
- Leave to adsorb overnight

Multiwell plate (polystyrene)

- Wash off excess adhesion substrates
- Add cells and let them settle
- Allow cells to adhere overnight

- Wash off loose cells with PBS
- Add fresh media to wells
- Return to incubator for culture

(2)

(1)

(3)

(4)
- Allow cells to spread and grow
- Assess adhesion substrate effectiveness
- Use of microscopy and cell viability assays

figure 2.1 Schematic detailing the workflow of using adhesion substrates on multiwell plates for CHO

cell adhesionwith subsequent analysis.Adhesion substrates were adsorbed overnight onto the

well surfaces of multiwell plates, followed by washing to remove any unbound substrate. CHO

cells were prepared at a suitable concentration and seeded onto the surface of each well and

allowed to adhere overnight in an incubator. Wells were briefly washed the next day to remove

any loose cells andmedia added. The plates were returned to the incubator to allow cells to grow

adherently, with the cultures assessed, e.g. micropscopy and viability assays, to determine the

effectiveness of the adhesion substrates.

To prepare coated multiwell plates for cell adherence, all plates were placed in an incuba-

45



chapter 2 – materials and methods

tor at 37 ∘C, 5 % (v/v) CO2 for several hours. On day 3 of a passage, CHO-S IgG cells were

filtered twice using a 20 µm cell strainer (Pluriselect, Leipzig, Germany) to eliminate any

clumped cellular material, and a 0.5 × 106 cellmL-1 suspension was prepared. 40 µL, i.e.

20,000 cells, was adherently seeded by slowly dispensing above the centre of each coated

well. Plates were agitated gently by hand to ensure the entire surface of each coated well

was covered with cell suspension, before being placed into an incubator at 37 ∘C, 5 % (v/v)

CO2 overnight. The next day, all media were aspirated, and two 150 µL PBS washes per-

formed. 150 µL PB-media mix was added and incubated for 30 min. The fluorescence of

incubated wells were determined directly using a SpectraMax iD5. For each adhesion sub-

strate, normalised fluorescence values were further normalised as a percentage, with 100

% assigned to the coating concentration that gave the highest fluorescence value for each

adhesion substrate.

2.2.4 adherent culture imaging and growth tests

To determine which of the selected adhesion substrates could sustain the highest number

of cells within an adherent culture period, coating concentrations from § 2.2.3 for each

substrate were first chosen to give an excess coating of adhesion substrate. Tissue culture-

treated and untreated Nunc 24-well plates were adsorbed with adhesion substrate in the

chosen concentrations. For coating, 200 µL of each coating concentration was pipetted in

the centre of eachwell, and the plate agitated thoroughly by hand to ensure even spreading

of coating liquid, before overnight incubation at 37 ∘C, 5 % (v/v) CO2. The next day, all

wells were fully aspirated. For wells adsorbed with PDL, PEI and PLO, 400 µL PBS was

dispensed, left briefly, then aspirated and discarded as a washing step. This was repeated

once, and wells left to air dry for 15 min. For CG, FN, LM and VN, 400 µL HBSS was

dispensed, left briefly, then aspirated and discarded as a washing step. This was repeated

once, then 200 µL HBSS added to keep all wells hydrated. The 200 µL HBSS was removed

prior to cell seeding.

To prepare coatedmultiwell plates for cell adherence, all plates were placed in an incubator

at 37 ∘C, 5 % (v/v) CO2 for several hours. On day 3 of a passage, CHO-S IgG cells were

filtered twice using a 20 µm cell strainer to eliminate any clumped cellular material, and

a 0.67 × 106 cellmL-1 suspension was prepared. 150 µL, i.e. 100,500 cells, was adherently

seeded by slowly dispensing above the centre of each coated well. Uncoated wells were

also seeded. Plates were agitated gently by hand to ensure the entire surface of each coated

well was covered with cell suspension, before being placed into an incubator at 37 ∘C, 5 %

(v/v) CO2 overnight. The next day, day 1, 350 µL medium was added and plates returned

to the incubator, bringing the working volume to 450 µL.
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On day 4, all media were aspirated, and two 400 µL PBS washes performed. 450 µL PB-

media mix was added and incubated for 30 min. 200 µL from each incubated well was

transferred to a 96-well plate and the fluorescence determined using a SpectraMax iD5.

The remainder of the PB-media mix in each well was aspirated, 400 µL PBS added as a

wash, before another full aspiration. Finally, fresh 450 µL medium was added and plates

returned to the incubator. On day 7, the PB assay was repeated and the plates discarded.

To determine how adhesion substrates perform on glass surfaces, untreated 8-well µ-slide

glass plates were adsorbed with substrates in the chosen concentrations. The next day, all

wells were aspirated and washed with 200 µL PBS or HBSS. Wells adsorbed with FN, LM,

CG and VN were kept hydrated with 100 µL HBSS before use. On day 3 of a passage,

CHO-S IgG cells were filtered twice using a 20 µm cell strainer to eliminate any clumped

cellular material, and a 0.25 × 106 cellmL-1 suspension was prepared. 100 µL, i.e. 25,000

cells, was adherently seeded by slowly dispensing above the centre of each coated well.

Plates were agitated gently by hand to ensure the entire surface of each coated well was

covered with cell suspension, before being placed into an incubator at 37 ∘C, 5 % (v/v)

CO2 overnight. The next day, day 1, 150 µL medium was added and plates returned to the

incubator, bringing the working volume to 250 µL. On day 4, all media were aspirated,

and two 200 µL PBS washes performed. 250 µL PB-media mix was added and incubated

for 30 min. 200 µL from each incubated well was transferred to a 96-well plate and the

fluorescence determined using a SpectraMax iD5.

To characterise morphologies of freshly adhered cells on polystyrene surfaces, untreated

Nunc 24-well plates were coated as above and seeded with 100,500 cells overnight. The

next day, medium was aspirated before two 400 µL PBS washes. 200 µL Image-iT Fixative

Solution (Thermo Fisher Scientific, Massachusetts, USA), containing 4 % formaldehyde,

was added and left at room temperature for 20 min to fix the adhered cells. It was then

aspirated, washed once with 400 µL PBS, before 200 µL PBS was dispensed as a mounting

medium. Adhered cells were imaged immediately using a DMI4000B inverted microscope

(Leica,Wetzlar, Germany) with phase contrast at 10× and 20×magnifications.Micrographs

were processed using ImageJ software and scale bars added.

2.2.5 adherence capability for cell loading

To determine how many cells can be adherently seeded within a short period of time, i.e.

‘cell loading’, PEI, PDL and FN were first adsorbed onto tissue culture-treated Nunc 24-

well plates at concentrations as in § 2.2.4. On day 3 of a passage, CHO-S IgG, CHO-S and

HEK-293 cells CHO-S IgG cells were centrifuged at 200 g for 5 min, and resuspended in a

reduced volume to increase the viable cell density. All cell lines were filtered twice using a

47



chapter 2 – materials and methods

20 µm cell strainer to eliminate any clumped cellular material, and a 20 × 106 cellmL-1 sus-

pension for each was prepared. A serial dilution using medium, with a dilution factor of

two, was prepared to give 10, 5, 2.5 and 1.25 × 106 cellmL-1 suspensions. 200 µL, i.e. 4, 2, 1,

0.5 and 0.25 million cells, of each concentration was adherently seeded by slowly dispens-

ing above the centre of each coated well. Plates were agitated gently by hand to ensure the

entire surface of each coated well was covered with cell suspension, before being placed

into an incubator at 37 ∘C, 5 % (v/v) CO2 for 1 hr. The cell suspension was then aspirated,

and two 400 µL PBSwashes performed. 450 µL PB-mediamixwas added and incubated for

30 min. 200 µL from each incubated well was transferred to a 96-well plate and the fluores-

cence determined using a SpectraMax iD5. Due to the large number of PB measurements,

CHO-S IgG, CHO-S and HEK-293 plates were staggered in their cell loading.

2.2.6 adhesion assays

A range of assays (PB, dissociation, crystal violet and neutral red) were compared for the

adherence of CHO-S IgG cells onmultiwell plates. To demonstrate the effectiveness of each

assay, PEI was first adsorbed onto tissue culture-treated Nunc 24-well plates at 10 µgcm-2

as in § 2.2.4. On day 3 of a passage, CHO-S IgG cells were centrifuged at 200 g for 5 min,

and resuspended in a reduced volume of medium to increase the viable cell density. Cells

were filtered twice using a 20 µm cell strainer to eliminate any clumped cellular material,

and a 10 × 106 cellmL-1 suspension was prepared. A serial dilution using medium, with

a dilution factor of two, was prepared to give 5, 2.5, 1.25, 0.625 and 0.3125 × 106 cellmL-1

suspensions. 200 µL, i.e. 2, 1, 0.5, 0.25, 0.125 and 0.0625 million cells, of each concentration

was adherently seeded by slowly dispensing above the centre of each coated well. Plates

were agitated gently by hand to ensure the entire surface of each coated well was covered

with cell suspension, before being placed into an incubator at 37 ∘C, 5 % (v/v) CO2 for 3

hr. Four plates were seeded, with each subsequently tested for adherence using either PB,

dissociation by trypsinisation, crystal violet staining or neutral red staining assays.

For assaying cell adherence using PB, see § 2.2.1 for details. For the dissociation of cells

by trypsinisation, cell suspension was aspirated, and two 400 µL Dulbecco’s phosphate-

buffered saline (DPBS) washes performed. 300 µL 0.25 % trypsin/EDTA (Thermo Fisher

Scientific, Massachusetts, USA) was added to each well and the plate returned to the incu-

bator for 10 min, with intermittent tapping on the sides of the plate to encourage dissoci-

ation. Complete cell dissociation was confirmed by microscopy, before the entire contents

of each well was aspirated and centrifuged at 200 g for 5 min. The supernatant was dis-

carded, and the cell pellet resuspended in 5 mL fresh medium. The viable cell density, i.e.

the number of cells adhered to each well surface, was determined using a Vi-Cell XR Cell
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Viability Analyzer. For further details regarding dissociation methods, see § 2.2.7.

For assaying cell adherence using crystal violet, a staining solution containing 1 mgmL-1

crystal violet in 20 % (v/v) methanol was first prepared. A lysing solution, of 10 % (v/v)

acetic acid, was also prepared. Cell suspension was aspirated, and two 400 µL PBS washes

performed. 200 µL crystal violet staining solution was added to each well and the plate

gently rocked at room temperature for 20 min. Staining solution was fully aspirated and

the wells washed thoroughly by submerging the plate into a tub of tap water. This process

was repeated with fresh water until the stained dye ceased to run off. The plate was dried

for 30 min at 37 ∘C.

To lyse the cells and redissolve the crystal stain, 400 µL lysing solution was added to each

well and the plate gently rocked at room temperature for 30 min. The newly dissolved

crystal violet stainswere diluted 1 in 25with lysing solution. 2 µL from each diluted sample

was transferred to a NanoDrop (Thermo Fisher Scientific, Massachusetts, USA) and the

absorbance read at 590 nm.

For assaying cell adherence using neutral red, a staining solution containing 1 mgmL-1

neutral red in 20 % (v/v) methanol was first prepared. A lysing solution, of 50 % (v/v)

ethanol, 49 % (v/v) and 1 % (v/v) acetic acid, was also prepared. Cell suspension was

aspirated, and two 400 µL PBSwashes performed. 200 µL neutral red staining solutionwas

added to each well and the plate placed in an incubator at 37 ∘C, 5 % (v/v) CO2 for 2.5 hr.

Staining solution was fully aspirated and the wells washed thoroughly by submerging the

plate into a tub of tap water. This process was repeated with fresh water until the stained

dye ceased to run off. The plate was dried for 30 min at 37 ∘C.

To lyse the cells and redissolve the crystal stain, 400 µL lysing solution was added to each

well and the plate gently rocked at room temperature for 30 min. The newly dissolved

neutral red stains were diluted 1 in 12 with lysing solution. 2 µL from each diluted sample

was transferred to a NanoDrop and the absorbance read at 540 nm. Prior to lysing both

crystal violet and neutral red stains, stained wells were first photographed and images

digitally montaged together for visual comparison.

To demonstrate these assays in adherent cell cultures, PDL, PLO, PEI and FN were ad-

sorbed onto tissue culture-treated Nunc 24-well plates at 10, 10, 10 and 5 µgcm-2, respec-

tively, and seeded as in § 2.2.4. On day 4, all media were aspirated, and two 400 µL PBS

(or DPBS) washes performed. Each of the proposed adhesion assays described was then

tested on each of the wells.
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2.2.7 dissociation and regrowth from adhesion substrates

To demonstrate the dissociation of adhered cells and subsequent regrowth back into sus-

pension culture, PDL, PEI and FN were adsorbed on tissue culture-treated Nunc 12-well

plates using 400 µL coating at concentrations 10, 10 and 5 µgcm-2, respectively, as in § 2.2.4.

On day 3 of a passage, CHO-S IgG cells were filtered twice using a 20 µm cell strainer to

eliminate any clumped cellular material, and a 0.33 × 106 cellmL-1 suspension was pre-

pared. 300 µL, i.e. 99,000 cells, was adherently seeded by slowly dispensing above the cen-

tre of each coated well. Uncoated wells were also seeded. Plates were agitated gently by

hand to ensure the entire surface of each coated well was covered with cell suspension, be-

fore being placed into an incubator at 37 ∘C, 5 % (v/v) CO2 overnight. The next day, day 1,

700 µL medium was added and the plates returned to the incubator, bringing the working

volume to 1 mL.

On day 4, all media were aspirated from every well, a single 400 µL PBS wash performed,

and 1 mL fresh medium added. On Day 7, all media were aspirated and two 400 µL DPBS

washes performed. 600 µL 0.25 % trypsin/EDTA (pre-warmed to 37 ∘C) was added and

plates returned to the incubator for 5 min, with intermittent tapping on the sides of the

plate to encourage dissociation. Repeated aspirating and dispensing after 5 min was per-

formed to further dissociate cells. Complete cell dissociationwas confirmed bymicroscopy.

To neutralise the activity of trypsin on cells post-dissociation, soybean trypsin inhibitor

(SBTI) was prepared by adding 0.05 mg to 20 ml DPBS, mixing well and filter-sterilising

to give a 0.25 % (w/v) concentration. 600 µL 0.25 % SBTI, i.e. a 1:1 ratio with trypsin, was

immediately added to the trypsin/EDTA-resuspended cell mix once complete dissocia-

tion was confirmed. Plates were agitated thoroughly by hand and allowed to incubate at

room temperature for 2min. The entire contents of every well was transferred each to 2mL

fresh medium and centrifuged at 200 g for 5 min. The supernatant was discarded, and the

cell pellet resuspended in 5 mL fresh medium. The viable cell density, i.e. the number of

cells adhered to each well surface, was then determined using a Vi-Cell XR Cell Viability

Analyzer.

The newly dissociated cells were each seeded at 0.1 × 106 cellmL-1 as 10 mL in TubeSpin

Bioreactor 50 vessels (TPP, Trasadingen, Switzerland) and incubated at 37 ∘C, 5 % (v/v)

CO2 with 240 rpm orbital shaking on a 25 mm throw incubator. Viable cell density and

viability were determined on days 0, 1, 3 and 5 using a Vi-Cell XR Cell Viability Analyzer.

To briefly investigate what effect trypsin had on the adhesion substrates themselves, fresh

cells were seeded onto wells that had previously been exposed to trypsin. PEI and FN

were first adsorbed on untreated Nunc 24-well plates at concentrations 10 and 5 µgcm-2,
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respectively, and cells seeded as in § 2.2.4. On day 7, all media were aspirated and the PB

assay performed to quantify the number of adhered cells (cycle 1). After two PBS washes,

250 µL 0.25 % trypsin/EDTA was added to fully dissociate the cells, followed by two 400

µL media washes. This process was then repeated twice using the same wells, but with

fresh cells, to give PB readings at day 7 (corresponding to the adherent growth achieved)

at cycles 2 and 3. Readings between cycleswere compared to determine the loss of substrate

effectiveness following repeated trypsin exposures.

To determine what effect trypsinisation had on cells dissociated from PEI substrates, expo-

sure to 0.25 % trypsin/EDTA was tested at 2.5, 5 and 10 min. As above, PEI was adsorbed

on tissue culture-treated Nunc 12-well plates using 400 µL coating to give a 10 µgcm-2

concentration and seeded with 300 µL, i.e. 99,000 cells, at 0.33 × 106 cellmL-1. Uncoated

wells were also seeded. On day 4, all media were aspirated from every well, a single 400

µL PBS wash performed, and 1 mL fresh medium added. Plates were returned to the in-

cubator. On day 7, all medium was aspirated and two 400 µL DPBS washes performed.

600 µL 0.25 % trypsin/EDTA (pre-warmed to 37 ∘C) was added and plates returned to the

incubator for either 2.5, 5 or 10 min, with intermittent tapping on the sides of the plate to

encourage dissociation. Uncoated wells were exposed to trypsin/EDTA for 2.5 min only.

Repeated aspirating and dispensing after 5 min was performed to further dissociate cells.

Complete cell dissociation was confirmed by microscopy. 600 µL 0.25 % (w/v) SBTI was

immediately added to the trypsin/EDTA-resuspended cell mix once complete dissociation

was confirmed. Plates were agitated thoroughly by hand and allowed to incubate at room

temperature for 2 min.

The entire contents of every well was transferred each to 2 mL fresh medium and cen-

trifuged at 200 g for 5 min. The supernatant was discarded, and the cell pellet resuspended

in 5 mL fresh medium. The viable cell density, i.e. the number of cells adhered to each well

surface, was then determined using a Vi-Cell XR Cell Viability Analyzer. The newly dis-

sociated cells were seeded at 0.1 × 106 cellmL-1 as 10 mL in TubeSpin Bioreactor 50 vessels

and incubated at 37 ∘C, 5% (v/v) CO2with 240 rpm orbital shaking. Viable cell density and

viability were determined at day 0, 1, 3 and 5 using a Vi-Cell XR Cell Viability Analyzer.

On day 5, cultures were passaged, again at 0.1 × 106 cellmL-1 as 10 mL in fresh TubeSpin

Bioreactor 50 vessels, and the viable cell density and viability determined again on days 0,

1, 3 and 5, to observe if resuspended cells could be subcultured a further time.

2.2.8 animal origin-free dissociation

TrypLE Express, Accutase and Cell Dissociation Buffer (Enzyme-Free), all sourced from

Thermo Fisher Scientific (Massachusetts, USA) were selected as animal origin-free dis-
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sociation reagents to test against trypsin (of porcine origin). PEI was adsorbed on tissue

culture-treated Nunc 12-well plates and seeded and cultured as in § 2.2.7. On Day 7, all

medium was aspirated and two 400 µL DPBS washes performed. 600 µL of either TrypLE

Express, Accutase, Cell Dissociation Buffer or 0.25 % trypsin/EDTA was added to wells

and incubated for 5 min, with intermittent tapping on the sides of the plate to encour-

age dissociation. To ensure only exposure to the particular dissociation reagent led to cell

dissociation, the contents at four points of each well (top, bottom, left and right) were gen-

tly aspirated and dispensed once to encourage cell dissociation. This was also performed

on wells without prior exposure to any dissociation reagent to compare dissociation via

physical force only. Complete cell dissociation was not confirmed by microscopy in this

instance. Accutase was thawed to room temperature only as advised by supplier instruc-

tions, whilst TrypLE Express, Accutase, Cell Dissociation Buffer and trypsin/EDTA were

pre-warmed to 37 ∘C, before exposing to adherent cells. To neutralise the effects of the dis-

sociative reagent, 600 µL of SBTI was added for 0.25 % trypsin/EDTA, whilst excess media

were sufficient for TrypLE Express and Cell Dissociation Buffer, and prolonged exposure

to 37 ∘C sufficient for Accutase. The entire contents of every well was transferred each to 2

mL fresh medium and centrifuged at 200 g for 5 min. The supernatant was discarded, and

the cell pellet resuspended in 5 mL fresh medium. The viable cell density, i.e. the number

of cells adhered to each well surface, was then determined using a Vi-Cell XR Cell Viability

Analyzer.

To determine what effect dissociation reagent had on subsequent regrowth, the newly dis-

sociated cells were seeded at 0.1 × 106 cellmL-1 as 10 mL in TubeSpin Bioreactor 50 vessels

and incubated at 37 ∘C, 5% (v/v) CO2with 240 rpm orbital shaking. Viable cell density and

viability were determined on days 0, 1, 3 and 5 using a Vi-Cell XR Cell Viability Analyzer.

2.2.9 simple glucose concentration determination

To rapidly determine the concentration of glucose within cell culture medium, a blood

sugar monitoring device (Sinocare, China) with individual testing strips was acquired. To

use, 2 µL of culture medium was taken and (without any centrifugation) dispensed onto

a clean gloved finger, mimicking that of a blood droplet. A test strip was inserted into the

device immediately before use, and directed to the medium drop to allowwicking into the

strip channel to occur. Readings displayed in mmolL-1 were converted to gL-1. A fresh test

strip was used for each reading.

To validate the device, CDCHOmediumwas serially diluted (with a dilution factor of two)

using deionised water. Each concentration, beginning with an arbitrary ‘1’ for undiluted

media, ‘0.5’ for the first dilution, ‘0.25’ for the next and so on, was then tested for glucose
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concentration. Technical triplicate readings were taken. The mean of these were plotted

with a linear trendline and a R2 value calculated. To demonstrate the use of the device for

measuring the concentration of glucose during actual cell culture, CHO-S IgG cells were

seeded at 0.2 × 106 cellmL-1 as 10 mL in TubeSpin Bioreactor 50 vessels and incubated at 37
∘C, 5 % (v/v) CO2 with 240 rpm orbital shaking. Each day, starting from day 0, and ending

on day 6, viable cell density and viability were determined using a Vi-Cell XR Cell Viabil-

ity Analyzer. Glucose concentrations were determined using this blood sugar monitoring

device as described.

For later experiments, a Cedex Bio Analyzer (Roche, Basel, Switzerland) was used to deter-

mine the concentration of glucose, as well l-glutamine, lactate and lactate dehydrogenase.

For further details on the validation of the Cedex Bio Analyzer see § 2.6.1.

2.2.10 adherent culture and mild hypothermia

To determine the effect of hypothermic conditions on cells adhered to PEI substrates, PEI

was first adsorbed on tissue culture-treated Nunc 12-well plates and seeded with CHO-

S IgG as in § 2.2.7, but instead with cell densities of 0.25, 0.5 and 1.0 × 106 cellmL-1, i.e.

0.075, 0.15 and 0.30 million cells. The next day, day 1, all liquid was aspirated and two 400

µL PBS washes performed. 1000 µL fresh medium was added, and each plate returned to

an incubator either at 37, 32 or 30 ∘C, and 5 % (v/v) CO2. To determine the number of

cells adhered overnight, a separate plate was washed as above and then exposed to 0.25 %

trypsin/EDTA as in § 2.2.7 to dissociate adhered cells. These were quantified by using a Vi-

Cell XR Cell Viability Analyzer and used as the actual adhered seeding cell concentration.

Each day, starting fromday 1, and ending on day 6, 2 µL culturemediumwas aspirated and

the concentration of glucose determined using a blood glucose monitoring device. Daily

visualisation of adhered cells took place by the use of a microscope. On day 6, all plates

were washed and exposed to 0.25 % trypsin/EDTA as in § 2.2.7 to dissociate adhered cells.

These were quantified by using a Vi-Cell XR Cell Viability Analyzer and a fold change in

adherent cells calculated.

2.2.11 cell loading and mild hypothermia

To determine the effect of hypothermic conditions on cell loads adhered to chemically de-

fined and animal origin substrates, PEI and LM were first adsorbed onto tissue culture-

treated Nunc T-25 flasks at 10 and 2 µgcm-2, respectively. 2.25 mL PEI or LM coating solu-

tion was dispensed into T-25 flasks, agitated thoroughly by hand to ensure even coverage

and placed in an incubator at 37 ∘C, 5 % (v/v) CO2 overnight. The next day, PEI coating

solution was fully aspirated, two 2 mL PBS washes performed and the flasks allowed to
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air dry for 15 min. For flasks adsorbed with LM, two 2 mL HBSS washes were performed

and 1 mL HBSS dispensed to keep surface hydrated. The 1 mL HBSS was removed prior

to cell loading.

To prepare coated flasks for cell adherence, all flasks were placed in an incubator at 37 ∘C,

5 % (v/v) CO2 for several hours. On day 3 of a passage, CHO-S IgG cells were filtered

twice using a 20 µm cell strainer to eliminate any clumped cellular material, and a 5.0 ×
106 cellmL-1 suspension was prepared. 2 mL, i.e. 10 million cells, was adherently seeded

by dispensing into the centre of each coated flask. Flasks were agitated gently by hand

to ensure the entire surface of each coated well was covered with cell suspension, before

being placed into a humidified, static incubator at 37 ∘C, 5 % (v/v) CO2 overnight. The

next day, day 1, the entire contents of each flask was aspirated and a single 1 mL PBS wash

performed to rid of unadhered cells. 5 mL medium (pre-warmed to either 37, 32 or 30 ∘C)

was then added before flasks were returned to an incubator either at 37, 32 or 30 ∘C, and

5 % (v/v) CO2. To determine the number of cells adhered overnight, separate flasks were

washed as above and then exposed to 2 mL 0.25 % trypsin/EDTA to dissociate adhered

cells as in § 2.2.7. These were quantified by using a Vi-Cell XR Cell Viability Analyzer and

used as the actual adhered seeding cell concentration.

Each day, starting from day 1, and ending on day 5, 200 µL culture medium was aspirated

from each flask adsorbed with PEI, centrifuged at 1000 g for 5 min, and 180 µL supernatant

retrieved and stored at -80 ∘C for later analysis. Culture media from flasks adsorbed with

LM was not analysed daily. Daily visualisation of adhered cells took place by the use of

a microscope. On day 5, all medium was aspirated, followed by a single 2 mL PBS wash.

This was also aspirated, mixed with the removed medium and the viable cell density and

viability percentage of suspended cells quantified by using a Vi-Cell XR Cell Viability An-

alyzer. 2 mL 0.25 % trypsin/EDTAwas added to dissociate adhered cells as in § 2.2.7. After

day 5, all samples from flasks adsorbed with PEI were thawed at once and daily glucose,

l-glutamine, lactate and lactate dehydrogenase determined using a Cedex Bio Analyzer.

Daily IgG titre was determined using ValitaTITER.

The cell-specific productivity, qP (pgcell-1day-1), was determined using Equation 2.4,

where T1 and T2 are the IgG titres (pgmL-1) at the first and second time points, respectively,

and X1 and X2 are the viable cell densities (cellmL-1) at the first and second time points,

respectively, and Δt is the change in days.

The cell-specific l-glutamine consumption rate, qGLT (µmol 106 cell-1day-1), was deter-

mined using Equation 2.5, where GLT1 and GLT2 are the l-glutamine concentrations

(µmolmL-1) at the first and second time points, respectively, and X1 and X2 are the viable
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cell densities (×106 cellmL-1) at the first and second time points, respectively, and Δt is the
change in days.

( equ. 2.4 ) qP = T2 − T1

(X2 + X1
2 ) × Δt

( equ. 2.5 ) qGLT = GLT1 − GLT2

(X2 + X1
2 ) × Δt

To visualise how morphologies of cells adhered to PEI substrates change when cultured

at hypothermic temperatures, flasks destined for imaging were also prepared as above. A

single flask for day 1, i.e. showing cells adhered overnight at 37 ∘C, and single flasks at day

5 for 30, 32 and 37 ∘C were fully aspirated, a single 2 mL PBS wash performed and 1 mL

Image-iT Fixative Solution added and left at room temperature for 20min to fix the adhered

cells. It was then aspirated, washed once with 2mL PBS, before 2mL PBSwas dispensed as

a mounting medium. Adhered cells were imaged immediately using a DMI4000B inverted

microscope with phase contrast at 10× magnification. Micrographs were processed using

ImageJ software and scale bars added.

2.3 cell pausing

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.3.1 temperature check for cell pausing

The optimal temperature to pause CHO-S IgG cells in suspension was determined by ob-

servingwhat effect different temperatures had on cell viability after defined periods at that

temperature without gaseous CO2 exposure or vessel agitation. On day 3 of a passage, a

1.0 × 106 cellmL-1 CHO-S IgG suspension was prepared and seeded as 5 mL in TubeSpin

Bioreactor 50 vessels and 15 mL centrifuge tubes. For cell pausing, cell suspensions within

centrifuge tubes were placed upright and fully capped at either 4, 8 or 23±1 (room tem-

perature) and 37 ∘C. For non-paused cells, cell suspensions within TubeSpin Bioreactor 50

vessels were placed with vented caps in an incubator at 37 ∘C, 5 % (v/v) CO2 and 240 rpm.

On days 2, 4 and 8 all paused cell suspensions were gently resuspended. The viability for

all suspensions, including those from non-paused vessels, was then determined using a

Vi-Cell XR Cell Viability Analyzer. Vessels were placed back to their temperatures imme-

diately after a sample was taken. On day 8, the glucose concentration was determined for
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all cell suspensions using a blood sugar monitoring device.

2.3.2 suspension pausing and regrowth

To determine the possibility for CHO cells to be cultured back in suspension after periods

of cell pausing, a 1.0 × 106 cellmL-1 CHO-S IgG suspension was prepared and seeded as 5

mL in 15 mL centrifuge tubes. These were paused at either 4, 8 or 23±1 (room temperature)
∘C. On days 2, 4 and 8 all paused cell suspensions were gently resuspended. The viable cell

density and viability was determined using a Vi-Cell XR Cell Viability Analyzer. Paused

cells were then seeded at 0.2 × 106 cellmL-1 as 10 mL in TubeSpin Bioreactor 50 vessels

and incubated at 37 ∘C, 5 % (v/v) CO2 with 240 rpm orbital shaking. Vessels were also

seeded with non-paused cells taken from a routine passage on day 3 of the culture. Viable

cell density and viability were determined on days 0, 1, 3 and 5 using a Vi-Cell XR Cell

Viability Analyzer. On day 5, cultures were passaged, again at 0.2 × 106 cellmL-1 as 10 mL

in fresh TubeSpin Bioreactor 50 vessels, and the viable cell density and viability determined

on days 0, 1, 3 and 5.

To demonstrate regrowth in larger volumes, CHO-S IgG suspensions were prepared and

paused as above at 4, 8 or 23±1 (room temperature) ∘C. On day 4, all paused cell were

gently resuspended. The viable cell density and viability percentagewas determined using

a Vi-Cell XR Cell Viability Analyzer. Paused cells were then seeded at 0.2 × 106 cellmL-1

as 30 mL in 125 mL Erlenmeyer flasks and incubated at 37 ∘C, 5 % (v/v) CO2 with 140

rpm orbital shaking. Flasks were also seeded with non-paused cells taken from a routine

passage on day 3 of the culture. Viable cell density and viability were determined daily

from day 0 until day 7 using a Vi-Cell XR Cell Viability Analyzer. 200 µL culture medium

was aspirated from each flask daily, centrifuged at 1000 g for 5min, and 180 µL supernatant

retrieved for IgG titre determination using ValitaTITER.

The above was repeated and Erlenmeyer flasks seeded again with cells paused at the same

temperatures. On day 3, flasks were passaged and viable cell density and viability deter-

mined daily from day 0 until day 7, with daily IgG titre also determined.

2.3.3 adherent pausing imaging

To characterise morphologies of paused cells adhered to glass surfaces, untreated 8-well

µ-slide glass plates were coated with PEI and FN at 10 and 5 µgcm-2, respectively, at 100

µL overnight. The next day, all wells were aspirated andwashedwith 200 µL PBS or HBSS.

Wells adsorbed with FN were kept hydrated with HBSS before use.

On day 3 of a passage, CHO-S IgG cells were filtered twice using a 20 µm cell strainer to
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eliminate any clumped cellularmaterial, and a 0.1 × 106 cellmL-1 suspensionwas prepared.
50 µL (i.e. 150,000 cells) was adherently seeded by slowly dispensing above the centre of

each coated well. Plates were agitated gently by hand to ensure the entire surface of each

coated well was covered with cell suspension, before being placed into a humidified, static

incubator at 37 ∘C, 5 % (v/v) CO2 overnight. The next day, day 0, the contents of each well

was aspirated, two 200 µL PBS washes performed and 250 µL media added. Plates were

immediately wrapped in parafilm and paused at either 4 or 8 ∘C. Non-paused plates were

returned to the incubator at 37 ∘C, 5 % (v/v) CO2.

On day 4, paused and non-paused plates were fully aspirated, washed twice with 200 µL

PBS and incubatedwith 200 µL Image-iT Fixative Solution for 20min at room temperature.

This was then aspirated, a single 200 µL PBS wash performed and 50 µL fresh PBS added

as a mounting medium. Adhered cells were imaged immediately using a DMI4000B in-

verted microscope with phase contrast at 10× and 20× magnifications. Micrographs were

processed using ImageJ software and scale bars added.

2.3.4 adherent pausing and dissociation

To determine what effect pausing cells adhered to polystyrene surfaces had on possible

dissociation over time, PEI and FN were first adsorbed onto tissue culture-treated Nunc

24-well plates as in § 2.2.4. On day 3 of a passage, CHO-S IgG cells were filtered twice

using a 20 µm cell strainer to eliminate any clumped cellular material, and a 7.5 × 106

cellmL-1 suspension was prepared. 200 µL, i.e. 1.5 million cells, was adherently seeded by

slowly dispensing above the centre of each coatedwell. Plateswere agitated gently by hand

to ensure the entire surface of each coated well was covered with cell suspension, before

being placed into an incubator at 37 ∘C, 5 % (v/v) CO2 overnight.

The next day, day 0, the contents of each well was aspirated, two 400 µL PBS washes

performed and 450 µL media added. Plates were immediately wrapped in parafilm and

paused at either 4 or 8 ∘C. Non-paused plates were returned to the incubator at 37 ∘C, 5

% (v/v) CO2. Other plate wells adsorbed with either PEI or FN were also aspirated, had

two 400 µL PBS washes performed but then were incubated with 450 µL PB-media mix

for 30 min at 37 ∘C, 5 % (v/v) CO2. 200 µL from each incubated well was transferred to a

96-well plate and the fluorescence read using a SpectraMax iD5. This was to determine the

quantity of cells adhered after overnight adherence and be used later for normalisation.

On days 2, 4 and 8, paused and non-paused plates were fully aspirated, washed twice with

200 µL PBS and incubatedwith 450 µL PB-mediamix for 30min at 37 ∘C, 5% (v/v) CO2. 200

µL from each incubated well was transferred to a 96-well plate and read on a SpectraMax
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iD5. The plates were then discarded, i.e. separate plates were used for each of the three

day intervals. Normalised fluorescence values were further normalised as a percentage,

with 100 % assigned to the PB readings determined after initial overnight adherence con-

centration for both PEI and FN. The above was repeated, except only with plates adsorbed

with PEI, to determine if dissociation and getting a direct cell count would be different to

only using PB. On days 2, 4 and 8, paused and non-paused plates were fully aspirated,

washed twice with 200 µL DPBS and incubated with 300 µL 0.25 % trypsin/EDTA for 5

min in an incubator. 300 µL SBTI was then added and plates agitated thoroughly by hand

and allowed to incubate at room temperature for 2 min. The entire contents of every well

was transferred each to 2 mL fresh medium and centrifuged at 200 g for 5 min. The super-

natant was discarded, and the cell pellet resuspended in 5 mL fresh medium. The viable

cell density, i.e. the number of cells still adhered to each well surface after defined pausing

periods, was then determined using a Vi-Cell XR Cell Viability Analyzer.

To briefly see what effect pre-warming had on paused cells, PEI was first adsorbed onto

tissue culture-treated Nunc 24-well plates as in § 2.2.4. CHO-S IgG cells, at 1.0 million cells,

were adherently seeded onto coated wells and plates paused at 8 ∘C as described above.

On days 2 and 4, plates had their parafilm removed and were pre-warmed to 37 ∘C, 5 %

(v/v) CO2 for 3 hr, before being imaged. These same wells were imaged immediately prior

to this pre-warming step and the morphologies of the cells compared.

2.4 polyhipe materials development

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.4.1 routine hipes and polyhipe fabrication

The fabrication of a polymerised high internal phase emulsion (polyHIPE) material starts

with the generation of a high internal phase emulsion (HIPE), followed by a curing step,

either via ultraviolet (UV) radiation or heat exposure, to polymerise the monomers within

the emulsion. The physical process of generating a HIPE is generally independent of the

specific components used (e.g. monomer(s), crosslinker, surfactant etc.). A HIPE can be

thought of as an emulsion precursor for the corresponding polyHIPE.

All HIPEs were prepared as a total mass of 3.33 g in a cleaned, heat-dried 100 mL glass

beaker. To generate a HIPE, the monomers 2-ethylhexyl acrylate (EHA) and mono-2-

(methacryloyloxy)ethyl succinate (MAES) and crosslinker trimethylolpropane triacrylate

(TMPTA) were added together. Hypermer B246, a solidified mix of polyhydroxystearic

acid and polyethylene glycol and sourced as a gift from Croda (Yorkshire, UK), was

added as a surfactant and fully dissolved by exposure to heat for 30 s. Diphenyl(2,4,6-
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trimethylbenzoyl)phosphine oxide and 2-hydroxy-2-methylpropiophenone, sourced as a

pre-mixed blend, was added as a photoinitiator. Once all added, a motorised PTFE stirrer

was placed into the beaker, operated at 300 rpm, and deionised water added dropwise

using a pipette controller over 5 min. Figure 2.2 shows this process for generation of a

water-in-oil HIPE and subsequent fabrication of a polyHIPE material via UV radiation.

figure 2.2 Schematic detailing the generation of an acrylic HIPE followed by the fabrication of a Poly­

HIPE via photopolymerisation. Precursors, including monomer(s), a crosslinker, a surfactant

and a photoinitiator are first mixed together. Water is slowly added dropwise whilst these pre-

cursors are mixed to form the HIPE. Exposing this emulsion to UV radiation will polymerise the

‘oil’ phase, i.e. only the monomer(s) and crosslinker, leaving the water droplets. Upon drying, a

highly porous material will be obtained.

After all thewater was added the emulsion, now aHIPE, was left tomix for a further 2min.

All HIPEs were prepared as 90 % (v/v) internal phase, i.e. water added so as the final vol-

umewas 90% (v/v) water volume, and 10% (v/v) organic volume or external phase. Table

2.1 lists the densities of components used for all polyHIPEs fabricated; these were used to

calculate the total organic volume for each HIPE formulation and from this, the volume of

water needed to generate a 90 % (v/v) polyHIPE. The densities of the photoinitiator blend

and surfactant were not included within the total organic volume.

table 2.1 Densities of components employed for the

fabrication of all polyHIPE materials.

Class Component Density (gmL-1)

Monomer
EHA 0.885

MAES 1.190

Crosslinker TMPTA 1.100

Misc.
Photoinitiator n/a

Hypermer B246 n/a

Once aHIPEwas generated, the beaker was wrapped in aluminium foil to prevent gradual
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polymerisation by ambient radiation. Monolithic polyHIPE materials were typically fabri-

cated by either pouringHIPE into a glass petri dish ormultiwell plate, or through the use of

mould templates, before photopolymerisation with UV radiation for 2 min with an Omni-

cure spot lamp (Excelitas, Asslar, Germany). For polyHIPEs fabricated within petri dishes

and plates, ‘cookie cutter’ punchers were used to obtain disc-shaped materials. For those

fabricated with templates, PolyHIPEs were gently pushed out of moulds. Microspheric

polyHIPE materials were fabricated using a bespoke fabrication system (see § 2.4.5).

Figure 2.3 shows skeletal formulae for EHA, MAES, IBOA and TMPTA, to allow an ap-

preciation of the chemical structures of the monomers used. Whilst IBOA was not used to

generate data for the work presented here, it was used in preliminary testing when tech-

niques were being developed. The double C=C bonds can be seen in all four structures; for

TMPTA, the three C=C bonds allow it to bond with multiple monomers, and thus act as

a crosslinker between polymer chains. The carboxyl group can be seen at one end of the

chain in the structure of MAES.

(i) (ii)

(iii) (iv)

figure 2.3 Skeletal formulae of the acrylate monomers employed for the fabrication of polyHIPEmono­

liths andmicrospheres. (i) 2-ethylhexyl acrylate (EHA); (ii)mono-2-(methacryloyloxy)ethyl suc-

cinate (MAES; (iii) isobornyl acrylate (IBOA) and (iv) trimethylolpropane triacrylate (TMPTA).

The sole double C=C bond can be seen in themonomers EHA,MAES and IBOA. For TMPTA, the

three C=C double bonds give the monomer it’s crosslinking nature, allowing it to link between

polymer chains.

2.4.2 scanning electron microscopy for polyhipes

Scanning electron microscopy (SEM) was employed to visualise the morphologies of both

monolithic andmicrospheric polyHIPEmaterials at very highmagnifications (> 50×), with
both the total structure and local regions characterised. To prepare polyHIPE materials for

SEM imaging, theywere air dried overnight, mounted onto carbon tabs and sputteredwith

gold for 2 min whilst under vacuum using an Edwards S150B Sputter Coater (Edwards,
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West Sussex, UK). Coated samples were imaged using a Tescan Vega3 (TESCAN, Brno,

Czechia) with an acceleration voltage of 10 kV applied. Saved micrographs had a scale bar

and info section. Images were later processed using ImageJ software and, where appropri-

ate, this info section and scale bar removed and a custom scale bar added.

2.4.3 toluidine blue assay development

Toluidine Blue (TBO), a cationic dye that binds reversibly to negative-charged chemical

moieties, was selected as a coloured reagent for the presence of carboxyl groups. To de-

termine which molarity to use, TBO was first dissolved in 50 % (v/v) acetic acid to give

the following molar concentrations; 500, 400, 300, 200, 100, 50 and 25 µM. Using a Nan-

odrop, full spectra data was obtained for each to observe areas of maximum absorbance

for TBO. Starting from 50 µM, a serial dilution using acetic acid (with a dilution factor of

two) was also prepared down to 1.5626 µM. The absorbance was determined at 626 nm

and a standard curve obtained to test the suitability of TBO.

2.4.4 carboxyl functionality assay using toluidine blue

To determine if the presence of MAES in the HIPE resulted in the subsequent polyHIPE

possessing carboxyl functionality, HIPEs with decreasing EHA (100, 98, 96, 92 and 84) and

increasing MAES (0, 2, 4, 8 and 16) weight percentages were generated, as shown in Table

2.2. The volumes of water needed to give a 90 % internal phase for each formulation are

also shown here. The first formulation had 100 % EHA, 0 % MAES, the second had 98 %

EHA, 2 % MAES, and so on.

table 2.2 HIPE formulations for polyHIPEs containing varying weight percentages of

EHA and MAES monomers.

Class Component Mass (g) % (w/w)

Monomer
EHA 3.33, 3.26, 3.19, 3.06, 2.80 100, 98, 96, 92, 84

MAES* 0.00, 0.06, 0.13, 0.27, 0.53 0, 2, 4, 8, 16

Crosslinker TMPTA† 0.50 15

Misc.
Photoinitiator 0.19 5

Hypermer B246 0.38 10

* Volume of water needed for polyHIPEs with 0, 2, 4, 8 and 16 % MAES is 34, 35, 37, 37 and 37 mL.
† That is, as % (w/w) of monomermass, rest % (w/w) of total organic mass (monomers and crosslinker).

300 µL of each formulation was dispensed into wells of a 24-well Nunc plate, before curing

with UV radiation for 2 min. A ‘cookie cutter’ puncher was used to cut cylindrical tablet-

like shapes, or discs, of 3 mm diameter and 1 mm thickness. Care was taken to ensure each
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tablet was exact in dimensions. These were washed in acetone for 12 hr. SEM images were

obtained for each of the different polyHIPE tablets at 100× and 500×magnifications. Figure
2.4 shows the workflow of generating uniform polyHIPE discs, with increasing amounts

of MAES, for the carboxyl functionality assay using TBO.

24-well plate (polystyrene)

- Prepare HIPEs with increasing MAES
- Dispense HIPEs into every well

(1)

- Expose entire plate to UV
- Allow HIPEs to polymerise

(2)

- Punch out polyHIPE discs
- Ensure discs are uniform in size
- Cleanse in acetone overnight

(3)

(4)
- Incubate polyHIPE discs in TBO and wash overnight
- Extract TBO stain with acetic acid and determine absorbance of TBO
- Use data as indirect measure of carboxyl groups

0 2 4 8 16
MAES %

figure 2.4 Schematic detailing the workflow of generating uniform polyHIPE discs, with increasing

amounts of MAES, for the carboxyl functionality assay using TBO. HIPEs with increasing

amounts of MAESwere prepared and equal volumes dispensed into the wells of a 24-well plate.

The entire plate was exposed to UV to allow theHIPEs to polymerise. A ’cookie cutter’ was used

to cut out uniform polyHIPE discs. These were cleansed in acetone before being incubated in

TBO to allow carboxyl identification via staining. Stains were extracted from the discs and the

absorbance quantified to compare how the amount of MAES affected the amount of carboxyl

groups in the materials.

Aglycine-sodium hydroxide buffer, at pH 10, was prepared bymixing 50mL 0.1M glycine

with 38.6 mL 0.1 M sodium hydroxide and then adding 111.4 mL water. 50 mL 50 µM

TBO working solution was prepared by adding 49 µL 50 mM TBO master stock to 49.951

mL glycine-sodium hydroxide buffer and mixing well. Working solution was prepared

fresh and used immediately. Each of the polyHIPE tablets were briefly washed in glycine-

sodium hydroxide buffer to prime the materials. Using 15 mL centrifuge tubes, each tablet

was added to 5 mL 50 µM TBO working solution and incubated for 1 hr with end-to-end

spinning at 20 rpm.

Tablets were removed, placed in fresh centrifuge tubeswith 10mL glycine-sodiumhydrox-

ide buffer and incubated for 24 hr at 30 rpm. Tabletswere again removed andphotographed
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for visual comparison of TBO staining. To extract the bound TBO, tablets were placed in

5 mL 50 % (v/v) acetic acid and incubated for 1 hr at 20 rpm. 2 µL of the supernatant, i.e.

unbound TBO,was aspirated and the absorbance at 626 nmdetermined using aNanodrop.

2.4.5 fabrication of polyhipe microspheres

A bespoke system, originally developed in part by Paterson et al. (2018), was adapted to

fabricate polyHIPE microsphere materials containing EHA and MAES monomers. Figure

5.4 in § 5.1.2 shows a schematic detailing this bespoke system. A single-syringe pump

(World Precision Instruments, Hertfordshire, UK)was loadedwith a 20mL syringe. To this,

a dispensing needle (Intertronics, Oxfordshire, UK) was attached, and itself inserted into

6 mm internal diameter polyvinyl chloride (PVC) tubing, in either a co-flow or T-junction

orientation.

The internal diameter of the dispensing needle was varied depending upon fabrication

experiment. The tubing was fed through a Masterflex L/S peristaltic pump unit (Cole-

Parmer, Cambridgeshire, UK), with an attached pump head (model: 7535-04). One open

end of the tubing was submerged in a 1 L beaker, itself filled with a carrier phase contain-

ing either water, glycerol or polyvinyl alcohol (PVA) in varying amounts depending upon

experiment.

The other open end of the tubing sat within a filter sock with 50 µm porosity, placed above

the beaker. A curing chamber, fashioned using cardboard and enclosing an in-house man-

ufactured ‘corkscrew’ glass piece, was exposed to continual UV radiation from an Omni-

cure spot lamp. The curing chamber was lined on the inside with aluminium foil to reflect

the radiation. The tubing was connected to the inlet and outlet of the glass piece via con-

nectors with a barbed and a threaded end. When the peristaltic pump was in operation,

carrier phase would circulate around the system at the defined pump rotational speed in

a continuous, recycling loop.

The general method to fabricate polyHIPE microspheres involved first loading a syringe

with a freshly generated HIPE. Any visible air bubbles within the HIPE were dispelled by

covering the end of the syringe and pushing the plunger tightly to obtain a compact liquid.

The peristaltic pumpwas switched on 10 min before fabrication to ensure the carrier phase

was homogeneous within the system. A dispensing needle was attached to the syringe and

then inserted into the tubing, with the syringe pump then turned on. The flow rate of the

syringe pump, i.e. the rate at which HIPE would be injected into the circulating carrier

phase, as well as the flow rate of the carrier phase, was dependent upon the experiment.
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2.4.6 co-flow fabrication of microspheres

To investigate the fabrication of polyHIPE microspheres using the co-flow orientation,

HIPEs were first generated using the formulation given in Table 2.3. A co-flow orientation

was fashioned by attaching PharMed tubing (Cole-Parmer, Cambridgeshire, UK), with an

internal diameter of 2.4 mm, to the end of the syringe containing the HIPE. This tubingwas

connected to a dispensing needle at the other end, which was directed to an angled section

of the system tubing. The needle was inserted so as the flow of the injected HIPE would be

in the same direction as the flow of the carrier phase, i.e. in co-flow.

To determine what effect carrier phase composition had on fabricated polyHIPE micro-

spheres, four carrier phases were investigated; 10 %water, 50 and 80 % (v/v) glycerol, and

15 % (v/v) glycerol within 3 % (v/v) PVA. To prepare 3 % (w/v) PVA solution, 15 g PVA

was added to 500 mL deionised water and stirred at 800 rpm whilst heated to 90 ∘C for

20 min to allow dissolution. The newly formed PVA solution was then allowed to cool to

room temperature before use. To prepare 50% (v/v) glycerol solution, 250mL glycerol was

added to 250mLdeionisedwater andmixed vigorously to achieve a homogenous solution.

To prepare 80 % (v/v) glycerol solution, 400 mL glycerol was added to 100 mL deionised

water. To prepare 15 % (v/v) glycerol within 3 % (w/v) PVA, 425 mL of 3 % (w/v) PVA

was added to 75 mL of 15 % (v/v) glycerol and mixed vigorously. The system tubing and

glass piece were cleaned extensively with deionised water when changing between differ-

ent carrier phase compositions.

table 2.3 HIPE formulation for polyHIPE microspheres containing

90 % EHA and 10 % MAES monomers.

Class Component Mass (g) % (w/w)

Monomer
EHA 3.00 90

MAES 0.33 10

Crosslinker TMPTA* 0.50 15

Misc.
Photoinitiator 0.19 5

Hypermer B246† 0.38 10

* That is, as % (w/w) of monomer mass, rest % (w/w) of total organic mass
(monomers and crosslinker).

† For Hypermer B246 at 1.25 % (w/w), 0.05 g was used.

In addition, to determine what effect surfactant percentage and water temperature had on

resulting polyHIPE microspheres, surfactant percentage was decreased from 10 to 1.25 %

(w/w) and the temperature of the water added was increased from ambient to 80 ∘C. For
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100 % water and 50 % glycerol carrier phases, only a ‘normal’ HIPE was used for fabrica-

tion of microspheres, i.e. 10 % (w/w) surfactant and ambient temperature water. For 80

% glycerol and 15 % (v/v) glycerol within 3 % (w/v) PVA, a normal HIPE was used in

addition to HIPEs generated with 1.25 % (w/w) surfactant and HIPEs generated with 1.25

% (w/w) surfactant and using 80 ∘C water.

Specific HIPEs generated were loaded into a 20 mL syringe with tubing attached to a 1.5

in dispensing needle with a blunted end 30 G (0.15 mm ID) PTFE tip (Intertronics, Ox-

fordshire, UK). The syringe flow rate was set initially at 12 mLhr-1 to prime the dispensing

needle and ensure a constant flow of HIPE from the tip. Once this was achieved, the nee-

dle was inserted into the system tubing and the syringe flow rate set to 0.3 mLhr-1. The

carrier phase, either one of the four listed above, was pumped at 150 rpm. Only polyHIPE

microspheres fabricated after 20 min of operation were collected for analysis.

Fabricated microspheres were spread as a monolayer onto glass microscope slides using a

spatula, dried overnight and imaged using an inverted brightfield IX73microscope (Olym-

pus, Hamburg, Germany) at 10× magnification. Images were processed using ImageJ soft-

ware, a scale bar set and the measure tool used to determine the diameter of 200 micro-

spheres. These data were then used to produce diameter size distribution graphs. To at-

tempt to quantify the surface porosity of microspheres, a 20×magnification lens was used,

light turned up near maximum intensity and exposure time set to 200ms to distinguish the

surface pores. 50microspheres were imagedwith this method, with four of the largest pore

sizes in the centre of each microsphere measured using ImageJ software and pore size dis-

tribution graphs produced. SEM images were obtained for each of the different polyHIPE

microspheres at 100× and 500× magnifications.

2.4.7 t-junction fabrication of microspheres

To investigate the fabrication of polyHIPE microspheres using the T-junction orientation,

HIPEswere first generated using the formulation given in Table 2.3with the surfactant kept

at 10% (w/w). Parameters relating to theHIPE or its generation process, such as surfactant

percentage or temperature of water added, were not altered. 80 % (v/v) glycerol was used

as the sole carrier phase in this instance. A T-junction orientation was devised by attaching

a dispensing needle to a syringe. The needle was inserted into the tubing to obtain a ‘T’

orientation, and hence the flow of HIPE was perpendicular to that of the carrier phase. No

extra tubings were required.

Generated HIPEs were loaded into a 20 mL syringe with tubing attached to a 1.5 in dis-

pensing needle with a blunted end 20 G (0.60 mm ID) PTFE tip. To investigate how carrier
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phase flow rates and HIPE injection rates affect the diameter of fabricated polyHIPE mi-

crospheres, three condition pairs were attempted; 600 rpm and 6 mLhr-1, 400 rpm and 12

mLhr-1 and 200 rpm and 18 mLhr-1. Due to the much faster dispensing rates used in these

fabrications, the dispensing needle was not primed and instead inserted immediately into

the tubing.Only polyHIPEmicrospheres fabricated after 20min of operationwere collected

for analysis.

Microspheres were spread as a monolayer onto glass microscope slides using a spatula,

dried overnight and imaged using an inverted brightfield IX73 microscope at 10× mag-

nification. Images were processed using ImageJ software, a scale bar set and the measure

tool used to determine the diameter of 200 microspheres. These data were then used to

produce diameter size distribution graphs. Quantifying surface porosity for microspheres

fabricated using these conditions was not attempted. SEM images were obtained for poly-

HIPE microspheres fabricated using each of the three condition pairs at 100× and 500×
magnifications.

2.4.8 t-junction fabrication of ’smaller’ microspheres

To attempt to fabricate polyHIPE microspheres with smaller average diameters than those

fabricated using the conditions in § 2.4.7, four conditions were investigated; 400 rpm, 4

mLmin-1, 30 G needle; 400 rpm, 4 mLmin-1, 32 G needle; 400 rpm, 2 mLmin-1, 32 G needle,

and 600 rpm, 2mLmin-1, 32 G needle. TheHIPEwas generated using the formulation listed

in Table 2.3 and 80 % (v/v) glycerol was kept as the carrier phase.

Microspheres were spread as a monolayer onto glass microscope slides using a spatula,

dried overnight and imaged using an inverted brightfield IX73 microscope at 10× mag-

nification. Images were processed using ImageJ software, a scale bar set and the measure

tool used to determine the diameter of 200 microspheres. These data were then used to

produce diameter size distribution graphs. Quantifying surface porosity for microspheres

fabricated using these conditions was not attempted.

2.4.9 pump seed and flow rate of carrier phase

For the experiments involving the fabrication of microspheres, the flow rate of the carrier

phase is given, in both the methods here and in the data that follow, by the rpm of the

pump head. There were four different pump speeds used in this work; 150, 200, 400 and

600 rpm. These corresponded, roughly, to carrier phase flow rates of 280, 370, 750 and 1120

mLmin-1, respectively. This was determined (after the experiments were completed) by

reviewing the manufacturer’s guide of the specific pump head, which listed flow rates at

two pump speeds for a tubing with an internal diameter of 3.1 mm. Because the tubing
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used here had an internal diameter of 6 mm, the two flow rates given were multiplied by

4 (as the area of a circle is proportional to the radius squared, and the flow rate within

a tubing is proportional to the area) and a plot drawn of pump speed against these flow

rates. The equation of the resulting trendline was used to determine the flow rates at the 4

pump speeds used in this work.

It must be stressed these calculations assume a Newtonian liquid was pumped, whilst the

carrier phases actually used included varying amounts of glycerol and PVA. These viscous

solutionsmean the flow rates quoted above should be viewed only as an estimate andmust

be empirically confirmed if readers wish to exactly replicate fabrication conditions. In the

work here, an experiment to determine the flow rates using the 6 mm internal diameter

tubing and the specific pump head was not performed.

2.5 microsphere applications

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.5.1 microsphere washing, pei adsorption and sterilisation

To ensure easy handling of microspheres, 100 µm cell strainer filters were employed.

Decanting microspheres from a liquid was achieved by tipping microsphere suspensions

through one of these strainers and allowing microspheres to be retained whilst ‘super-

natant’ passed through. By turning the strainer upside down and positioning on top of

a vessel, a new liquid could be flushed through, catching the microspheres and creating

a new suspension. For aseptic handling within a laminar flow hood, sterile single-use

strainers were used.

All fabricated polyHIPE microspheres destined for cell adherence were washed in acetone

for 12 hr with end-to-end spinning. The microspheres were decanted, and fresh acetone

added for a further 12 hr. Microspheres were once again added to fresh acetone and stored

at room temperature until needed for experimentation. To adsorb PEI onto microspheres,

a 10 mgmL-1 PEI coating solution was prepared using deionised water. Microspheres were

decanted from acetone and suspended in this coating solution using a 50 mL centrifuge

tube. A maximum of 5 mL microspheres were suspended in 45 mL coating solution. Once

added, centrifuge tubes were inverted several times by hand. This was followed by re-

peated aspirating and pipetting to ensure any microsphere aggregates were resuspended.

Microspheres were incubated at room temperature overnight with end-to-end spinning to

allow maximum adsorption of PEI. The next day, spinning was stopped and microspheres

allowed to settle by gravity. The formation of a packed-bed ofmicrospheres, with no aggre-

gation, was regarded as evidence of successful PEI adsorption. All microspheres adsorbed

67



chapter 2 – materials and methods

with PEI were used for experimentation within 24 hr.

To prepare for an aseptic environment, microspheres were decanted from the PEI coating

solution and suspended into 70 % (v/v) ethanol and spun for 1 hr as a disinfectant step.

After this, microspheres were treated as ‘sterile’ and decanted in a laminar flow hood and

washed several times with autoclaved PBS to cleanse the ethanol. Alternatively, freshly

adsorbed microspheres were suspended within PBS and autoclaved with steam at 121 ∘C

for 20min and thenwashed several times with autoclaved PBS in a laminar flow hood. The

choice between ethanol exposure or autoclaving was dependent upon the experiment. For

both options however, microsphereswere ultimately suspended into pre-warmedmedium

before experimental use.

2.5.2 syringe pump microsphere loading

It was proposed that pumping cells from in a syringe through a packed-bed of micro-

spheres could be a technique to achieve cell adherence and subsequently rapidly load a

defined volume ofmicrosphereswith cells. To investigate this, PEI-adsorbed polyHIPEmi-

crospheres (with an average diameter of approximately 470 µm)were first dispensed into 1

mL Mobicol columns (Mobitech, Lotzestrasse, Germany) and allowed to settle by gravity.

Polypropylene frits, with 90 µm porosity, were inserted into these columns beforehand to

retain the microspheres.

Three viable cell densities, 0.5, 1.0 and 2.0 × 106 cellmL-1, and three flow rates, 1.0, 2.5 and

5.0 mLmin-1, were tested to determine what effect each had on the number of cells loaded

onto the microspheres. The volume of microspheres was kept constant at 1 mL and the

volume of each cell delivery kept at 50mL. For each condition, microspheres settled within

Mobicol columns were first briefly primed with buffered, pre-warmed medium. 55 mL of

a particular viable cell density was then aspirated into a 60 mL syringe and attached to a

syringe pump, set at a particular flow rate. To this syringe, a Mobicol column containing

microspheres was attached via a luer connection, in a sideways orientation. The syringe

pump was raised such that a 50 mL centrifuge tube could be positioned directly under the

outlet of the Mobicol column.

When the syringe pump was in operation, effluent from the 1 mL column, i.e. cells that

were not adhered as they passed through the microsphere bed, dripped into the centrifuge

tube. Once 5mLwas collected, the tube was quickly replacedwith an empty one. The 5mL

was subsequently agitated by hand and the viable cell density determined using a Vi-Cell

XR Cell Viability Analyzer. This was repeated until 50 mL volume was delivered through

the column. Due to only having two syringe pumps,measurementswere limited to two per
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condition. Breakthrough curves were calculated by deducting the number of cells present

in each 5 mL effluent by the number present in 5 mL of the particular cell load used.

2.5.3 microsphere cell growth in t-flasks

To demonstrate the growth of adherent cells on microspheres adsorbed with PEI, the sy-

ringe pump technique as described in § 2.5.2 was used to deliver 10 mL of cell suspension

at a density of 0.25 × 106 cellmL-1, i.e. 2.5 million cells, at 2.5 mLmin-1. The number of cells

adhered was calculated by deducting the amount of cells present in the effluent from the

amount of cells present in the cell seed delivered. Immediately after seeding, microspheres

were gently aspirated from the columns and dispensed into T-25 flasks. 10 mL medium

was added and flasks placed in a static incubator at 37 ∘C, 5 % (v/v) CO2.

At day 4, microspheres were decanted and washed with 10 mL pre-warmed PBS into a 50

mL centrifuge tube to remove any weakly adhered cells. The presence of viable adhered

cells on the microspheres was determined by using 10 mL PB-media mix, as described in §

2.2.1. The PB-media mix was used to flush microspheres back into a fresh 50 mL centrifuge

tube before being placed in a T-25 flask for 30 min incubation. 200 µL was transferred to

a 96-well plate and the fluorescence determined using a SpectraMax iD5. Microspheres

were washed once with 10 mL PBS to remove incubated PB-media mix, and returned to

the incubator with fresh medium. The procedure was repeated to determine viability of

adhered cells at day 7.

Fluorescent and brightfield micrographs were obtained on days 0 (immediately after seed-

ing), 4 and 7. On these days, a small number of microspheres were sampled, decanted and

incubated with ice cold methanol (as a crude fixative) for 10 min. The methanol was re-

moved, the microspheres washed with PBS and incubated, whilst protected from light, for

30 min with 10 mL of 5 µgmL-1 Hoechst solution. Microspheres were washed once with

PBS and placed in fresh PBS for imaging using a DAPI filter.

For brightfield micrographs, only the above fixation step was performed and the micro-

spheres imaged in fresh PBS. For both, microspheres were imaged immediately. Micro-

graphs were processed using ImageJ software and scale bars added.

2.5.4 peristaltic pump microsphere loading

The technique described in § 2.5.2 was developed upon to allow parallel volumes of mi-

crospheres, within columns, to be rapidly loaded with cells. 1 mL PEI-adsorbed polyHIPE

microspheres (with an average diameter less than 300 µm) were dispensed into 2.5 mL

columns (Mobitech, Lotzestrasse, Germany) and allowed to settle by gravity. Polypropy-
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lene frits, with 90 µm porosity, were inserted into these columns beforehand to retain the

microspheres.

A bespoke ‘perfusion plate’, to hold up to six of these columns, was fashioned in-house.

Briefly, a 5 mm thick transparent acrylic sheet was cut into three components with a HPC

Laserscript laser cutter (HPC Laser, Halifax, UK) using models generated in SolidWorks.

These components slotted in to place to give a free-standing structure. The plate was de-

signed with clearance around each column point to allow for tubing, stopcocks and luer

fittings to be attached and removed easily. Dr. Samand Pashneh-Tala, of the Department

of Materials Science and Engineering, advised on, designed and fabricated the perfusion

plate.

The generalmethod to load three 1mLmicrosphere volumes beganwith physically prepar-

ing the system. A 250 mL bottle, filled with cell suspension and a magnetic stirrer bar,

was placed upon a stirrer plate. Cells were agitated at 200 rpm to ensure homogeneity.

Three separate Masterflex tubings (Cole-Parmer, Cambridgeshire, UK), with 1/16 in (1.8

mm) ID, were submerged in the cell suspension, themselves attached to a 205U 12-channel

peristaltic pump (Watson-Marlow, Falmouth, UK), and leading to a three-way stopcock at-

tached to the top connection of each column. At the bottom of each column, a three-way

stopcock was also attached, with tubing leading into a 50 mL centrifuge tube. Male and

female luer fittings, with barbed ends suitable for 1.8 mm ID tubing, were used at con-

nection points. The principle was that cells would be pumped from the bottle through the

columns, captured by the microspheres, and any that were not would be collected in the

effluent and subsequently quantified.

Once all microspheres were settled, the stopcock at the bottom of each column was posi-

tioned so no liquid could exit. 2 mL medium was added manually to each column to fill

the column space. With the stopcock at the top positioned so that no liquid could enter,

mediumwas pumped initially through the system to prime the tubings, exiting into waste

line tubings. Once primed, these tubings were discarded, and the stopcocks positioned

back so that liquid could now enter the columns. Once the stopcock at the bottom of each

columnwas opened,mediumwas allowed to prime the cartridges until the volumeswithin

each cartridge reached a steady state.

On day 3 of a passage, CHO-S IgG cells were centrifuged and resuspended in a reduced

volume and either a 10 or 20 × 106 cellmL-1 suspension prepared as 200 mL in the 250 mL

bottle. These suspensions were filtered twice using a 20 µm cell strainer to eliminate any

clumped cellular material. For the 10 × 106 cellmL-1 suspension, the pump flow rate was

set to 1.0 mLmin-1 and 25 mL suspension delivered; for the 20 × 106 cellmL-1 suspension,
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it was set to 0.5 mLmin-1 and 12.5 mL delivered. For both conditions, 250 million cells

would be pumped through the columns after 25 min of operation. After this, 12.5 or 25 mL

medium was flushed through at 0.5 or 1.0 mLmin-1, respectively, and collected to ensure

any weakly adhered cells were detached. The number of cells adhered was calculated by

deducting the number of cells present in this effluent by the number present in the partic-

ular cell load used. For comparisons with a commercial product, Cytopore 2 microcarriers

(GE Healthcare, Illinois, USA), hydrated and autoclaved following supplier instructions,

were also tested alongside PEI-adsorbed microspheres.

2.5.5 microsphere loading using ambr15 bioreactors

The following work was performed at CPI in Darlington, UK. To demonstrate the use of

polyHIPEs microspheres using a commercial system, ambr15 bioreactors were chosen as

suitable vessels to investigate the rapid loading of microspheres with cells. On day 3 of

a passage, CHO-S IgG cells were centrifuged and resuspended in reduced volumes and

10, 20 or 40 × 106 cellmL-1 suspensions prepared. Suspensions were filtered twice using

a 20 µm cell strainer to eliminate any clumped cellular material. 10mL PBS containing 5

mL microspheres adsorbed with PEI were manually dispensed into ambr15 vessels and

allowed to settle. 5mL was aspirated to leave only the microsphere bed. 7 mL pre-warmed

mediumwas added to each vessel, the microspheres resuspended and settled, before 5 mL

was aspirated. This was repeated twice to leave a 7mLmicrosphere slurrywithinmedium.

Ambr15 vessels were loaded into the system deck and the agitation rate set to 300 rpm.

Once microspheres were resuspended, the liquid handler was allowed to dispense 5 mL

of either 10, 20 or 40 × 106 cellmL-1 suspensions, i.e. 50, 100 or 200 million cells. Once cells

were added, a timer was set for 2 hr. Every 30 min, the liquid handler aspirated 1 mL

(whilst the impeller was stirring to ensure homogeneity) and dispensed into a multiwell

plate. This was manually aspirated and dispensed through a 100 µm strainer to retrieve a

cell suspension. The viable cell density of this suspension, i.e. cells that had not adhered

onto microspheres, was determined using a Vi-Cell XR Cell Viability Analyzer. From this

the number of cells adhered onto the microspheres could be calculated every 0.5 hr.

2.6 pseudo-continuous systems

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.6.1 validation of cedex bio analzyer

To demonstrate the use of a Cedex Bio Analyzer for the determination of metabolite and

substrate concentrations within cell culture medium, glucose, l-glutamine, lactate and lac-
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tate dehydrogenase assay reagent packswere first installed following supplier instructions.

Three measurements (low, medium and high) were determined for control solutions sup-

plied by Roche and compared to the stated values.To test the Cedex Bio Analyzer, standard

curves were prepared for glucose and l-glutamine within fresh CDCHOmedium, supple-

mented with 8 mM l-glutamine. Medium was serially diluted (with a dilution factor of

two) using deionised water. Each glucose and l-glutamine concentration, beginning with

an arbitrary ‘1’ for undiluted media, ‘0.5’ for the first dilution, ‘0.25’ for the next and so on,

was then determined using the Cedex. Technical triplicate readings were taken for glucose.

A linear trendline was plotted and a R2 value calculated for both substrates.

To demonstrate the use of the Cedex during actual cell culture, CHO-S IgG cells were

seeded at 0.2 × 106 cellmL-1 as 30 mL in a 125 mL Erlenmeyer flask and incubated at 37
∘C, 5 % (v/v) CO2 with 140 rpm orbital shaking. Each day, starting from day 0, and ending

on day 9, viable cell density and viability were determined using a Vi-Cell XR Cell Viability

Analyzer. 200 µL culture mediumwas aspirated daily from the flask, centrifuged at 1000 g

for 5 min, and 180 µL supernatant retrieved and stored at -80 ∘C. All samples were thawed

together and daily glucose, l-glutamine, lactate and lactate dehydrogenase concentrations

determined using the Cedex.

2.6.2 suspension cell culture and mild hypothermia

To investigate the effect of shifting to mild hypothermia conditions on CHO-S IgG culture,

CHO-S IgG cells were seeded at 0.2 × 106 cellmL-1 as 30 mL in 125 mL Erlenmeyer flasks

and incubated at 37 ∘C, 5 % (v/v) CO2 with 140 rpm orbital shaking. On day 3, flasks were

either moved to 32 or 30 ∘C culture, or kept at 37 ∘C.

Each day, starting from day 0, and ending on day 9, viable cell density and viability were

determined using a Vi-Cell XR Cell Viability Analyzer. 200 µL culture medium was aspi-

rated daily from flasks, centrifuged at 1000 g for 5 min, and 180 µL supernatant retrieved

and stored at -80 ∘C. All samples were thawed together and daily glucose, l-glutamine,

lactate and lactate dehydrogenase concentrations determined using a Cedex Bio Analyzer,

with the cell-specific l-glutamine consumption rate determined for all temperatures be-

tween day 0 and 6 using Equation 2.5 as shown in § 2.2.11. Daily IgG titre was determined

usingValitaTITER,with cell-specific productivity determined for all temperatures between

day 0 and 6 using Equation 2.4 as shown in § 2.2.11.

2.6.3 pseudo-continuous culture using erlenmeyer flasks

To demonstrate pseudo-continuous culture, Erlenmeyer flasks were employed as vessels

with polyHIPE microspheres as an internal cell retention device. Manually exchanging
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medium was performed by tilting flasks to the side, allowing microspheres to settle and

aspirating spent medium. An equal volume of freshmediumwas added andmicrospheres

resuspended. Loading of microspheres with CHO-S IgG cells was performed as in § 2.5.4,

with microspheres retrieved from columns by first tiling columns sideways and then

pumping fresh medium through the columns from the bottom to push the retrieved

microspheres out of the top. Microspheres were collected in centrifuge tubes.

An initial experiment to investigate pseudo-continuous culture was performed using 1mL

microspheres within 20 mL medium in 125 mL Erlenmeyer flasks. Cell loading was per-

formed using a cell load of 250 million cells at a flow rate of 0.5 mLmin-1. A Celltron (In-

fors HT, Bottmingen, Switzerland) shaker was used for agitation within a static incubator.

Temperatures were set between 29 and 31 ∘C and agitation between 50 and 60 rpm. 100

% medium exchange was performed every 2, 3 or 5 days, depending upon time of exper-

iment. Photographs of the conditions of Erlenmeyer flasks and microspheres throughout

the experiment were taken. Each day, starting from day 1, and ending on day 25, viable

cell density and viability of cells in suspension, i.e. cells that had dissociated from the mi-

crospheres, were determined using a Vi-Cell XR Cell Viability Analyzer.

200 µL culturemediumwas aspirated daily from flasks, centrifuged at 1000 g for 5min, and

180 µL supernatant retrieved and stored at -80 ∘C. All samples were thawed together and

daily glucose, l-glutamine, lactate and lactate dehydrogenase concentrations determined

using a Cedex Bio Analyzer. Daily IgG titre was determined using ValitaTITER.

A second experiment was carried using 1 mL microspheres within 20 mL medium in 250

mL Erlenmeyer flasks. Cell loading was performed using a cell load of 300 million cells

at a flow rate of 0.5 mLmin-1. Temperature was set at 30 ∘C for the first 4 days, and then

turned down to 28 ∘C for the remainder of the culture. Agitation was kept at 45 rpm. 100

% medium exchange was performed after the first 4 days, and then every 3 days. Each

day, starting from day 0, and ending on day 31, viable cell density and viability of cells in

suspension, i.e. cells that had dissociated from the microspheres, were determined using a

Vi-Cell XR Cell Viability Analyzer.

200 µL culturemediumwas aspirated daily from flasks, centrifuged at 1000 g for 5min, and

180 µL supernatant retrieved and stored at -80 ∘C. All samples were thawed together and

daily glucose, l-glutamine, lactate and lactate dehydrogenase concentrations determined

using a Cedex Bio Analyzer. Daily IgG titre was determined using ValitaTITER. For both

experiments, the medium removed during the media exchange days was sampled and

used as the daily sample for that day. Therewas no second sample taken onmedia exchange

days once the medium had been exchanged. The sample taken the next day was thus from
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fresh medium that had been in culture for 24 hr.

2.7 perfusion system development

All reagents were sourced from Sigma-Aldrich (Missouri, USA) unless otherwise stated.

2.7.1 perfusion system ideas

For a discussion of the ideas which led to the development of the perfusion system, includ-

ing a report of numerous unsuccessful attempts using columns containing microspheres

as packed-beds, see § 6.2.1.

2.7.2 perfusion system set up

An attempt at perfusion culture, using polyHIPE microspheres adsorbed with PEI as an

internal cell retention device, was performed using an in-house developed perfusion sys-

tem. Inspired in-part by a stirred tank reactor operating in chemostat mode, a spinner flask

was acquired with an inlet tubing through one arm and an outlet tubing through the other.

Medium was to be continually exchanged using these tubings, and with the flow rate in

both tubings equal, a steady state system to be achieved. This was termed spinner flask-

based perfusion. For a detailed discussion of the proposed process and an evaluation of

specific materials selected, see § 6.2.2. A cleaned, heat-dried nominal 100 mL glass spinner

flask (BellcoGlass, New Jersey, USA)with amagnetic PTFE impellerwas filledwith Sigma-

Cote, a siliconising agent, to produce a hydrophobic inner coating on the inside walls. The

flaskwas incubated for 2minwith gentle rotation to ensure sufficient exposure. The silicon-

ising agent was removed and the flask allowed to air dry before washing. GL32 VapLock

solvent delivery caps (Cole-Parmer, Cambridgeshire, UK), each with three female 1/4-28

UNF ports, were used to cap the two arms of the spinner flask. Male luer to male 1/4-28

UNF fittings were attached to connect a single-use 0.2 µm filter to each cap for gaseous

exchange. Tubing adapters, with 1/8 in OD to male 1/4-28 UNF fittings and using a nut

and ferrule system, were used to aseptically hold an inlet tubing through one cap and an

outlet tubing through the other. Masterflex tubings with 1/16 in (1.8 mm) ID were used.

A frit holder, to house a frit and be attached to the end of the outlet tubing to retain the

microspheres, was designed using SolidWorks and 3D printed in-house with a Form 2 3-

D printer using Dental SG Resin (Formlabs, Massachusetts, USA). Following fabrication,

structures were washed in propan-2-ol for 20 min in an ultrasonic bath and post-cured us-

ing a UV light box for 30 min at 60 ∘C. After curing, support structures were removed from

the parts using side-cutters. Frit holders were designed with a tapered opening, allowing

a 90 µm polypropylene frit to be inserted securely by hand, and with a barbed end suitable
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for 1.8 mm tubing. The holder was later designed with a reduced diameter and a female

luer ending, making it less intrusive and suitable for any tubing with a male luer fitting

attached. Dr. Samand Pashneh-Tala, of the Department of Materials Science and Engineer-

ing, advised on, designed and fabricated all frit holders for this project.

The general method began with setting up the perfusion system. A refrigerator, set at 8
∘C, was placed upon a non-humidified shaking incubator, which was not agitated in this

instance. Within the refrigerator a 1 L bottle, filled with medium, was stored. Tubing ran

from this feed bottle, out of the closed refrigerator door, and into the incubator. It passed

through a 205U 12-channel peristaltic pump within the incubator and led into the inlet

arm of the spinner flask, where mediumwas continually dispensed. The spinner flask was

placed on aMicro-Stirmagnetic stirrer plate (Wheaton,New Jersey,USA). Pump and stirrer

power cables were able to fit safely through the incubator door when closed and plugged

into a power supply. An outlet tubing, with frit attached, led out of the other arm of the

spinner flask, passed through the pump and led to a 2 L waste bottle. Before it reached

the waste bottle, it passed through a three-way stopcock. One end of this stopcock was

attached to a single-use needle, which aseptically pierced a 10 mL bottle via a septum cap.

This bottle, the sample tank, could be filled daily for a defined period with outlet medium

by use of the stopcock mechanism to change the flow of liquid. To retrieve the sample,

the needle could be carefully removed and inserted into a fresh sample tank, again via a

septum cap.

2.7.3 perfusion system operation

The technique employed in § 2.5.5 to rapidly load microspheres within ambr15 vessels

with cells was adapted for spinner flasks. 10 mL polyHIPE microspheres adsorbed with

PEI were dispensed into a spinner flask within 20 mL medium. On day 3 of a passage,

CHO-S IgG cells were centrifuged and resuspended in a reduced volume and a 20 × 106

cellmL-1 suspension prepared. This was filtered twice using a 20 µm cell strainer to elim-

inate any clumped cellular material. 20 mL, i.e. 400 million cells, was dispensed into the

spinner flask and agitated gently by hand to mix cells and microspheres. The spinner flask

was immediately placed upon aMicro-Stir plate and set to an intermittent agitation mode,

whereby it would be operated at 25 rpm for 15 min, 0 rpm for 2 min and repeated. Every

30 min, i.e. after two start-stop cycles, the spinner flask was removed, agitated thoroughly

by hand and a 1 mL sample taken. Microspheres were decanted and the viable cell density

of the cell suspension, i.e. the cells that were not adhered, determined using a Vi-Cell XR

Cell Viability Analyzer. This was carried out for 2 hr before microspheres were allowed to

settle, and 20 mLmedium aspirated. 20 mL fresh mediumwas added, the flask mixed and
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the process repeated twice to dilute out cells that had not adhered to the microspheres.

Finally, medium was added to a 100 mL total volume and modified caps, with inserted

tubings, attached to the flask arms. Tubings were attached to the feed, sample and waste

tanks within a laminar flow hood and all components set up within the incubator with

tubings passed through the pump.

The pumpwas operated throughout at 25 µLmin-1, the lowest flow rate possible, resulting

in a dilution rate of approximately 0.38 vvd. Daily samples were taken, starting from the

following day, day 1, until day 35. The incubatorwas set at 5% (v/v) CO2, and temperature

varied between 30, 25 and 37 ∘C to demonstrate perfusion operation.
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overview

This chapter presents the results obtained at the beginning of the project, which generally cen-

tred around the search for an adsorbable ‘sticky’ substance, or adhesion substrate, to enable the

reversible adherence of suspension-adapted CHO cells. It was expected an adhesion substrate

would be a required and defining component of the in-house cell retention device, which itself

would be used for the proposed continuous upstream system. The work here first identifies a

range of adhesion substrates, and then discusses relevant testing on cell attachment, adherent

growth and eventual dissociation using different commercial reagents. Finally, a surprisingly

effective adhesion substrate, which is currently neglected in the literature, was selected to take

forward. The effect of mild hypothermia, which would be employed later during continuous

operation, was investigated for cells adhered to this substrate.

3.1 introduction to adhesion substrates

The overarching objective of the work presented here was the development and demon-

stration of a small-scale upstream continuous system for CHO cell line engineering. Such a

set-up, essentially a cell culture rig operating in perfusion mode, first required an in-house

cell retention device. It was decided from the beginning of the work to pursue cell adher-

ence, i.e. attach cells to a surface, as a technically simple method of physical cell retention.

The first task was to identify, using literature sources, chemical reagents for use as adhe-

sion substrates with suspension-adapted CHO cells. The requirement to continue to use

cell lines normally cultured in suspension, as opposed to adherent cells, was to ensure

suspension-adapted cell lines already in use in our laboratory could be used if any up-

stream system was indeed developed and successful. The ideal adhesion substrate would

be; (i) capable of adhering suspension-adapted CHO cells, in this instance CHO-S and

CHO-S IgG cell lines; (ii) effective at adhering these cell lines with continued use of CD

CHO medium and without supplementation with animal-derived products such as FBS;

(iii) able to allow adhered cells to dissociate, i.e. release cells back into suspension cul-

ture; (iv) itself chemically defined and animal origin-free; (v) inexpensive, and so scal-

able without significant cost, and (vi) adsorbable to common polymeric materials such

as polystyrene. The capability of the adhesion substrate to rapidly adhere cells at a high
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density, a concept termed as ‘cell loading’ in this work, was proposed later on.

Whilst initial work focused on adsorbing substrates to the wells of polystyrene multiwell

plates for subsequent testing of CHO adhesion, the aim was for microspheres to be coated

with the successful substrate, either by adsorption or covalent linkage, and be employed

ultimately as the cell retention device. Due to the ill-defined nature of animal-derived prod-

ucts, as well as the associated high costs, it was decided not to use adhesion proteins, either

within serumproducts or as isolated reagents, in the cell retention device.However, a selec-

tion of common animal-derived adhesion substrates have been tested alongside chemically

defined substrates so as to compare their effectiveness.

The objectives of the work presented in this chapter were to; (i) identify a selection of ad-

hesion substrates from the literature; (ii) test the effectiveness of these substrates at encour-

aging the initial attachment and subsequent adherent growth of suspension-adapted CHO

cells; (iii) demonstrate the dissociation of CHO cells from these substrates with success-

ful growth back in suspension culture, and (iv) begin to investigatate the effects of mild

hypothermia on CHO cells adhered to substrates.

3.1.1 identification and testing of adhesion substrates

A selection of substances had to be identified, sourced and then screened to determine

their effectiveness at adhering suspension-adaptedCHOcells. It was known that dedicated

substances, referred to here as adhesion substrates, are coated on to culture vessels prior

to seeding to encourage initial cell attachment and subsequent spreading. Four animal-

derived proteins; fibronectin, laminin, collagen and vitronectin, which are involved in the

functioning of the extracellularmatrix in in vivo, and three chemically defined cationic poly-

mers; poly-d-lysine, poly-l-ornithine and polyethylenimine, were chosen as potential ad-

hesion substrates. A range of coating concentrations were first tested for each substrate

using 96-well plates, and from this, the optimal coating concentration taken forward for

CHO growth comparisons. An optimal coating concentration was defined as one retaining

the highest number of cells, when compared to the others. Micrographs were obtained to

visualise the morphologies of adhered cells on the different substrates and finally, several

substrates were used to evaluate their cell loading capabilities.

Figure 3.1 shows the percentage of cells adhered, or retained, in a coating concentration

screen for each adhesion substrate. As PrestoBlue Cell Viability Reagent was adapted to

quantify the amount of viable adherent cells, the relative fluorescence intensity data were

normalised, and 100 % assigned to the highest fluorescence value to better show the ad-

hesion effects of each concentration relative to the others. Each normalisation is specific
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to the adhesion substrate, as comparing adherence capability between different substrates

was not the aim of the experiment. Comparisons between substrateswould be investigated

after once optimal coating concentrations for each one were determined.

The adhesion effect of each of the substrates was apparent after overnight seeding, with a

layer of cells visible on each well by eye when plates were held near a light source. It was

surprising how easily suspension-adapted CHO cells could be made to adhere. The results

obtained for each adhesion substrate shared a similar trend; the highest coating concen-

trations tested adhered the greatest number of cells, with a decrease seen as the concen-

trations were reduced. The highest two or three coating concentrations of all substrates

retained similar cell numbers, suggesting a maximum coverage of substrate on wells may

be occurring at these higher concentrations. An excess of substrate is likely dispensed upon

the wells and is unable to be adsorbed due to surface ‘saturation’, and is later cleansed off

during the washing step.

figure 3.1 Screen for optimal coating concentration for animal origin and chemically defined adhesion

substrates. Adhesion substrates were adsorbed with a range of coating concentrations on Nun-

clon Delta 96-well plates, seeded with 20,000 CHO-S IgG cells and left to adhere overnight. The

next day, unadhered and loosely adhered cells were washed off and a PrestoBlue assay per-

formed to quantify the remaining adhered cells. All substrates revealed decreasing cell adher-

ence as their coating concentrations were reduced. PEI, polyethylenimine; PDL, poly-d-lysine;

PLO, poly-l-ornithine; FN, fibronectin; LM, laminin; CG, collagen; VN, vitronectin. Data repre-

sent mean ± SD, n=3 (biological triplicate).

At the lower concentrations tested, the cell adherence achieved when using polyethylen-

imine, poly-d-lysine, poly-l-ornithine and laminin was similar to that achieved by the

uncoated wells, indicating an effective loss in their adhesion capability with these con-
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centrations. This was most pronounced with poly-l-ornithine and laminin. Interestingly,

fibronectin was the only substrate which did not have a dramatic reduction in cell adher-

ence when its coating concentration was decreased, but gave a gradual downward trend

in adherence capability. The effectiveness of fibronectin as an adhesion substrate was seen

again in later experiments.

Uncoatedwells, whichwere tissue culture-treated polystyrene surfaces (commercialised as

NunclonDelta polystyrene) without any adsorbed substrate, were also seededwith cells as

negative controls. These uncoated wells repeatedly gave low, but still noticeable, fluores-

cence readings. It was thus clear that Nunclon Delta surfaces, despite not being enhanced

with any substrate, was still capable of adhering suspension-adapted CHO cells even with

the continued use of CD CHO medium. Nunclon Delta is a proprietary polystyrene ma-

terial from Thermo Fisher Scientific, being treated so as to be more hydrophilic at its sur-

face, and is available in both multiwell plates and T-flasks formats. The exact process by

which Nunclon Delta is treated could be not found, though it is suspected plasma surface

modification is performed on the polymerised materials post-fabrication. The technique of

modifying the surfaces of polymers via plasma using numerous chemical species is well

documented (Grace et al., 2003), and is discussed at the end of this section.

The adhesion substrates tested in this work can be divided into chemically defined (syn-

thetic polymer) or animal origin (protein-based) substances. This categorisation also dic-

tates their method of adhesion; all three chemically defined substrates rely upon electro-

static charge, provided by their amines upon protonation, to adhere cells. The four animal

origin substrates rely upon ligand-receptor interaction to adhere cells. The former is crude

adherence; the cells will adhere, at least initially, in any shape, whilst the latter is specific

adherence, with cells forming particular morphologies as defined by these interactions.

The experiment presented here was performed to firstly ensure adsorption of these sub-

stances was possible on polystyrene and secondly to determine an effective coating con-

centration for each substrate to take forward for further investigations. The data were as

expected; the adhering of CHO cells confirmed successful adsorption for all substrates,

with the number adhering decreasing as the coating concentrations were reduced.

When the experiment was being planned, it was seen as important that only strongly ad-

hered cells were counted in the assessment of each adhesion substrate, and so adherent cell

layers were washed twice using PBS after overnight seeding and before every PB assay.

This ensured both unadhered cells and loosely adhered cells were removed before quan-

tification of the adherent layer was carried out. A successful substrate should be able to

‘capture’ cells and keep them retained over long periods, even when subjected to dynamic
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environments, such as flowing medium in perfusion systems. The cells removed during

washing were not quantified, as all culture medium was pooled and discarded, but it was

evident from observation that cells were indeed physically removed by this step — partic-

ularly with substrates at the lower coating concentrations. An optical microscopewas used

to quickly observe the state of the adhered cells after seeding and again after this washing

step. The uncoated wells and wells adsorbed with substrates at low concentrations did in-

deed show accumulated masses of suspended CHO cells after overnight seeding, which

were subsequently removed by washing.

Substrates were themselves washed after adsorption due to their potential cytotoxicity, es-

pecially the cationic polymers. It was suggested any excess cationic polymer would simply

be removed during this step, leaving only the adsorbed substrate, which appeared to be

correct as no cell deathwas apparent when cells were visualised after seeding. Commercial

protocols for poly-d-lysine and poly-l-ornithine confirmed coatings should bewashed and

air-dried after adsorption. The cytotoxicity from excess protein-based substrates could not

be found in the literature, but it was seen as fair to also remove excess protein by washing,

aswas done for the cationic polymers. The extent of any cytotoxicity, either fromunwashed

or adsorbed substrate, was not explored in this work as it was always envisaged that the

substrate eventually selected would be suitably washed prior to being used. However, re-

ducing or even eliminating the number of washes performed on coated plate wells, before

adding cells, could be a simple experiment to test any suspected cytotoxicity. The culture

medium could be aspirated after a few days and a ViCell used to quantify any dead cells.

Spiking cells in suspension culture with a concentrated dose of any of the substrates could

also reveal any toxic effects.

The highest coating concentration used for each substrate was chosen partly after review-

ing the literature, if available. The coating concentrations of all substrates did not need to

match as the actual coating concentrations used were not being compared; rather, the op-

timal concentration specific to each substrate had to be determined. However, the coating

concentrations employed were dictated by the initial concentration of the item supplied.

For example, polyethylenimine was received as an undiluted gel, and was dissolved fully

in water to give a master stock of 100 mgmL-1, which was possible to then dilute to make

the concentration needed to achieve 100 µgcm-2. Poly-l-ornithine was supplied as a liquid

at 0.1 mgmL-1 and so could only be prepared to coat at a maximum of 10 µgcm-2 and then

diluted down.

The concentrations were serially diluted by a factor of 10 to ensure differences in cell ad-

herence were observed. Early work performed with polyethylenimine, poly-d-lysine and
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fibronectin used coatings with a much smaller concentration range, with the results show-

ing little to no difference in their adherence capability (data not shown). It was suggested it

was not possible to determine any consequential effects on cell adherence with such small

ranges and the method was updated to reflect this. A total of six values for each substrate

were chosen to simply obtain a satisfactory spread of data and to show an hypothesised

gradual decrease in adhesion capability. It is proposed the only way to know the actual

concentration of substrate adsorbed on a particular surface would be to save the washes

and assay the substrates, i.e. determine the concentration of substrate in the wash not ad-

sorbed, but this was not within the scope of the work here.

Once it was confirmed that all substrates were indeed capable of adhering cells, it was

decided to further investigate cell retention at the following coating concentrations;

polyethylenimine, 10; poly-d-lysine, 10; poly-l-ornithine, 10; fibronectin, 5; laminin, 2;

collagen, 10 and vitronectin, 1 µgcm-2. These concentrations were chosen as they retained

the highest number of cells for the particular substrate and appeared to coat wells with

an excess of substrate, i.e. all wells were likely saturated. In addition, to explore the effect

that the base material has on cell adherence, untreated polystyrene and untreated glass

were also used alongside Nunclon Delta polystyrene surfaces.

Figure 3.2A shows the quantification of CHO-S IgG adherent cell growth on substrates

adsorbed to bothNunclonDelta anduntreatedpolystyrene 24-well plates. Untreated in this

instance refers to polystyrene that has not beenmodified by themanufacture to increase the

hydrophilicity of the surface. Days 4 and 7 were selected as time points to wash the cells

and perform viability readings using PrestoBlue. In this instance, and in all subsequent

PrestoBlue data presented in this work, raw fluorescence values were normalised to the

medium blank as described in equation 2.2.

For untreated polystyrene plates, the cell growth achieved on days 4 and 7 was similar for

all animal origin substrates. Comparing the chemically defined substrates, cell growth on

polyethylenimine was higher than both poly-d-lysine and poly-l-ornithine at both time

points. These findings were similar for the Nunclon Delta plates, in relation to how the

substrates compared with each other. However, there was a marked difference in adher-

ent growth between the two plate types when using poly-d-lysine and poly-l-ornithine.

For these two substrates, growth achieved was higher on Nunclon Delta plates by day 7,

suggesting the base material does indeed have an effect on adherence, but is specific to

the substrate. Intriguingly, with poly-l-ornithine on both base materials there was little

cell growth between days 4 and 7, and the adherent cell density achieved by day 7 was

even lower than the uncoated wells. As expected, the cell growth with uncoated wells was
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figure 3.2 Comparisons of adherent CHO cell growth using animal origin and chemically defined ad­

hesion substrates on three base material types. Adhesion substrates were adsorbed on un-

treated 24-well plates, Nunclon Delta 24-well plates and untreated 8-well glass plates. 24-well

plates were seeded with 100,500 CHO-S IgG cells, allowed to adhere overnight and (A) adher-

ent growth quantified on days 4 and 7 using PrestoBlue. 8-well glass plates were seeded with

25,000 CHO-S IgG cells, allowed to adhere overnight and (B) adherent growth quantified on day

4. Uncoat., uncoated; PEI, polyethylenimine; PDL, poly-d-lysine; PLO, poly-l-ornithine; FN, fi-

bronectin; LM, laminin; CG, collagen; VN, vitronectin. Data representmean ± SD, n=3 (biological

triplicate).

higher on day 7 when using Nunclon Delta plates rather than untreated plates. For both

plate types on day 7, polyethylenimine substrates achieved comparable adherent densities

to the four animal origin substrates and surpassed the two other cationic polymers.

Figure 3.2B shows the quantification of CHO-S IgG adherent cell growth on untreated glass

plates, again using all adhesion substrates previously described. Day 4 was selected as

the only time point to wash the cells and perform viability readings using PrestoBlue Cell

Viability Reagent. The uncoated wells did not achieve any adherent cell growth, whilst

polyethylenimine, along with fibronectin and vitronectin, achieved the highest adherent

cell growth. Interestingly, collagen achieved the lowest cell growth out of all substrates.

This experiment differed to the initial coating screen in that adherent cell growth, and not

just initial cell attachment, was investigated. This was to confirm if adhesion substrates

could promote adherent cell spreading on the surfaces as cells grew, and thus achieve

monolayer confluency. It must be remembered a suspension-adapted CHO cell line was

used here, but it grew remarkedly well in adherent culture. Despite PrestoBlue being

primarily intended for plate-based suspension culture, its adaption in this work for the

quantification of adherent cells proved successful. The technique of aspirating mid-culture
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medium, giving the adherent cells two washes and then dispensing the PrestoBlue-media

mix was sufficient to assay adherent cell density, with a wash after ensuring no reacted

mix was left for the remainder of the culture. This showed the benefit of effective cell

retention is indeed the ability to replenish medium without cell loss, provided effective

adhesion substrates are used.

The choice of days 4 and 7 as assay points was partly based on the observation that, in

early validation work, cells reached near total confluency around day 4 (data not shown),

and a medium change at this time seemed appropriate. It was also to observe if substrates

kept cells adhered or if they desorbed off the well surfaces after extended periods. On

untreated and Nunclon Delta polystyrene plates, all substrates except poly-l-ornithine

yielded confluent cell layers around day 4, with cells either beginning to peel off by day

7 or growing in clumped masses upon the monolayers. It was unclear if cell peeling was

due to an accumulation of toxic metabolites or if adhesion substrates were beginning to

fail. The clumped masses observed was especially prominent with polyethylenimine and

poly-d-lysine, where ‘bunched up’ cells scattered about the adherent layer were visible to-

wards the end of the experiment. When viewed under a microscope, gently agitating the

plates would cause these masses to wobble, yet they remained attached to the monolayer

beneath, presumably by linkages with a few adhered cells. It appears these cells, despite

being suspension-adapted, acted adherently and grew alongside each other if the environ-

ment was suitable. This persistent growth, even when 100 % confluency was achieved, is

likely attributed to the immortalised nature of CHO cells, which perhaps do not experience

contact inhibition and cease further growth when 100 % confluency is reached. It was sug-

gested that cell peeling can, in some cases, actually be caused by rapid growth. This would

lead to full confluency being reached with subsequent cell detachment. However, this was

not the case here as cells were visibly inspected using a microscope each day during the

culture. There was no indication of rapid growth for cells seeded on any of the substrates

that were eventually determined to be the least effective.

Visual evidence of the adhesion effect of these substrates was also apparent if, prior to

cell seeding, cells were not filtered using a 20 µm cell strainer, as any cell clumps in the

prepared seed would eventually adhere and move, partially attached to the well surface,

when the plate was agitated. Whilst intriguing to observe, this was not what was desired

and cell straining was found to be crucial for every experiment if a monolayer was needed.

Unwanted cell detachment, which was seen mainly with the uncoated surfaces and those

adsorbed with poly-l-ornithine, resulted in accumulated cell suspension near the centre of

the wells. This effect of cells accumulating at the centre was also noticeable immediately

after seeding, which was why agitating the plates thoroughly by hand was essential to
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ensuring cells were evenly spread before settling and adhering.

The weak performance of poly-l-ornithine with the untreated plates was surprising, es-

pecially as it did not occur to the same extent when using untreated glass wells. For the

untreated plates, it may be due to the coating buffer employed. BBS, at around pH 8.5, is

frequently used for adsorbing polylysine substrates (Kam et al., 2001; Kojima et al., 2016),

and so was repeated here and for the two other cationic polymers. This was to make the

final coating solutions have a pH at or close to the isoelectric points, which for polylysine is

around pH 9 (Chheda et al., 2015), and is assumed to be similar for polyethylenimine and

poly-l-ornithine. At their specific isoelectric points, these cationic polymers will have a net

charge, and so will adsorb via hydrophobic interactions, and not by charge, to polystyrene

surfaces. At neutral pH, i.e. below the isoelectric point, they will gain a positive charge

(due to their amines) and consequently attract and adhere cells.

However, poly-l-ornithine was supplied in water and the coating concentration used for

this experiment did not require considerable dilution with borate buffer, meaning its pH

was likely closer to neutral. It is not known whether poly-l-ornithine subsequently failed

to adsorb sufficiently, desorbed during the experiment, or if cells dissociated from the sub-

strate due to weak adherence. It may be a combination of all three. It is likely, however, that

both the coated substrate and the base material contributed to the overall adherence capa-

bility of the wells, but this was only observed for weaker substrates, such as poly-d-lysine

and poly-l-ornithine.

Even though glass microspheres as a cell retention device was never proposed, a decision

was made to also investigate the coating of substrates onto untreated glass plates. A suc-

cessful adhesion substrate should be capable of adsorbing to any material, polymeric or

otherwise, and consequently encourage the adherent growth of cells to that material. Un-

coated glass wells yielding no adherent cell growth was expected; the extreme hydropho-

bicity of these surfaces meant seeding cell suspension resulted in a droplet forming with

a high contact angle, which was then difficult to spread via agitating by hand. The cells

did not seed, and were removed during the wash step. For glass wells that were adsorbed

with substrate, droplet formation did not occur, with the coated wells ensuring some de-

gree of hydrophilicity and encouraging adherent seeding and cell spreading. The use of

glass wells demonstrated the effect substrates can have on the surface properties of a base

material.

A similar study on the adhesion effects of extracellular matrix proteins and cationic poly-

mers has been carried out (Chen et al., 2008). The authors cultured adherent rat islet cells

on polystyrene plates adsorbed with laminin, fibronectin, vitronectin, three types of colla-
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gen, poly-l-lysine and interestingly, polyallylamine, using both serum-free medium and

medium supplemented with FBS. Results obtained, in this instance, revealed laminin to be

the best performer in terms of adhesion after 4 hrwithout serum. It was seen that successful

cell adhesion did not necessarily result in successful cell spreading, with certain substrates

and conditions causing adherent cells to aggregate as they grew. Quantification of adhered

cells was determined using ametabolic assay similar to PrestoBlue, though the authors did

not appear to wash adhered cells before assaying.

The success of polyethylenimine as an adhesion substrate, as demonstrated in this work,

should not be understated, with its effectiveness being a very positive outcome which in-

fluenced the remainder of the project. First demonstrated in the mid 1990s as an inexpen-

sive method to introduce DNA into cells (Boussif et al., 1995), polyethylenimine is now

known within the biopharmaceutical industry primarily as an inexpensive transfection

reagent, with its beneficial effects on cell adhesion not generally known orwidely reported.

Polyethylenimine performed aswell as all animal origin substrates, despite being a fraction

of their cost, both in terms of bulk price and price per plate coating (see Table 3.1, which

lists the costs of the adhesion substrates used).

table 3.1 Cost comparison of all adhesion substrates used.

Adhesion Substrate
Cost (£)
/mg*

Cost (£)
/96-well plate†

Polyethylenimine 0.0012008 0.00037

Poly-d-lysine 15.12 1.48

Poly-l-ornithine 9.34 2.70

Fibronectin 160 23.04

Laminin 195 11.23

Collagen 7.15 2.06

Vitronectin 1320 38.02

* Calculated using online prices from the suppliers used, July 2020.
† If all wells of a 96-well plate were adsorbed using optimal coating con-
centrations.

Polyethylenimine was also comparable to, if not surpassed, poly-d-lysine and poly-l-

ornithine substrates, but again was considerably cheaper. Polyethylenimine is chemically

defined, industrially produced, animal origin-free and readily available to purchase

from multiple suppliers. Its exceptionally low cost means its application as a substrate

is scalable — coating microspheres in animal origin substrates, or even chemically

defined poly-d-lysine, would not be feasible if performed repeatedly and in large vol-

ume. Polyethylenimine is also more practical for the user; every other substrate had to
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be aliquoted and frozen, as advised by supplier instructions. For the entire four year

period of the work presented here, polyethylenimine was stored in a glass bottle at room

temperature and exposed to ambient light, and suffered no noticeable reduction in its

effectiveness to encourage cell adhesion. This meant it was available to coat materials

rapidly on demand; in contrast, the protein-based substrates had to be thawed at 4 ∘C for

several hours to ensure no loss in their activity.

Only two reports of polyethylenimine employed as an adhesion substrate could be found

in the literature. Vancha et al. (2004) adsorbed polyethylenimine onto polystyrene plates

to compare with polylysine and collagen, and used them as substrates for the culture of

adherent HEK-293, PC-12 andMYS cells. They observed, as is the case here, the favourable

adhesion seenwith polyethylenimine coatings. However, the authors continued to supple-

ment their media with FBS, and for PC-12 cells, horse serum was also used, both of which

may contribute to the observed adherence due to the presence of extracellular matrix pro-

teins. Whilst the topic of the article was indeed the beneficial effects of polyethylenimine in

facilitating adhesion, the authors did not appear to appreciate the advantages gainedwhen

using this polymer, especially in regards to its low cost and scalability. Its effectiveness

without serumwas also not explored. A second study tested a range of adhesion substrates,

including polyethylenimine, with primary human Schwann cells (Vleggeert-Lankamp et

al., 2004). Although all substrates gave similar results with respect to initial attachment,

the authors observed low proliferation rates and even eventual death of cells adhered to

polyethylenimine. The paper was concluded with the authors saying they would not rec-

ommend polyethylenimine as an adhesion substrate for Schwann cells. Once again sera

was added to the medium.

Figure 3.3 shows the morphologies of adhered CHO cells after overnight seeding onto

untreated polystyrene plates adsorbed with all substrates. The cell adhesion seen with

polyethylenimine, poly-d-lysine and poly-l-ornithine substrates revealed ‘splattered’ cells

upon the surfaces, i.e. cells appeared to adhere in the exact shape in which they made con-

tact and were ‘captured’ by the positive charge of the substates. Evidence of cells being

stretched at different contact points, or interactions, can also be seen (marked by the white

arrows). For fibronectin, laminin, collagen and vitronectin, adhered cells formed ‘classic’,

neat adherent morphologies. This was most pronounced with fibronectin and vitronectin,

with cells elongating in an orderly fashion to form the beginning of a monolayer. For the

uncoated wells, the cells that did adhere formed spherical shapes, with some interaction

seen between cells and the surfaces.

Untreated polystyrene was selected to ensure only the substrate would dictate the mor-
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Uncoat. PEI

FN LM

PDL PLO

CG VN

figure 3.3 Micrographs of adhered CHO cells after overnight seeding using animal origin and chem­

ically defined adhesion substrates. Adhesion substrates were adsorbed on untreated 24-well

plates, seeded with 100,500 CHO-S IgG cells and left to adhere overnight in an incubator. The

next day, wells were washed and adhered cells fixed, before imaging with a phase contrast mi-

croscope at 20× magnification. Cationic polymers showed crude adherence, with cells showing

stretched morphologies at locations where membranes are attracted to the substrate (white ar-

rows). FN, CG and VN showed elongated morphologies, typical of adherent cells, whilst LM

showed multiple contact points. Uncoat., uncoated; PEI, polyethylenimine; PDL, poly-d-lysine;

PLO, poly-l-ornithine; FN, fibronectin; LM, laminin; CG, collagen; VN, vitronectin. Scale bars =

100 µm.

phologies of the adhered cells, although similar morphologies were also seen when using

Nunclon Delta plates. The defining difference observed between chemically defined and

animal origin substrates was the time taken for cells to acquire the adherent morphologies

observed. For the cationic polymers, it was upon contact during seeding, i.e. less than a

minute after the cell suspension was dispensed onto the surfaces of the wells.

This rapid adhesion contrasted with the protein-based substrates which, despite appear-

ing to adhere within an hour, did not take the typical morphologies as seen in Fig. 3.3 until

several hours had passed. It was not known if, during the time before the elongated mor-

phologies formed, the adherence of the cells on protein-based substrates was weaker than

those cells adhered on the cationic polymer substrates. However, the crude adhesion seen

with the chemically defined polymers was regarded as highly beneficial for the bespoke

cell retention device, where rapid cell retention, or indeed cell capture, was required.

Xue et al. (1997) have performed experiments relevant to the work here; human cancer

cells were adhered to coverslips, adsorbed with poly-l-lysine, fibronectin, laminin and vit-

ronectin substrates, for the study of integrin interactions. The authors imaged the adherent

cells and stained for various integrins, observing elongated morphologies of cells attached

to the animal origin substrates, as is the case here, with the presence of integrin interac-

tions observed. Cells adhered to poly-l-lysine, which was employed as a negative control

in their work, formed spherical shapes and had no obvious stained integrin patterns.
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To explore the maximum adherence capability of the substrates tested here, polyethylen-

imine, poly-d-lysine and fibronectin were adsorbed onto Nunclon Delta plates and seeded

with suspensions of increasing cell density. CHO-S, a non-producing suspension-adapted

CHO cell line and HEK-293, a suspension-adapted HEK cell line, were investigated along-

side CHO-S IgG cells.

Figure 3.4 shows the normalised fluorescence obtained for each substrate at each of the cell

suspensions seeded. The trends seen for the three substrates were similar for both CHO-S

and CHO-S IgG cells, with each substrate retaining a higher number of cells with every

increase in cell density. However, fibronectin was the weakest performer and from 0.5 mil-

lion cells onwards did not retain as many cells as either polyethylenimine or poly-d-lysine.

Compared to wells coated with substrates, uncoated wells adhered far fewer cells, with

much smaller increases in cell retainment observed despite the increase in cell loads. How-

ever, these findings were not shared with the adherence of HEK-293 cells. Uncoated wells

did retain HEK-293 cells, at similar cell numbers to that seen with all other substrates until
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figure 3.4 Comparisons of cell loading capability, for CHOandHEK cell lines, using polyethylenimine,

poly­d­lysine and fibronectin substrates.Adhesion substrateswere adsorbed onNunclonDelta

24-well plates, seededwith either CHO-S, CHO-S IgG orHEK-293 cells at 0.25, 0.5, 1, 2 and 4mil-

lion cells, and left to adhere for 1 hr in an incubator. Wells were washed and PrestoBlue used to

quantify the remaining adhered cells. Uncoat., uncoated; PDL, poly-d-lysine; PEI, polyethylen-

imine; FN, fibronectin. Data represent mean ± SD, n=3 (biological triplicate).
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1 million cells were seeded, and then experienced a drop in cell retention with 4 million

cells. Interestingly, fibronectin performed as well as the two cationic polymers at all load-

ing densities.

The experiment performed was an initial test into the loading of cells onto substrates, i.e.

seeding cells at a high density and retaining them rapidly on a substrate. The rationale be-

hind this was the bespoke cell retention device would likewise be rapidly loadedwith cells

for immediate usewithin a continuous upstreamprocess. The use of a secondCHO cell line

was to test if other suspension-adapted CHO cells would also adhere to polyethylenimine.

The poor performance of the uncoated wells was expected, with most cells not seeding af-

ter 1 hr and instead removed during the wash step. The best performers for both cell lines,

polyethylenimine or poly-d-lysine, was again as expected. Their crude adherence ensured

cells were captured upon contact. With loading densities above 1 million cells, it was ap-

parent how rapid cell adherence was a few seconds after dispensing the cell loads onto

the wells, with a hazy layer of adherent cells immediately visible by eye. Tilting the plates

slightly, so as to move medium aside, would reveal these cell layers.

An hour seeding time was suitable for these cationic polymers, but not for fibronectin. It is

suggested, as was noted earlier, that adherence is indeed weak for fibronectin before cells

have had sufficient time to interact with the protein and form their elongated morpholo-

gies. The results may have been different if the seeding time was increased beyond 3 hr,

although overnight seeding was not considered here due to the possibility of cell growth

and would not be suitable for the ultimate purpose of the cell retention device.

The HEK cells used were suspension-adapted, and are routinely employed in suspension

using shaking roller bottles; however, their behaviour in adherent culture was markedly

different to that of CHO cells. They rapidly adhered to all substrates, including uncoated

wells, with the ‘spidery’ morphologies typically seen with adherent HEK cultures. The de-

crease in fluorescence with uncoatedwells, seenwhen 4million cells were loaded, was due

to a significant layer of HEK cells peeling off together during the wash step; cells appeared

to interact with both themselves and the substrate, causing an accumulated loss when a

section of the cell layer detached.

The improved performance of fibronectin observed with HEK may be due to quicker in-

teraction with the protein-based substrate, or these HEK cells may simply be less adapted

to suspension than the two CHO cell lines and more capable of ‘returning’ to an adherent

state. It was also suggested any difference in specific integrins between the two CHO cell

lines and theHEK cellsmay have also contributed to the differences observed in these data.
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Substrates & Base Materials

It must be stressed only CD CHO media, i.e. chemically defined, animal origin-free and

without serum supplementation, was used for these experiments. These data thus show

the capability of each substrate to adhere and retain suspension-adapted CHO cells inde-

pendently of any undefined sera products. This contrasts with typically reported adherent

culture experiments, where FBS is almost always supplemented into the medium, mainly

due to the extensive — but poorly understood — benefits on cell culture, but also in part

due to the presence of adhesion-promoting proteins.

For the biologics industry, chemically defined processes are becoming the presumed stan-

dard. Whilst the protein-based substrates employed here were isolated products, and not

contained within serum, they nevertheless are animal-derived and as a consequence re-

main undefined, prone to variability and are expensive. The range of polylysines available

has been an option to those wishing to employ chemically defined adhesion, but the high

cost may prohibit their use when the coating of increased surface areas, such as with mi-

crocarriers, is required. Table 3.2 shows the cost (£) /mg for polyethylenimine products,

whilst Table 3.3 shows the cost of polylysine products, both using prices from two on-

line suppliers. The difference in price is immediately apparent, regardless of the specific

product type, and whilst this information may seem excessive, it further illustrates the im-

portance of the key finding presented here; namely, the effectiveness, yet considerable low

cost, of polyethylenimine substrates.

These two tables also reveal the chemical differences between product types of the same

substrate. Polyethylenimine is available as either a linear or branched polymer; the former

having a single straight chain, and the latter having multiple branched chains. Polylysine,

being derived from lysine, a chiral compound, is available as either d or l enantiomers.

Polyethylenimine and polylysine are sold in varying molecular weight ranges; the molec-

ular weight of a polymer defines the average length of the chains, with higher molecular

weight indicating larger polymers. The differences in cost between the two polymers arise

due to their different production processes. For polylysines, l-Lysine is first produced from

microbial fermentation (Shukla et al., 2012), with the d enantiomorph subsequently made

using this l form via an enzymatic process (Wang et al., 2016). Both enantiomers are subse-

quently polymerised to form the particular polylysine. In contrast, no bio-based processes

are employed for the production of polyethylenimines. Instead, the polymerisation of aziri-

dine (itself produced from aminoethanol) gives rise to the branched and linear forms of

the polymer (Gleede et al., 2019), depending upon specific reaction conditions. This total

chemical synthesis may explain the low cost of polyethylenimines.
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table 3.2 Costs of available polyethylenimines fromPolysciences US,

with their structures, molecular weights and compositions

listed. Ordered by increasing molecular weight.

Structure*
Molecular

Weight
Composition

Cost (£)†

/mg

Branched 600 Gel 0.00070

Branched 1,200 Gel 0.00092

Branched 2,000 Gel 0.00051

Linear 2,500 Solid 0.050

Linear 4,000 Solid 0.039

Branched 10,000 Gel 0.0012

Branched 10,000 Solution, 30 % 0.0042

Branched 70,000 Solution, 30 % 0.0046

Branched 70,000 Solution, 50 % 0.0022

Linear 100,000 Solid 0.022

Linear 160,000 Solid 0.019

Linear 250,000 Solid 0.048

Branched 750,000 Solution, 33 % 0.0016

* ‘Transfection grade’ polyethylenimine products were not included.
† Calculated using prices found online, July 2020. $1 = £0.79 conversion used.

In this work, poly-d-lysine, and not the l enantiomorph, was selected for testing as concern

was raised with the possibility that enzymes could digest the naturally occurring l enan-

tiomorph, causing the substrate to potentially fail mid-culture. However, poly-l-lysine has

been employed successful as a substrate in cell culture elsewhere (Khademhosseini et al.,

2004). Polyethylenimine is not chiral, and the branched, molecular weight 10,000 type was

chosen as it was the largest, branched version available as a bulk gel, and not already dis-

solved in water. This meant it could be diluted down to a desired coating concentration.

The extent to which linear or branched and averagemolecular weight affects adherence ca-

pability was not explored in this work, but it was generally assumed that higher molecular

weight, branched cationic polymers provided more attachment sites for cells than smaller,

linear ones. It is proposed this is simply due to the increased presence of amines. Interest-

ingly, all commercial polylysines that could be found were linear polymer types, but the

synthesis of a branched version of poly-l-lysine has been reported (Rodríguez-Hernández

et al., 2003).

The four protein-based substrates were investigated to provide benchmarks for compar-

ison with the three cationic polymers. It was predicted each of these proteins would be
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effective at adhering CHO cells and this was indeed the case, at least when adsorbing to

polystyrene base materials. However, their animal origins and high cost meant they were

not suitable in the development of the bespoke cell retention device. Recombinant ver-

sions of fibronectin, laminin, collagen and vitronectin do exist — and so satisfy the animal

origin-free criterion — but are even more expensive and so cannot be considered in this

work.

table 3.3 Costs of available polylysines from Sigma-Aldrich UK, with their

structures, molecular weights and compositions listed. Ordered by in-

creasing molecular weight.

Enantiomorph
Molecular

Weight
Composition

Cost (£)*

/mg

Poly-d-lysine 30,000–70,000 Powder 15

Poly-l-lysine 30,000–70,000 Powder 12

Poly-l-lysine 70,000–150,000 Solution 21

Poly-d-lysine 70,000–150,000 Powder 15

Poly-l-lysine 70,000–150,000 Powder 15

Poly-l-lysine 150,000–300,000 Solution 19

Poly-l-lysine ≥300,000 Powder 14

Poly-d-lysine >300,000 Powder 15

* Calculated using prices found online, July 2020. $1 = £0.79 conversion used.

Finally, the choice of base material, such as polystyrene, glass or indeed some specially-

modified version, is an important consideration for the culture of adherent cell in this

work. This is because of the added effects of adhesion caused by the underlying material

upon which any substrate is coated. Observing the cell growth achieved on the uncoated

wells of untreated polystyrene, Nunclon Delta polystyrene and untreated glass materials

demonstrated these effects in the work here. Many suppliers have online guides showcas-

ing a range of surface types for their multiwell plates. These detail the unique chemistries

available, with each often tailored to specific applications. A study of different polystyrene

culture surfaces has been carried out (Zeiger et al., 2013) using seven commercial surface

types, including Nunclon Delta, and assessed surface topography, wettability, protein ad-

sorption and adherent cell behaviour. Protein adsorption, tested using albumin and colla-

gen, did not vary between types suggesting protein-based substrates could be adsorbed to

any polystyrene material with ease. Surface roughness varied between each surface, with

faster population doubling for those surfaces with greater roughness. This finding, which

the authors note is widely share in the literature, highlights how the base material, regard-

less of coating, may itself affect cell adherence growth.
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The base material ultimately employed for an adherence-based cell retention device in a

continuous system would likewise, as stated above, be important. If this device was made

up of high surface area structures, such as microspheres, and the base material of these

structures was hydrophobic, then aggregation of the materials may eventually occur in

aqueous solution. The base material is thus important, along with the coating used to en-

courage adherence. The choice of base material is discussed in greater depth in Chapter

5.

Lerman et al. (2018) provides a history of polystyrene as a cell culture material, and

discusses the methods employed to overcome the hydrophobic surfaces of untreated

polystyrene surfaces which, as mentioned earlier, primarily involves plasma modifica-

tion. As discussed, Nunclon Delta materials are a commercial type of surface-modified

polystyrene, which is likely fabricated via the creation of oxygen species, such as carbonyl,

carboxylic and lone oxygen groups, on the polystyrene surface using plasma treatment.

These altered chemistries consequently increase the wettability of the surface and promote

cell adhesion and spreading; indeed, plasma modification has even been used to render

polystyrene microspheres hydrophilic for cell culture purposes (Arifin et al., 2016). The

choice of gas used in plasma treatment dictates the specific chemical species created,

although ambient air, with its oxygen content, can be used.

Lerman et al. (2018) also mentions the possible effects on the adsorption of substrates

on treated surfaces. Adsorption occurs via hydrophobic or ionic interactions; untreated

polystyrene should thus readily adsorb substances via hydrophobic interaction, provided

a suitable coating buffer is used, and treated polystyrene should adsorb via both hydropho-

bic and ionic interactions — if compatible ionic groups are present. The top performers

presented here, polyethylenimine and the four protein-based substrates, showed no ob-

servable difference between the two polystyrene types, suggesting either their high effec-

tiveness at adsorption or at cell adhesion, or both.

3.1.2 adhesion assays

Once polyethylenimine was demonstrated to be an effective adhesion substrate with rapid

cell loading capability, it was decided to investigate and compare four cell adhesion as-

says. Dissociation by trypsin exposure is a direct measure to assay cell adhesion, with the

unadhered cells quantified using the familiar trypan blue exclusion method. PrestoBlue,

already employed in previous experiments, was adapted for adherent culture and exploits

the metabolism of cells as an indirect measure of cell adhesion. Finally, crystal violet and

neutral red dyes were employed as cell stains, with the removal of the stains quantified to

give, once again, indirect measures of adhered cells.
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Cells, at either 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0 or 4.0 million, were loaded onto polyethylen-

imine substrates within 24-well plates. Figure 3.5A shows the four adhesion assays per-

formed on these cells after 3 hr. For dissociation, as direct cell counts were taken, the num-

ber of cells adhered could be directly compared to the cells loaded. As can be observed

for the lowest five seeding densities, the relationship between the two gave a straight line,

with actual cells adhered being slightly lower for the 0.5 and 1.0 × 106 loads. The number of
cells adhered is considerable lower for the higher 2.0 and 4.0 × 106 loads, with a plateauing

observed, indicating a maximum coverage of cells was eventually met.

The values from the actual cells adhered, as determined from the dissociation experiment,

were used on the 𝑥-axis for PrestoBlue, crystal violet and neutral red as the cells actually
adhered. Their results were plotted against them, using simple linear regression, to yield

standard curves. From this, it could be seen how suitable each of the assays were in mea-

suring adherent cells. All three indirect measures gave R2 values above 0.90, indicating a

good fit, and all correctly gave close readings for the final two seeding densities, i.e. the 2.0

and 4.0 × 106 loads, where substrate coverage was similar. However, the error bars calcu-

lated for crystal violet and neutral red were larger than PrestoBlue, and the third highest

seeding density was similar to the highest two when using neutral red.

To demonstrate the use of these assays, an adherent cell culture was carried out using

polyethylenimine, poly-d-lysine, poly-l-ornithine and fibronectin substrates. Figure 3.5B

shows the results from each of these assays on day 4 of the culture. Dissociation, which

gives an accurate measure of cell adhesion, gave similar results to those shown in Fig.

3.2, i.e. the uncoated wells achieved similar adherent growth to poly-l-ornithine, with

polyethylenimine and fibronectin giving the highest growth. The pattern in these results, in

respect to how each of substrates relate to one other, was similar for the three other assays.

The reasoning behind testing dissociation initially, before the creation of these adhesion

assay standard curves, was to acquire data of actual cell adherence for each of the seeding

densities. As noted, the use of trypsin to enzymatically remove the cells remains the only

direct measure of cells adhered — provided, of course, cells are washed beforehand to

remove unbound cells or loosely adhered cells. Using these data, standard curves can then

be generated using the assay data for each of the other assays.

The plateauing of the curve, observed with dissociation, was interesting and showed the

limits to cell loading on particular surfaces, such as multiwell plates. The seeding time

was limited to 3 hr, but it was visually apparent the entire surface was adhered with cells

after this period, and so was regarded as a sufficient time for attachment to polyethylen-

imine substrates. This was the first experiment in which the dissociation of cells adhered
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figure 3.5 Standard curves for CHO cells adhered to polyethylenimine substrates using dissociation,

PrestoBlue, crystal violet and neutral red assays. PEI was adsorbed on Nunclon Delta 24-well

plates, seeded with 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0 and 4.0 million CHO-S IgG cells, and left to

adhere for 3 hr in an incubator. Wells were washed and adhered cells quantified by either (A)

dissociation by trypsin exposure, PrestoBlue, crystal violet or neutral red assays. In a subsequent

experiment (B), cells seeded adherently to FN, PDL, PLO or PEI substrates were quantified on

day 4 post-seed using these same four adhesion assays. PrestoBlue, crystal violet and neutral red

standard curves were plotted using the actual cells adhered, as determined from the trypsinisa-

tion assay. Uncoat., uncoated; PEI, polyethylenimine; PDL, poly-d-lysine; PLO, poly-l-ornithine;

FN, fibronectin. Data represent mean ± SD, n=3 (biological triplicate).

to polyethylenimine was attempted, and the next section of results presented here will dis-

cuss this in further detail.

The standard curve for PrestoBlue gave the smallest error bars for each reading, and the

highest R2 value out of the three assays tested. R2, denoting the coefficient of determina-

tion, describes the proportion of the variance in the dependent variable, in this case nor-

malised fluorescence, that is predictable from the independent variable, in this case cells

adhered. Or more simply, it measures how well the standard curve, or regression line, fits

the data points. A high R2 indicates a good fit, and predictions in data can be confidently

made. This was expected; PrestoBlue is a commercial reagent and its adaption to adherent

cell culture was not too far removed from its original application, with viability still being

measured via the metabolic activity of cells. The standard curve here demonstrated that
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lower fluorescence data does correlate with low cell viability, and higher data with higher

cell viability.

The practicality of PrestoBlue is apparent when recognising, for adherent cultures, it is ef-

fectively a mid-point assay, i.e. it is not destructive on the cells and can be easily washed

off after ameasurement, with the culture then resumed, as was the case in the earlier exper-

iments. Commercial literature advertises PrestoBlue as non-cytotoxic, and this was found

to be the case here as far as could be seen. Crystal violet and neutral red staining are, of

course, end-point assays; the methods are destructive on the cells and the experiment ef-

fectively terminates at the point of measurement. However, both are inexpensive and can

be performed without the need for aseptic technique.

Crystal violet was chosen as a potential assay after earlier work carried out used it for cell

visualisation purposes. It was later realised the stain could be resolubilised from fixed cells

and quantified. Crystal violet is more widely known as the primary dye used in the clas-

sification of bacteria as either Gram-negative or Gram-positive, depending upon the com-

position of their cell wall (Beveridge, 2001). Gram-positive bacteria have a thick layer of

peptidoglycan in their cell walls, thus retaining crystal violet stains, whilst Gram-negative

have a thinner layer and so easily lose the stain upon washing. The process makes the two

types easier to visualise when using an optical microscope. Crystal violet has also be used

to stain the nuclei of mammalian cells, including CHO cultures; this being the principle

behind the popular nuclei counting method for determining the number of cells adhered

to microcarriers (Tharmalingam et al., 2011). In the work presented here, however, crystal

violet was used as a crude, general stain; the intention was that any dye taken up, regard-

less of specific location within the cells, would later be extracted via a lysing solution and

quantified spectrophotometrically. The more dye ultimately retrieved, the more adhered

cells present in the culture.

The crystal violet solutionwas prepared usingmethanol, which acted as both a fixative and

a permeabilisation agent, and so ensured cells would take up crystal violet dye and not be

washed away afterwards. Cells indeed did readily stain when incubated with crystal vio-

let, with staining saturation appearing to occur after 10min. The wash step afterwards was

found to be critical in ensuring excess dye was removed, and submerging rigorously and

repeatedly into a large beaker of fresh water did not seem to affect either the cell stains or

the adherence of the stained cells themselves. The R2 value almost matched that of Presto-

Blue, but the error bars were larger, which was not surprising considering the technique

relies upon the quantification of an extracted stain, and involves more experimental steps

until a measurement is eventually made.
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Figure 3.6 shows the stains of the standard curves for both the crystal violet and neutral

red assays. For the 2.0 and 4.0 × 106 cell loads, it can be seen a maximum coverage of cells

has occurred on the wells, with both loads giving near 100 % stained surfaces.

figure 3.6 Photographs of crystal violet and neutral red stains for CHO cells adhered to polyethylen­

imine substrates. CHO-S IgG cells were adhered to PEI substrates and exposed to (A) crystal

violet or (B) neutral red staining solutions, before being washed and dried, with wells pho-

tographed and digitally montaged together for visual comparison. The stains represented the

location of adhered cells, showing more complete cell coverage of the wells as the cell load was

increased. The numbers shown are the amount of cells (inmillions) loaded onto each set of wells.

Control wells were uncoated and not seeded, but were still exposed to the same staining solu-

tions. Data represent n=3 (biological triplicate).

Stainswere imaged after drying,with early validationwork showing adecrease in intensity

of the colour after a few days. This also meant solubilisation had to be performed imme-

diately after drying. The clear circle in the bottom two wells of the 1.0 × 106 load of the

neutral red assay may be an artefact of the staining and washing method, where a portion
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of cells peeled off, as cells certainly did not adhere avoiding those particular areas during

cell loading. The two stains revealed the location of loaded cells; at the lower loading den-

sities cells were retained more around the edges of the wells, with the centres relatively

clear. This may be due to the meniscus of the cell load liquid distributing the cells more

towards the outside whilst, at larger cell loads, this effect is less prominent with cells set-

tling more evenly. The ‘Control’ wells confirmed uncoated polystyrene did not stain when

exposed to either of crystal violet or neutral red.

The neutral red assay was essentially a replica of the crystal violet method. Like crystal

violet, neutral red has widespread application in histological staining as both a general

stain and as a specific stain for lysosomes. The uptake of neutral red is dependent upon

the ability of cells to keep a suitable pH gradient; thus only viable cells will readily allow

neutral red to pass through theirmembranes and accumulate in their lysosomes (Repetto et

al., 2008). The dye can then be extracted and quantified. This affinity to be retained within

the lysosomes of live cells hasmeant it has been employed as a viability assay, with this use

demonstrated in experiments where quantification of cell death after exposure to a toxicity

agent is required (Fields et al., 2017).

The intention here, however, was to use it as a general rapid stain, similar to that of crystal

violet. Whilst it did easily stain, the uptake did not appear as marked as it was for crys-

tal violet, with the relatively low R2 value demonstrating this. Neutral red has been used

before with CHO cells as a crude stain to help visualisation, with a commercial document

using neutral red to stain CHO-K1 cells, adhered in Alvetex materials, to easily visualise

adhered cells within a 3D scaffold (Reprocell 2019e).

The demonstration for each of the four assays on day 4 of an adherent cell culture (Fig. 3.5B)

revealed several different points concerning these techniques. The first observation that the

relative growth between each substrate is generally the same for all assays is encouraging

and can be considered the first step towards validating these assays. Taking PrestoBlue, the

uncoatedwells gave a normalised fluorescence of around 6.5which, if the standard curve is

consulted, should correlate to a number between 0.7 to 0.8 × 106 cells. This indeed matches

with the data obtained for the uncoated wells when dissociation was carried out. Similar

values were matched up between the other substrates; however, polyethylenimine, which

gave a fluorescence approaching 10, is out of the range of the standard curve. This indicates

that by day 4 cells had either covered the surface and were beginning to clump, meaning

more cells were present than the cell loading could initially achieve, or the metabolic activ-

ity of these cells is higher than those during the creation of the standard curve. It was likely

the former, as the growing of cells as clumps once a monolayer had formed was observed

99



chapter 3 – adhesion substrates

here and in earlier experiments. The actual cell number adhered may be difficult to assess

using PrestoBlue for multiwell plates, although it may be possible to use suspension cell

culture instead during the creation of a standard curve, as this would allow much higher

densities to be measured.

The data between the crystal violet and neutral red assays with dissociation is not as com-

parative. The uncoated well data is around 0.3 and around 0.1 absorbance for crystal violet

and neutral red, respectively. If their standard curves are consulted, this should give 0.4

and 0.2 × 106 cells adhered; however, the dissociation for uncoated wells is stated to be

0.8 × 106 cells. The rest of the absorbance values for each of the substrates using neutral

red likewise does not correlate with dissociation values, suggesting cell numbers are not

accurately being quantified. Despite this, the relative values of each substrate still agreed

with the other assays, meaning neutral red could be employed if only relative comparisons

between adherent cell growthwere required. For crystal violet, ignoring the uncoatedwell,

the cell growth on the poly-d-lysine, poly-l-ornithine and fibronectin matched with disso-

ciated values and polyethylenimine was, as before, outside the range obtained for the stan-

dard curve. Whilst techniques such as crystal violet or neutral red staining are unlikely to

actually be used for assessing cell adherence on multiwell plates — except to enhance cell

visualisation — they could be employed for quantifying cells within specialised materials

such as microspheres.

The use of multiple assays to quantify adhered cells is not new. Chiba et al. (1998), frus-

trated with the disadvantages posed by individual viability assays, combined neutral red,

crystal violet and MTT assays to produce a composite method for cell proliferation and

xenobiotic cytotoxicity studies. Using adherent HeLa cells, the authors consecutively ap-

plied each of the three reagents; after each incubation the product (or stain) was removed

and quantified spectrophotometrically before the next assay began. The results from each

of the three assays within the composite method compared in agreement when the partic-

ular assay was instead applied independently. Whilst the aim of the paper is not strictly

relevant to the work presented here, it does however highlight the number of techniques

that can be employed to determine the viability of adherent cells.

3.1.3 dissociation from pei substrates

The successful dissociation of adhered cells was a criterion that had to be met for an adhe-

sion substrate to be considered suitable for the cell retention device. Trypsinisation, where

the enzyme trypsin is employed to detach adhered cells from vessel surfaces, is a ubiqui-

tous method for the dissociation of adherent cells. It was attempted here on cells adhered

to polyethylenimine, poly-d-lysine and fibronectin substrates. Alongside this, growth of
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these dissociated cells back into suspension culture was performed, with growth compar-

isons made between cells previously adhered to different substrates.

Figure 3.7A shows the viable cell density of resuspended CHO-S IgG cells after trypsinisa-

tion for 2.5 min. As previously indicated, the uncoated wells gave the least cells compared

with the three substrates tested here. Seeds were taken from these new suspended cells

and cultured for 5 days in shaking culture. Figure 3.7B shows the viable cell densities and

viabilities at days 0, 1, 3 and 5 for the growth of resuspended cultures. All previously ad-

hered cells achieved successful growth back in suspension, but after day 1, the growth of

all was surpassed by the suspension-origin cultures. These cultures, which belonged to the

same CHO-S IgG cell line, were not previously adhered to any substrate and were instead

obtained from a routinely passaged suspension flask. From day 3, the density of the cells

previously adhered to uncoated wells, interestingly, began surpassing those previously

adhered to the three substrates. There was no considerable difference in growth of cells

between any of the substrates.

The viabilities reflect the growth curves observed; themeasurement at day 0 gave viabilities

under 98 % for all four previously adhered cells, which dropped to 95 % or less on day 1,

but then recovered by day 3. The viabilities of cells previously adhered to uncoated wells

dropped the least on day 1. Viabilities were back to expected levels by day 5 for all cultures.

The suspension-origin cultures were consistently at high viabilities throughout the culture,

as expected.

Trypsin, a serine protease, functions by cleaving peptides on the C-terminal side of l-lysine

or l-arginine amino acid residues and is believed to detach cells by acting on the proteins

that enable cell adhesion. EDTA, frequently includedwith trypsin tomake a combined dis-

sociation solution, acts as a chelator of magnesium and calcium ions; these ions encourage

cell-to-cell and cell-to-substrate adhesion (Ueda et al., 1976) and the presence of EDTA, as

well as the DPBS wash prior to trypsinisation, thus ensures their removal.

Dissociation with trypsin/EDTAwas technically simple and quick to perform. Plates were

tapped numerous times during trypsin exposure to encourage resuspension. It was ob-

served that forceful tapping was required to get all cells to dissociate and if trypsin expo-

sure was used, without any physical help, then only a small portion of cells would resus-

pend. This was especially true for polyethylenimine and poly-d-lysine substrates, where

cells remained strongly adhered even after incubation with trypsin. Gently aspirating and

dispensing culture medium, so as to provide extra force, was likewise seen to be an essen-

tial technique for full dissociation. Visual progresswasmonitored using amicroscope, with

cells clumping together as they detached from the well surface. General observation from
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numerous dissociation experiments found that cells with 100 % confluency were harder to

detach, likely due to trypsin being physically unable to access attachment proteins. This

phenomenon is widely recognised within adherent cell culture.

As the measurements were taken at days 0, 1, 3 and 5, the growth curves shown for each of

the resuspended cultures do not show curves typically seen within batch experiments, i.e.

lag, exponential and stationary phases cannot be distinguished. However, they do show

the effects of being adhered to a substrate on subsequent growth back in suspension. The

suspension-origin cells, independent of any previous adherence, were included as a bench-

figure 3.7 Trypsinisation of CHO cells adhered to polyethylenimine, poly­d­lysine and fibronectin sub­

strates, followed by growth back in suspension culture. CHO-S IgG cells adhered to PEI, PDL

and FN substrates and grown for 4 days on 12-well plates were exposed to 0.25 % trypsin/EDTA

anddissociated.Dissociated cellswere (A) quantified using aViCell and (B) grown in suspension

culture using shaking TubeSpin vessels for 5 days with viable cell densities and viabilities deter-

mined. In a seperate experiment (C), fresh cells were reseeded onto PEI- and FN- adsorbedwells,

and uncoated wells, that had previously undergone trypsinisation steps. The growth achieved

by day 7 was quantified to determine if any loss in adhesion effectiveness was occurring from

these exposures to trypsin. The cycles refer to the number of trypinisation steps the wells had

undergone; with cycle 1 being wells freshly adsorbed with PEI and FN, cycle 2 being these same

wells but with one trypinisation step, and cycle 3 being two trypsinisation steps. Fresh cells,

from suspension culture, were seeded for each cycle. Uncoat., uncoated; PEI, polyethylenimine;

PDL, poly-d-lysine; FN, fibronectin. Data represent mean ± SD, n=3 (biological triplicate).
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mark to test the adhered cells against healthy suspended cells, and illustrated the effect of

adherence on resuspended growth. In routine suspension culture with this cell line, viabil-

ities are typically in excess of 95 % until death phase, where it drops dramatically.

The slow growth is likely to be caused, partly at least, by the loss of viability seen on day

1; it is suggested cells were not in an optimal state after trypsinisation, some die, with the

remainder then having an extended lag period until the growth rate reached usual levels.

This viability loss was not evident upon seeding, i.e. in the day 0 viability reading, suggest-

ing cells take at most one day to experience this viability drop. However, the cause of this

loss in viability was unknown. The effect of trypsinisation on the health of cells could be a

factor (which is explored later in this section), or the cellular stress, if any, experienced by

cells on being physically unadhered. Cytotoxic effects from liberated substrates may help

explain the viability drops, which is possible with polyethylenimine and poly-d-lysine, but

less so with fibronectin, where cytotoxicity is not expected. Due to poly-d-lysine being the

d enantiomorph, the substrate should be resistant to the action of trypsin (which is specific

to l-forms), although fibronectin may be getting hydrolysed. Extracellular matrix proteins

on polystyrene, from the use of FBS supplements, have been reported to be degraded by

trypsinisation (Canavan et al., 2005).

Figure 3.7C shows the growth achieved by day 7 by cells grown on PEI and FN-adsorbed

wells that had previously undergone trypsinisation steps. Cycle 1 refers to cells grown on

wells freshly adsorbed with PEI and FN; cycle 2 to fresh cells reseeded on these same wells

after a single trypsinisation step, and cycle 3 to fresh cells reseeded again to these wells

after a second trypsinisation step. The exposure of trypsin to wells adsorbed with either

PEI or FN affected the effectiveness of these coated wells to enable adherent cell growth,

with growth decreasing on cycles 2 and 3. However, this loss of effectiveness was more

apparent with wells adsorbed with FN, with almost no adherent cell growth achieved by

the second cycle. This contrasted with PEI, where evidence of some growth was still seen

by the third cycle.

The loss in effectiveness was likely due to the action of trypsin on the adhesion substrates

themselves. It was suggested FN, being a ECM protein, was prone to degradation by en-

zymatic action. This compared with PEI which, as a cationic polymer, may be more stable

when subjected to dissociation reagents. Wells were washed in between cycles to ensure

no residue cells were left behind; this was not investigated further but repeated washes of

wells may have also contributed to the loss of adhesion effectiveness. Uncoated wells were

also tested as a control and, intriguingly, suffered the same loss in adherent cell growth

when exposed to trypsin, with no growth achieved by the second cycle. This suggested
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a detrimental effect on the base material itself may likewise have occurred. These data

came from a relatively simple experiment but could be investigated further, especially as

an adherence-based cell retention device with the capability of being used repeatedly —

without gradual loss in adherence — would be both useful to the operator and cost effec-

tive.

To determine if trypsinisation time had an effect on subsequent growth of dissociated cells

back in suspension culture, trypsin exposure times of 2.5, 5 and 10 min were investigated.

Polyethylenimine substrates, which were of more interest, were only employed in this ex-

periment. Subculturing newly resuspended cultures into a new vessel with fresh media

was also attempted.

Figure 3.8A shows the viable cell density of resuspended cells previously adhered to

polyethylenimine substrates and exposed to trypsin for either 2.5, 5 or 10 min. Cells

adhered to uncoated wells were exposed for only 2.5 min for comparison. There was

no considerable difference in the number of cells dissociated between the trypsinisation

times. Figure 3.8B shows the growth of resuspended cells in shaking culture, as well as the

viabilities, and is similar to that seen in Fig. 3.7B, i.e. cells taken from routine suspension

cultures reached higher cell densities than previously adhered cells from day 3 onwards.

Cells from uncoated wells, once again, grew at a faster rate than cells adhered previously

to polyethylenimine substrates. The exposure time to trypsin had no effect on regrowth

in suspension, which was again stunted during the 5 day culture. Cell viabilities show a

drop on day 1, but there is considerable overlap between error bars, with a similar gain

from day 3 onwards.

Figure 3.8C shows the growth curves and viabilities for the subculture of all cells, i.e.

the subsequent passage, previously adhered to uncoated wells and polyethylenimine sub-

strates, as well as the suspension-origin cells. The difference in cell growth from the previ-

ous passage was evident; all cultures surpassed the suspension-origin cells from day 3 and

reached similar densities as the suspension-origins cells in the first passage. The viabilities

were much more uniform, with a return made to expected levels by day 1.

It is widely known that excessive trypsin exposure time can have a detrimental effect on

cell viability, which explains why protocols from commercial suppliers recommend keep-

ing the incubation time to a minimum. Trypsin requires an inhibitor to cease its enzymatic

function; soybean inhibitor was chosen here as an animal origin-free inhibitor, although

serum products are typically used due to the presence of undefined protease inhibitors.

The differences in the amount of cells dissociated from polyethylenimine substrates was

expected to be the same, regardless of trypsinisation time, as it was ensured all cells were
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figure 3.8 Differing trypsinisation exposure times on CHO cells adhered to polyethylenimine sub­

strates, followed by growth in suspension culture and one subsequent subculture. CHO-S

IgG cells adhered to PEI substrates and grown for 4 days on 12-well plates were exposed to 0.25

% trypsin/EDTA for either 2.5, 5 or 10 min and dissociated. Dissociated cells were (A) quanti-

fied using a ViCell and (B) grown in suspension culture using shaking TubeSpin vessels for 5

days with viable cell densities and viabilities determined, followed by (C) a single subculture

into new Tubespin vessels. Uncoat., uncoated; PEI, polyethylenimine. Data represent mean ±

SD, n=3 (biological triplicate).

fully dissociated by gentle pipetting and plate tapping. This was confirmed again by mi-

croscopy. Thus, cells were exposed to trypsin for different times before it was made sure

that complete dissociation was achieved. The growth curves demonstrated that the range

of exposure times tested here had little impact on suspended growth, and a time of 5 min

or under is sufficient for cells adhered to polyethylenimine. The observation that cells pre-

viously adhered to uncoated polystyrene once again grew faster than the cells adsorbed

to polyethylenimine suggests the presence of a substrate is contributing to the reduced

growth seen. Whether the polyethylenimine is causing changes in the cell, due to its adhe-

sion functionality, or whether the polyethylenimine is desorbed during trypsinisation (as

potentially shown previously in Fig 3.7) and harming cells, remained unknown.

The subculture was performed to see if there would be a return to normal growth in the

resuspended cells in fresh medium andwith a new seed. It was not entirely surprising that

this was the case; it was suggested that the possibility of an extended lag phase in the first
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passage meant cultures on day 5 were actually at the start of exponential phase and so,

when seeded in fresh medium, grew rapidly in the new passage. This also explained the

reduced growth of the suspension-origin cultures in this new passage, with the seed taken

from the stationary phase of the previous passage. The observation that the day the seed

is derived from in the previous passage dictates the growth in the next is well known.

The trypsin/EDTA product used in these dissociation experiments contained trypsin of

porcine-origin. Other animal origin trypsin formulations can be purchased, including

bovine-origin forms. For similar reasons given for the adhesion substrates, an animal

origin-free dissociation reagent was desirable. TrypLE, a recombinant trypsin alternative,

Accutase, a mixture of proteolytic and collagenolytic enzymes of marine-origin (not to

be confused with murine), and Cell Dissociation Buffer (Enzyme-Free), a non-enzyme

solution of salts and chelating agents, were selected for investigation. To compare the

action of these reagents with cell dissociation by physical force, the use of pipetting action

alone to detach cells was also performed.

Figure 3.9A shows the viable cell density of resuspended cells previously adhered to

polyethylenimine substrates and exposed to either trypsin, TrypLE, Accutase, Cell Dis-

sociation Buffer (Enzyme-Free) or solely physically dissociated (‘None’). Cells were not

fully dissociated in this experiment; rather, all samples were incubated for 5 min and

then liquid in four opposite locations of each well was aspirated and dispensed once to

encourage detachment. The cells not exposed to any dissociation reagent thus were only

unadhered by physical force. Trypsin, TrypLE and Enzyme-Free reagents dissociated the

highest cell densities, followed by Accutase. Physical force via pipetting action detached

the least cells.

Figure 3.9B shows the growth curves of resuspended cultures in shaking culture. By day

3, the viable cell density of cells dissociated by physical force alone surpassed all other

cells, with the viability not decreasing on day 1. For cells exposed to trypsin, TrypLE and

Accutase, the viability, once again, dropped by day 1 and then recovered by day 3. For

cells exposed to Enzyme-Free, the viability was below 85 % on day 0 but again recovered.

Subculture was not performed for this experiment.

The data here immediately showed the effect of dissociation reagent on cell growth and

viability in resuspended cultures. Despite only resuspending a relatively small percentage

of cells, using physical force alone resulted in cells achieving typical suspension growth

with no drop in viability. The usual trend, an extended lag phase and reduced viability,

continuedwith all cells dissociated using dedicated reagents. This indicated that the action

of these reagents were indeed having an effect on the health of cells as they dissociate,
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figure 3.9 Dissociation, using animal origin­free reagents, of CHO cells adhered to polyethylenimine

substrates, followed by growth in suspension culture. CHO-S IgG cells adhered to PEI sub-

strates and grown for 4 days on 12-well plates were exposed to either trypsin/EDTA, TrypLE

Express, Accutase or Cell Dissociation Buffer (E-F) for 5 min. Dissociated cells were (A) quan-

tified using a ViCell and (B) grown in suspension culture using shaking TubeSpin vessels for 5

days with viable cell densities and viabilities determined. Data represent mean ± SD, n=3 (bio-

logical triplicate).

rather than any detrimental effect arising from physical force. Care was taken to ensure

this physical force was ‘even’ across all cultures, although this force was performed by

hand. The success of Enzyme-Free in comparison to trypsin and TrypLE was surprising,

given it relies on non-enzymatic action for dissociation.

An advantage of using an animal origin-free dissociation reagent is that the user is no

longer required to meet the demands of trypsin. Unlike trypsin, TrypLE, Accutase and

Enzyme-Free do not require inhibitors to neutralise their effects, with TrypLE and Enzyme-

Free deactivated by excessmediumandAccutase by prolonged incubation at 37 ∘C. TrypLE

and Enzyme-Free can also be stored at room temperature and thus used rapidly.

3.1.4 pei adherence and mild hypothermia

Perfusion operations are typically carried out at a physiological relevant temperature, i.e.

37 ∘C, for an defined period to allow seeded cells to grow and then, once a sufficient

biomass has been achieved, further growth is either limited or arrested. For the former,

a ‘cell bleed’ is performed, describing a scenario whereby cells are physically allowed to

leave the system at periodic intervals to enable the average cell number to remain constant

over time. For the latter, newly added supplements in the medium can arrest growth or,

far more commonly, the culture temperature can be lowered to arrest cells within their cell

cycles. Cell bleeding is dependent on the accessibility of the retention device and in some

set ups cellsmay be unable to be reached,whereas reduced temperatures can be applied for
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virtually any cell retention configuration. The use of mild hypothermia, typically around

32 ∘C, to stunt the growth of CHO cells is widely reported with a range of phenotypic

responses known, a lot of which are beneficial to biopharmaceutical production. Such an

approach is not limited to perfusion, but also to fed-batch processes where operators wish

to extend the length of the culture. The literature onmild hypothermiawithin CHO culture

is explored throughout this section and again in § 6.1.1.

Mild hypothermia was the method chosen in this work to stop the overgrowth of retained

cells within the continuous upstream system. However, the use of lower temperatures to

growth arrest adherent cell cultures has not been widely demonstrated. The bulk of this

section is dedicated to exploring the effect of cold temperature on the growth, adherence

and productivity of CHO cells attached to polyethylenimine substrates. However, it first

introduces the rapid measurement of glucose concentration using an inexpensive blood

sugar monitoring device. Such a device was seen as helpful in the planned experiments

that followed and for general usage within the laboratory.

Figure 3.10A shows a ‘standard curve’, preparedusing a blood sugarmonitoring device, for

the concentration of glucosewithin diluted CDCHOmedium solutions. The high R2 value,

0.9977, demonstrated the capability of the device to measure, at least in relative terms, a

known range of glucose concentrationswithin cell culturemedium. Figure 3.10B shows the

viable cell density of CHO-S IgG cells during routine suspension culture, along with the

daily glucose concentration of medium used. The concentration was high at the beginning,

days 1 and 2, but decreased rapidly as cells entered exponential phase, with the increase in

biomass related to this drop. By day 6, glucose was almost entirely consumed, with cells

now toward the end of stationary phase. The culture was ended at day 6, but a drastic drop

in viability on day 7 was expected given the depletion of glucose.

The blood sugar monitoring device was acquired so glucose concentration determination

could be performed on-demand,with a reading givenwithin a few seconds. This product is

marketed for people with diabetes who wish to measure their blood sugar levels through-

out the day, but can be easily employed for glucose measurement within other aqueous

solutions, including cell culture medium.

One of the most accurate ways to measure glucose concentration is by the use of a Cedex

Bio Analyzer —which was indeed used later in this work— but this requires training and

greater expense. Whilst technically simpler glucose assay kits are available for life sciences

work, these are often high throughput, plate-based tests, and so are unsuitable if rapid

measurement of glucose is needed for a small number of samples. For kits which are not

high throughput, the ease and low cost of a blood sugar monitoring device still remains an
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appealing option for the rapid determination of glucose. The ‘standard curve’ presented

here, which is not a genuine calibration graph, was created so as to confirm the monitoring

device, along with the testing strips, would indeed reveal the relative differences between

diluted solutions of medium. The use of the monitoring device for actual cell culture con-

firmed it could be trusted for the measurement of glucose in real experiments, with the

data here as expected for a standard suspension culture.

figure 3.10 ‘Standard curve’ to assess suitability of a blood sugar monitoring device for determination

of glucose concentration in CD CHO medium, and demonstration of its use in actual cell

culture.Mediumwas serially diluted with water and its (A) glucose concentration determined

using a blood sugar monitoring device. The 𝑥-axis has arbitrary units, with 1 being undiluted
medium, 0.5 the first dilution and so on. For the demonstration, CHO-S IgG cells were seeded

in TubeSpin vessels and grown in suspension for 6 days,with (B) viable cell density and glucose

concentration determined daily. For (A), data represent mean ± SD, n=3 (technical triplicate);

for (B), data represent mean ± SD, n=3 (biological triplicate).

It is generally known that the glucose concentration of fresh CD CHO medium is around

6 gL-1. Determining the concentration of glucose in different lots of CD CHO, however,

returned slightly varied glucose concentrations, with an average of 6 gL-1. Subtle differ-

ences in media composition are expected and past experience confirmed that cell growth

does vary slightly between medium lots, which may be partly due to different glucose

concentrations. Interestingly, it was found that there was variability between different lots

of the glucose testing strips, with each lot giving different readings of glucose concentra-

tion when performed on the same sample (data not shown). This was likely down to the

manufacturer and the fact an inexpensive method of glucose determination was chosen.

To counter this, only one lot was used for each experiment to ensure results could be fairly

compared.
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An initial experiment investigated the effects of temperature on the growth of cells adhered

to polyethylenimine substrates. Cells at three different seeds, 0.075, 0.15 and 0.30 million,

were adhered overnight on 12-well plates, washed the next day and then placed in incu-

bators at either 30, 32 or 37 ∘C. Glucose concentrations were determined daily and, on the

sixth and final day, adhered cells were dissociated using trypsin and the fold change in cell

number calculated.

Figure 3.11A shows the fold change in cell number after 6 days of culture at each of the

three temperatures used for each of the three seeding densities. For 30 ∘C, the fold change

was 2 or under for all three seeds, whilst for 32 ∘C, it was fairly consistent around 4. For

37 ∘C, the fold change was considerably higher and was affected by the seeding density;

for 0.075 million cells, a change of 20 was achieved, for 0.15 million around 15 and for 0.30

million, around 5. The difference in fold change between temperatures of the same seeding

density decreased as the seeds were increased.

figure 3.11 Effect of mild hypothermia on the growth and glucose consumption of CHO cells adhered

to polyethylenimine substrates. PEI was adsorbed on 12-well plates, seeded with 0.075, 0.15 or

0.30 million CHO-S IgG cells and left to adhere overnight in an incubator. The next day, wells

were washed, fresh media added and plates incubated at either 30, 32 or 37 ∘C for 6 days, with

dissociation performed on the final day to determine (A) fold change in growth,with (B) glucose

concentration also determined daily. Data represent mean ± SD, n=3 (biological triplicate).

Figure 3.11B shows the glucose concentrations on each of the 6 days. Both the temperature

of culture and the seeding density affected the decrease in glucose concentration observed.

For 0.075 million cells, the glucose concentration remained at 6 gL-1, for both 30 and 32 ∘C,

for the entire duration of the experiment with a decrease, i.e. glucose consumption, occur-

ring only from day 5. For 0.15 million cells, similar data are seen, except the consumption

of glucose was seen with 37 ∘C from day 4. Finally, for 0.30 million cells, cultures at 37
∘C saw a greater decrease in glucose concentration from day 4, and those at 32 ∘C saw a

decrease at day 6. Cells adhered at 30 ∘C did not appear to consume glucose at any of the
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seeding densities.

The experiment here was performed to assess the effect of temperature on growth. It is

widely known that mild hypothermic temperatures arrest cell growth and this was indeed

confirmed in the data presented, with a reduction in fold change as temperature was de-

creased, although there was still growth observed in all samples. Daily observation of cells

was carried out using a microscope. For cultures incubated at 30 and 32 ∘C, it was noted

that cells began detaching from the surfaces of the wells. This was particularly evident by

the third day of the culture. This did not appear to be newly divided cells not adhering, but

rather adhered cells dissociating into suspension, and thus it was most prevalent with the

highest seed. Detached cells visually appeared healthy. This was a surprise, and did not

occur with cultures at 37 ∘C, except in cases where cells had clumped from overgrowth and

detached, as was seen in previous experiments. During the dissociation step, unadhered

cells from all cultures were washed off before cell counting, so the fold changes given may

be somewhat lower than the true values if detached cells are also considered.

To investigate this detachment effect frommild hypothermia, T-25 flasks were loaded with

10 million CHO-S IgG cells overnight and, as before, placed into incubators at either 30,

32 or 37 ∘C. On day 5, flasks were washed and the number of detached cells determined.

Polyethylenimine and laminin, as coatings providing crude and specific adherence, respec-

tively, were both used as substrates. Whilst biphasic cultures—where a process starts at 37
∘C and is later cooled to 32 ∘C or under — are encountered (Yoon et al., 2006), this experi-

ment aimed to eliminate the initial growth phase and instead loaded cells at a high density

overnight with immediate cooling to mild hypothermia the next day.

Figure 3.12A shows the fold change in cell number for cells adhered to polyethylenimine

and laminin substrates, over 5 days, for all three temperatures, as well as the percentage

and viability of cells that had detached. For cells adhered to polyethylenimine, reducing the

temperature to 32 ∘Candunder decreased the fold change, i.e. the growth ratewas reduced,

with 30 ∘C yielding the lowest fold change. For cells adhered to laminin, the relative values

in fold change between temperatures was not as marked, with 30 and 32 ∘C giving similar

fold changes. Interestingly, whilst the fold change between the two substrates was similar

for 32 and 37 ∘C, there is considerable difference for 30∘C. Unlike previous data, the fold

change here included detached cells.

The percentage of cells that had detached by day 5 was over 75 % for cells adhered to

polyethylenimine substrates at 30 ∘C and decreased considerable for cells cultured at 32
∘C and 37 ∘C. For cells adhered to laminin, the detachment was considerably less at both

30 and 32 ∘C, whilst being slighter higher at 37 ∘C. The viability of cells that detached was
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similar for both substrates, with unadhered cells at 30 and 32 ∘C having viabilities above

80 %, whilst for those at 37 ∘C, it was under 50 %.

Figure 3.12B shows the morphologies of cells adhered to polyethylenimine substrates after

overnight seeding and then at 30, 32 and 37 ∘C on day 5. Cells possessed typical elongated

morphology when loaded at high density, as can be seen, which was unlike the stretched

shapes observed when seeding with usual low cell densities, as seen previously in Fig. 3.3.

By day 5, adhered cells at 30 ∘C were rounded, with most having detached; the same was

observed at 32 ∘C but detachment was less prominent. For cells at 37 ∘C, cells had grown

as clumps, with some segments still retaining the elongated shapes. The morphologies of

figure 3.12 Effect of mild hypothermia on the growth, viability and adherence of CHO cells adhered to

polyethylenimine and laminin substrates. PEI and LM were adsorbed on T-25 flasks, seeded

with 10 million CHO-S IgG cells and left to adhere overnight in an incubator. The next days,

flasks were washed, fresh media added and vessels incubated at either 30, 32 or 37 ∘C for 5

days, with dissociation performed on day 5 to determine (A) fold change in growth and per-

centage of dissociation for each temperature, with (B) the morphologies of the cells adhered to

PEI substrates on day 5 imaged using a phase contrast microscope at 10× magnification. PEI,

polyethylenimine; LM, laminin. Data representmean ± SD, n=3 (biological triplicate). Scale bars

= 100 µm.
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cells adhered to laminin were not imaged.

The data confirmed the effect of mild hypothermia on cell detachment and began to ex-

plore how this relationship was dependent upon the adhesion substrate used. As a high

cell density load was now used, the detachment was more apparent. For cells adhered to

polyethylenimine, the temperature shift to 30 ∘Chad a dramatic effect, with cells beginning

to round up from the second daywith eventual dissociation, which continued until the end

of the experiment when the majority of cells were back in suspension. This effect was not

as noticeable with cells at 32 ∘C, but still did occur. The high viability of detached cells at

both 30 and 32 ∘C confirmed dissociation was likely due to the temperature shift and not

because of any substrate limitation or toxic metabolite accumulation. This was backed up

by the lower viability for detached cells at 37 ∘C, where it was proposed that a non-optimal

medium environment, along with cell clumping, caused some non-viable cell detachment,

as would be expected from a highly confluent adherent culture.

Laminin was used to investigate if animal origin adhesion substrates, i.e. those which rely

on specific interaction to encourage attachment, were also prone to detachment from mild

hypothermia. This was done in a separate experiment with laminin the only animal origin

substrate available to test. Its ability to keep a majority of cells adhered, even at 30 and

32 ∘C, was surprising, with cells not losing their distinct morphologies like those adhered

to polyethylenimine. It is suggested the specific, protein-based interactions between cells

and substrate are not as prone to change by mild hypothermia, whilst non-specific elec-

trostatic adhesion to cell membranes, as with polyethylenimine, is highly dependent upon

temperature. It is expected other animal origin substrates, such as fibronectin, are similarly

capable of retaining cells at <37 ∘C temperatures, but this was not tested.

The difference in relative fold changes between both substrates may be due to detachment.

For laminin, where detachment was at a minimum, the fold change at 30 and 32 ∘C was

similar, whereas for polyethylenimine, there was considerable difference. It is proposed,

as this was a static adherent culture with cells loaded at a high density, the actual tempera-

ture at the cell monolayer may indeed be higher than the culture temperature, which may

explain the small difference in growth. For polyethylenimine, as cells detached and were

resuspended, culture medium surrounded the entire cell, and the effects of temperature on

growth may be more apparent. The CHO-S IgG cell line, in suspension culture, is indeed

prone to growth arrest by reducing the temperature, with this demonstrated later in the

work here in § 6.1.1.

Whilst sudden temperature decreases have been utilised to detach adherent cells from sur-

faces, e.g. by adhering cells to poly-N-isopropylacrylamide, a thermosensitive substrate
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that becomes hydrophobic below 32 ∘C (Yang et al., 2010), no literature could be found

replicating this detachment effect of mild hypothermia on adherent cultures. It is expected

that anecdotal evidence does likely exist where operators have turned down the culture

temperature — perhaps in error — and observed cell detachment some days later in their

cultures, however this may be dependent upon the substrates used, if any, and perhaps

even the cell line. This finding was important as the use of microspheres for cell retention,

at reduced temperatures, was anticipated later on in the work.

It is widely known that reducing the temperature of a culture has a wide range of pheno-

typic effects on CHO cells. These have been well reviewed by Masterton et al. (2014), and

include changes to cell growth (reduced), viability (increased) and metabolism (numerous

changes to metabolite production and substrate consumption), which in turn affect culture

duration (increased) and medium composition (related to changes in cell metabolism). For

the biologics industry, however, the effect on recombinant protein production may be con-

sidered the greatest advantage of mild hypothermia. Whilst it must be remembered this

effect is both product- and cell line-specific and has to be proved experimentally, it has

been documented using available literature that reducing the temperature for CHO cul-

tures typically increases the cell-specific productivity of recombinant proteins (Becerra et

al., 2012).

A Cedex Bio Analyzer was used to determine the daily concentrations of glucose,

l-glutamine, lactate and lactate dehydrogenase using samples taken each day for this ex-

periment. Very briefly, glucose and l-glutamine are required for energy creation amongst

others and are consumed by CHO cells, whilst lactate is an unfavourable by-product

of metabolism. Lactate dehydrogenase is an enzyme found in high amounts in cells,

including in CHO cells, and its presence indicates cell necrosis and thus can be used as a

marker of cell death. An in-depth discussion of these analytes, as well as a description of

the validation steps performed for the Cedex Bio Analyzer, can be found in § 6.1.1.

The effect on IgG titre and metabolism was investigated for cells loaded onto polyethylen-

imine substrates using T-25 flasks at different temperatures, in the same experiment as

previously discussed. Figure 3.13A shows the daily IgG titre and l-glutamine concentra-

tions for cultures at 30, 32 and 37 ∘C, with cell-specific productivity and the cell-specific

l-glutamine consumption rate between day 0 and day 5 also shown. The titre increased

each day for cultures at every temperature from day 1 onwards; 37 ∘C gave the high-

est titre, followed by 32 ∘C and then 30 ∘C. There was no considerable difference in cell-

specific productivity between the three temperatures, with all three achieving approx-

imately 15 pgcell-1day-1. For l-glutamine, cells adhered at 32 and 37 ∘C consumed the
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figure 3.13 Effect of temperature on daily metabolite and substrate concentrations and IgG titre of CHO

cells adhered to polyethylenimine substrates. In the same experiment as presented in Fig. 3.12,

CHO-S IgG cells were adhered to PEI substrates in T-25 flasks and incubated at 30, 32 or 37 ∘C

for 5 days, with (A) IgG titre and l-glutamine concentration determined daily, as well as cell-

specific productivity (qP) and cell-specific l-glutamine consumption rate (qGLT) calculated,

and (B) glucose, lactate dehydrogenase and lactate determined daily. Data represent mean ±

SD, n=3 (biological triplicate).

most l-glutamine each day, i.e. the concentration decreased the most until day 5, when

all three temperatures matched their l-glutamine concentrations. The specific l-glutamine

consumption rate, interestingly, was dependent upon the temperature, with 30 ∘C giving

the highest with almost 0.5 µmol (106) cell-1day-1 reached, followed by 32 and 37 ∘C, indi-

cating a change in cell metabolism arising from mild hypothermia.

Figure 3.13B shows the daily glucose, lactate dehydrogenase and lactate concentrations for

cells cultured at each of the three temperatures. For glucose, the concentration decreased

the least at 30 ∘C, whilst for lactate, the concentration increased the least at 30 ∘C. The

release of lactate dehydrogenase, a marker of cell death, was almost uniform for the first

two days, before increasing rapidly for cells at 37 ∘C, with much smaller increases for those
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at 32 and 30 ∘C.

As previously shown in Fig. 3.12, reducing the temperature for cells adhered to

polyethylenimine dramatically arrested cell growth. As can now be observed, this

had an effect on metabolite production and substrate consumption; the concentration of

glucose decreased at a reduced rate each day with lower temperature cultures. Interest-

ingly, the change in l-glutamine each day did not differ as much between temperatures,

with all three cultures sharing similar l-glutamine concentrations on the final day. This

translates into an increased cell-specific l-glutamine consumption rate for 32 and 30 ∘C,

indicating the shift to mild hypothermia increased the utilisation of l-glutamine. This is

observed again in § 6.1.1 and is discussed further there. The reduced lactate concentrations

observed for mild hypothermic cultures was expected. Lactate is a product of anaerobic

glucose metabolism, produced rapidly as cells proliferate in the exponential phase of cell

culture. With reduced temperatures, there is an arrest in cell growth, meaning less lactate

is produced.

Lactate dehydrogenase is an enzyme involved in the production of lactate from pyruvate;

as cells die, they burst and release their contents. As lactate dehydrogenase is ubiquitous in

CHO cells (and almost every living cell), it may be assayed and used as an indirect marker

of cell death. The sudden increase observed for cultures at 37 ∘C after day 3 was expected.

Due to the high cell load, cells rapidly consumed both glucose and l-glutamine substrates;

once these become scarce, medium environments were no longer optimal for growth and

cells died. The much lower production of lactate dehydrogenase for 32 and 30 ∘C cultures

is related, once again, to the reduced growth rates.

The most surprising data here were the lack of increase in cell-specific productivity seen

with cultures at 32 and 30 ∘C. This may be explained by the majority of cells detaching by

day 5 and not being agitated, which perhaps had a detrimental effect on their productivi-

ties.

3.1.5 conclusions

The work in this chapter focused upon the testing and evaluation of a range of chemically

defined and animal origin adhesion substrates for the attachment, and thus retainment, of

suspension-adapted CHO cells. It was expected a substrate would be employed ultimately

within the in-house cell retention device. The aim from the very start was to continue using

CDCHOmediumduring cell culture and not have to rely on animal-derived supplements,

such as serum products, for the prolonged adhesion of cells. Because of this demand, a

chemically defined, animal origin-free adhesion substrate had to be found.
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Using literature sources, three cationic polymers and four animal origin proteins were first

identified and subsequently investigated via their adsorption onto polystyrene and glass

surfaces. The optimal coating concentration was determined for each, followed by adher-

ent cell culture tests where growth of adherent cells was tested at two time points using

an adapted viability assay. It was observed that polyethylenimine was an extremely ef-

fective adhesion substrate for both cell attachment and subsequent cell spreading during

adherent growth. This substrate, which is chemically defined, performed as well as the

four animal origin proteins and the other two cationic polymers, despite being the least

expensive. Polyethylenimine was consequently selected early in the work as the substrate

of choice for effective cell retention.

Cell loading, which was explored as a process technique to rapidly retain a high density of

cells, was attempted with polyethylenimine, poly-d-lysine and fibronectin substrates us-

ing two suspension-adapted CHO cells lines and one suspension-adapted HEK cell line.

For both CHO cell lines, polyethylenimine and poly-d-lysine adhered an increasing num-

ber of cells as the load was increased, and even surpassed the cells captured by fibronectin

at the highest loads. For HEK cells, fibronectin gave similar readings to polyethylenimine

and poly-d-lysine, suggesting particular interaction between this human cell line and fi-

bronectin was more favourable than that seen with CHO cells. The idea of rapidly loading

a high number of cells, in this instance to the surfaces of simple polystyrene vessels, has

not been widely demonstrated before in the literature.

To characterise and better understand the adhesion of suspension-adapted CHO cells, four

potential adhesion assays were attempted. These included dissociation by trypsin expo-

sure, PrestoBlue reagent to assess adherent cell viability and finally, crystal violet and neu-

tral solutions as crude staining techniques. For the latter two assays, letting the stained cells

dry before resolubilising the dyes allows quantification and acts as a measure of adherent

cell number. All assays performedwell, during both the generation of standard curves and

within actual cell culture, with the two stains providing visual data on where within wells

cells adhered.

Dissociation, a key aspect at the beginning of this work, was performed again using trypsin

aswell as animal origin-free reagents. Newly dissociated cells fromvarious substrateswere

successfully grown back in suspension culture, but with a reduced growth rate when com-

pared to suspension-origin cultures. Subculturing these previously adhered cells returned

cell growth to normal suspension levels. It appeared using a dissociation reagent had a

detrimental effect on the growth of resuspended cells.

Finally, cell loading on polyethylenimine substrates was again demonstrated, but in this
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instance was followed by culture at two mild hypothermic temperatures, 32 and 30 ∘C,

with the effects on cell growth, detachment, titre and metabolism observed. For cells at

30 ∘C, the majority of cells detached after five days, yet remained viable with the growth

rate arrested. This detachment was concerning, but it did not occur with cells adhered to

laminin substrates. Metabolite and substrate analysis also revealed changes in l-glutamine

consumption, as well as showing the reduced production of lactate and lactate dehydro-

genase at these lower temperatures.

To conclude, polyethylenimine is severely neglected as an adhesion substrate in the lit-

erature, yet its effectiveness for adhering suspension-adapted CHO cells was repeatedly

demonstrated here in a variety of experiments. The data in this chapter suggest the use of

polyethylenimine to adhere CHO cells, without high cost, needs to be more widely recog-

nised, with even the possibility of commercial usage. The observation that polyethylen-

imine performed well ensured it was taken forward to the next stage of the work and used

alongside the in-house fabricatedmicrospheres. The dramatic cell detachment of cells from

polyethylenimine substrates at 30 ∘C—which did not occurwith laminin substrates—was

immediately acknowledged as a potential issue, as the cell retention device proposed was

expected to operate effectivelywithin processes carried out at reduced temperatures. How-

ever, later work proved this was not entirely the case when porousmicrocarriers, adsorbed

with polyethylenimine, were tested in mild hypothermic cultures.
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Chapter 4
cell pausing

overview

This chapter presents the results obtained whilst investigating cell ‘pausing’, a novel technique

where severe hypothermic temperatures are employed to halt the metabolism and growth of

CHO cells. Such methods could enable prolonged storage without cryopreservation and may

be beneficial within research and development scenarios, e.g. for the storage of different cell

cultures with on-demand culturing then possible. The work here first determines the optimum

pausing temperature for a range of pausing periods, before exploring the pausing of both sus-

pended and adhered CHO cells.

4.1 introduction to cell pausing

Cell pausing, a surprisingly neglected area of research within bioprocessing, was investi-

gated as a side project after inspiration from a piece ofwork published some years ago. This

work, byHunt et al. (2005), described several techniqueswhere a range of severe hypother-

mic temperatures (24 ∘C and under) were employed to stop the growth of — or ‘pause’ —

adhered and suspended CHO cells. The authors found that their technically simple meth-

ods, which did not involve any cryogenic materials, could be used to store cells for several

weeks at a reduced metabolite state and with no growth — yet the cells remained viable.

Upon returning to usual physiological conditions, cells resumed growth and continued

largely as before. The only other reports found demonstrating hypothermia to ‘pause’ bio-

logical material concerned cell therapies, where the refrigerated storage and transportation

of stem cells, cellular masses or even whole tissues would be clinically beneficial (Correia

et al., 2016; Robinson, 2017; Petrenko et al., 2019). For applications like these, where the re-

cipient is ultimately a patient, cryopreservation is not always suitable, and instead simple

refrigeration becomes appealing. A review, focusing on pausing for cell therapy, has been

provided by Robinson et al. (2014) and gives a comparison between cryopreservation and

refrigeration for cell storage.

Returning to the pausing of immortalised cell lines, it is recommended that Hunt et al.

(2005) is reviewed if readers are interested in the concept of cell pausing.However, themain

findings of the paper will be compared and discussed alongside the data obtained for this

chapter. For the sake of clarity, cell ‘pausing’ is defined in this work as the storage of cells
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within a severe hypothermic environment (below average room temperature) andwithout

any external buffering system (such as exogenous CO2) or agitation, so as to ensure growth

is arrested and cells kept within a lowmetabolic state. Pausing must occur without the use

of liquid nitrogen or other cryopreservation materials and cells must be able to return —

or ‘awaken’ — to typical metabolic function once physiological temperature and buffering

systems are resumed. There should be no considerable drop in viability from cell pausing.

As an example of a condition that would break this definition, the storage of cells using

temperatures at or below 0 ∘C,without the use of cryoprotectants, would not be considered

pausing due to the complete loss of viability anticipated by the formation of ice crystals.

Likewise, culturing cells at mild hypothermic temperatures, e.g. 32 ∘C with agitation and

CO2 exposure, would not be pausing, even if growth was successfully arrested.

Cell pausing already brings tremendous benefit, albeit outside of upstream processing.

The refrigeration of food and drink dramatically slows down the metabolism, and conse-

quently the growth of, potentially harmful bacteria and fungi. This in turn helps to prevent

the spoilage of perishable items, such as food and drink. Whilst such items are able to be

stored for prolonged periods using these cooler temperatures, microorganisms are like-

wise kept stored. Items which are brought out of refrigeration will soon show evidence of

microorganisms as cells are awakened and growth resumed. Cell pausing does hold some

relevance to the overarching aim of the work presented here. For cells that are retained us-

ing external cell retention devices, i.e. devices that can be physically handled by operators

outside of a bioreactor, ‘pausing’ them on-demand at any time during a continuous pro-

cess could be highly advantageous.Whilst thismay seem somewhat lacking in application,

such a technique could allow multiple sets of retention devices, loaded with CHO cells, to

be ‘paused’ and then ‘awakened’ as required. It can be argued this would be especially

beneficial to research and development laboratories, where an array of CHO cell clones

could be serially loaded, paused and then rapidly employed within continuous processes.

The objectives of the work presented in this chapter were to; (i) determine the optimal

temperature(s) for the pausing of CHO-S IgG cells; (ii) demonstrate these temperature(s)

for the pausing of CHO-S IgG cells in suspension culture for a range of time periods, in-

cluding awakening to resume normal culture; (iii) demonstrate the pausing of CHO-S IgG

cells adhered to adhesion substrates, and (iv) determine what effects, e.g. dissociation and

morphology, severe hypothermia have on adhered cells that are paused.

4.1.1 suspension cell pausing

The temperature at which cells are paused was the first parameter that needed to be deter-

mined before pausing could be employed in real scenarios, so it was decided first to test
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a range of temperatures with CHO-S IgG cells for a range of time periods. The definition

of cell pausing previously given did not allow agitation, i.e. the storage of cells had to be

technically easy to achieve, so suspended cells were first pausedwithin upright 15mL cen-

trifuge tubes, with caps tightly sealed. Cell viability was determined for each time period

using the trypan blue exclusion method. An optimal temperature would be one where cell

viability remained high, even after prolonged periods of storage.

Figure 4.1A shows the viability of cells paused at 4, 8, 23±1 (room temperature) and 37 ∘C

after 0, 2, 4 and 8 days. The cells paused at 37 ∘C were sealed, with no buffering system,

whilst non-paused cultures at 37 ∘C,with usual CO2 exposure and agitation, were included

as a control. For cells paused at 4 and 8 ∘C, viabilities of cells remained high for each of the

days tested, remaining above 95 % by day 8. There was no considerable difference between

the two. The viability of cells paused at room temperature began to drop on day 2, to less

than 90 %, and by day 8 had dropped further to 70 %. For cells paused at 37 ∘C (which,

technically, was not pausing), viabilities dropped dramatically from day 2 onwards. The

control, which simply measured the viability of cells within a normal 37 ∘C, 5 % (v/v)

CO2 incubator with agitation, had viabilities which remained high on days 2 and 4 until a

dramatic drop, to under 40 %, on day 8.

figure 4.1 Effect of temperature, during cell pausing, on CHO cell viability and glucose consumption. 5

mL CHO-S IgG cells, at 1.0 × 106 cellmL-1, were seeded in centrifuge tubes and ‘paused’ at either

4, 8, 23±1 (RT) or 37 ∘C for 2, 4 and 8 days. On each of these days, cells were gently resuspended

and (A) viability determined, with (B) glucose concentration determined on day 8. RT, room

temperature; NP, non-paused. Data represent mean ± SD, n=3 (biological triplicate).
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Figure 4.1B shows the glucose concentrations of cell culture medium of paused cells on

day 8 for each of the pausing temperatures tested. The concentration of glucose steadily

decreased as the pausing temperature increased, i.e. cells appeared to consume less glu-

cose at the lower pausing temperatures. For the non-paused cultures, glucose was totally

consumed with the concentration below the sensitivity of the blood sugar monitoring de-

vice. The concentration of glucose within unspent CD CHO, which was from the same lot

of medium as used for pausing, was also tested for comparison.

The aim of the experiment here, which was simple to carry out, was to find a temperature

where cell viability would remain high during pausing, despite vessels being unagitated,

buffered or warmed. The number of cells paused, 5 million within 5 mL, was chosen to

ensure enough samples could be taken for viability determination on each of the days.

During pausing, all cultures quickly formed cell pellets at the bottom of the centrifuge

tubes. For days 2, 4 and 8, these pellets were gently aspirated and dispensed using a pipette

and the viability of the resuspended cells determined. Immediately afterwards, cells were

placed back into their pausing environments to ensure temperature shifts were kept to a

minimum. It was not known if this brief resuspension affected cell viability, but it did not

appear to. The highest number of viable cells for each of the days tested were those paused

at 4 and 8 ∘C; amazingly, by day 8, cells paused at these temperatures still kept over 90 %

viability, despite not being agitated or buffered. The 4 ∘C environment used was the cold

room in our laboratory, which was highly accurate in keeping temperature, whilst the 8
∘C environment was a small refrigerator containing two independent thermometers. The

decision to attempt pausing using room temperature (which was recorded over several

days as around 23 ∘C in the laboratory ) was to observe if cells could instead be placed

within a secure cupboard, and thus would eliminate the need for refrigeration altogether.

It was considered remarkable that cells kept within a cupboard at ambient temperature

remained around 80 % viable, even by day 4, but not surprising that viability dropped

further by day 8. For cells paused at 37 ∘C, the sudden drop in viability by day 2 was

always expected; tubes were not agitated and caps sealed, but the physiological relevant

temperature remained and so cells were not subjected to any cold shock. The pH likely

increased rapidly as cells attempted to grow, but no buffering was possible.

The optimal pausing temperatures reported by Hunt et al. (2005) were actually 6, 17 and

22 ∘C. This was determined by pausing an adherent CHO cell line in microcentrifuge tubes

for 4 days without agitation. In their case, cells paused at 4 ∘C had viabilities below 30 %,

whilst those at 6, 17 and 22 ∘C were at least 60 % viable, with cells at 17 ∘C remaining the

most viable. The difference in the work here to that seen by Hunt et al. is likely down to
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the specific cell line used, as well as it being an adherent cell line paused in suspension.

Just like here, a 1.0 × 106 cellmL-1 cell density was used. Later experiments by Hunt et al.

paused cells again at 6 ∘C for 2, 6 and 20 days, with the viability decreasing to 60 % by

day 6, and to 40 % by day 20. From this and the data presented here, it is suggested that

the optimal temperature is likely cell type- and cell line-specific and should be empirically

determined every time for new cells.

Exposing mammalian cells, including CHO cells, to hypothermic temperatures results in

cold shock, which is a form of thermal stress. Whilst prolonged cold shock will almost cer-

tainly kill whole mammals (with the exception of those that hibernate), cells that have been

isolated from these mammals can often ‘survive’. The wide array of cellular responses to

this, which are essentially stress responses, has been discussed in the literature, albeit with

more emphasis on mild hypothermia (for the purposes of biopharmaceutical production

in culture), as demonstrated with data previously in § 3.1.4 and later in § 6.1.1. These re-

sponses to cold shock have been reviewed by Al-Fageeh et al. (2006) and include, but are

not limited to; (i) a substantial reduction inmetabolism, including a decrease in glucose and

l-glutamine consumption; (ii) inhibition of metabolic waste release; (iii) arrest of the cell

cycle (primarily in the G1 phase); (iv) disassembly of the cell cytoskeleton; (v) inhibition of

translation, and (vi) a slowdown inATP expenditure. The severity of these changes is likely

related to the extent of the temperature drop, e.g. whilst cells may still grow, albeit very

slowly, at mild hypothermia, total cell growth arrest may be observed at severe hypother-

mia, as was the case here. It must be remembered cells are sealed during pausing, so severe

hypothermia and even hypoxia has to be considered, although at lower temperatures the

amount of oxygen that can dissolve actually increases.

The data obtained for CHO-S IgG pausingwere very promising, with cells able to be stored

with minimum effort, at 4 and 8 ∘C, for up to 8 days with viabilities remaining above 90 %.

The health of cells upon awakening, i.e. when returned to 37 ∘C, CO2 exposure and agita-

tion, was the next consideration. It was decided cell growth and IgG titre within shaking

culturewere two parameters that could bemeasured after pausing to determinewhat effect

hypothermic storage had on cells once they had awakened. The above pausing techniques

described were repeated, with cells paused once again for 2, 4 and 8 days. At these time-

points, cells were resuspended and seeded into TubeSpin vessels for subsequent growth

studies. A subculture was attempted on day 5 of these cultures.

Figure 4.2A shows the viable cell densities during the first suspension culture (P1) of cells

previously paused at 4, 8 and 23±1 (RT) ∘C for 2, 4 and 8 days. A non-paused culture

was included as a benchmark for comparison. Pausing, for any of the time periods tested,
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figure 4.2 Effect of temperature and pausing duration on subsequent regrowth of CHO cells in suspen­

sion culture using TubeSpin vessels. 5 mL CHO-S IgG cells, at 1.0 × 106 cellmL-1, were seeded

in centrifuge tubes and ‘paused’ at either 4, 8 or 23±1 (RT) ∘C for 2, 4 and 8 days. On these days,

cells were gently resuspended and seeded into TubeSpin vessels for (A) suspension culture at

37 ∘C for 5 days (P1), before (B) subculturing for a further 5 days (P2), with viable cell density
determined on days 0, 1, 3 and 5 for both. RT, room temperature. Data represent mean ± SD,

n=3 (biological triplicate).

caused a reduced growth rate for subsequent cultures upon awakening, with differences

in growth observed at days 3 and 5 of the suspension cultures. For cells paused at room

temperature for 2 days, growth was stunted the most when compared with cells paused

at 4 and 8 ∘C. This trend continued for cells paused for 4 and 8 days, with those paused at

room temperature having decreasing growth rates; cells paused at room temperature for 8

days subsequently achieved very low cell densities, with an extremely stunted growth rate.

Cells paused at 4 and 8 ∘C shared similar growth patterns when paused for 2 and 4 days,

achieving around 6.0 × 106 cellmL-1 by day 5. However, for cells paused for 8 days a re-

duction in growth rate became apparent for both temperatures and a difference in growth
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between them was now observed. Cell densities achieved by day 5 were between 2 to 4 ×
106 cellmL-1, with cells paused at 8 ∘Cnow reaching a higher cell density than those paused

at 4 ∘C.

Figure 4.2B shows the viable cell densities during the second suspension culture (P2) of cells

previously paused at 4, 8 and 23±1 (RT) ∘C for 2, 4 and 8 days. These cultures were seeded

using cells fromday 5 of the first suspension culture (P1). The cell growth achieved for each

culture was now more uniform, regardless of the amount of days cells were previously

paused, with no considerable difference by day 5 between any of the cultures.

For each of the time points in this experiment, cells were not returned to pausing once vi-

abilities were taken, but instead seeded into shaking culture. The aim was to determine if

normal or near-normal cell growth could be resumed, despite hypothermic storage. The

viabilities of these cells after pausing matched those found in Fig. 4.1 (data not shown),

indicating the reproducibility of these conditions. The most immediate observation from

the awakening data were that the pausing of cells caused an extended lag phase once cells

were back in routine culture. This lag phase increased depending upon both the temper-

ature used to pause cells and the period of time that cells were paused. As expected, this

was most apparent with cells paused at room temperature; the small growth achieved by

these cells after 8 days paused indicated simply storing cells in the cupboard was not op-

timal for ensuring normal or near-normal growth once back in culture. The observation

that, for cells paused at 4 and 8 ∘C for 2 and 4 days, the growth once awakened was not

too dissimilar to non-paused cells was encouraging. This demonstrated for the first time

the feasibility of using these two temperatures for hypothermia storage. Hunt et al. (2005)

likewise resumed culturing after pausing at 6 ∘C for 2, 6 and 20 days, but relied on the

heterologous expression of GFP as an indirect measurement of cell growth, so direct com-

parisons cannot be made here. However, the authors found similarly that the length of

pausing had an effect on subsequent GFP expression, with cells paused for 20 days having

an extended ‘lag phase’. Interestingly, by day 5 cells paused for 2 and 6 days eventually

reached similar GFP expression levels, whilst those paused for 20 days approached similar

expression before day 6. Of course, this technique measured the productivity of the cells

rather than their actual growth.

The subculture, or the second passage, carried out in this work gave data as expected; the

results were similar to that seen during the passaging of previously dissociated cells in §

3.1.3. If an extended lag phasewas indeed happening, itwas suggested taking a seed onday

5 on the first passagewould effectivelymean seeding the second passagewith cells actually

at early exponential stage. On the other hand, subculturing the non-paused cultures on day
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5 meant seeding the next passage with cells at mid-stationary phase, which would explain

its slight drop in growth in the second passage. However, the first theory does not exactly

hold true; the cells paused at room temperature for 8 days achieved very little growth

after 5 days, yet they showed a rebound during the culture of the second passage, as was

the case with the other pausing periods. There was possibly some recovery process going

on, as cells ‘awakened’, and it was proposed to simply passage at an earlier time point

to attempt to return the cells to normal function more rapidly. Hunt et al. (2005) did not

attempt subculturing in their experiments.

As was the case in Chapter 3, the measurements of viable cell density were only taken on

days 0, 1, 3 and 5 and so no complete growth curve can be seen. A similar experiment

was attempted, except Erlenmeyer flasks were used as vessels for awakened cells; the in-

creased volumes meant daily samples could now be taken, and antibody titres also deter-

mined. Figure 4.3A shows the viable cell densities during the first suspension culture of

cells previously paused at 4, 8 and 23±1 (RT) ∘C for 4 days. The non-paused culture was,

once again, included as a benchmark for comparison. With the growth each day now visi-

ble, the previously paused cells do not have an extended lag phase as previously thought;

rather, the growth achieved during the lag phase is lower before a stationary phase oc-

curred. The cells paused at 4 and 8 ∘C shared almost matching viable cell densities, with

cells paused at room temperature showing the lowest. Interestingly, all three previously

paused cultures appeared to ‘jump’ in their viable cell densities after day 6, resulting in

what appeared to be a transient stationary phase. Because of this, the cultures previously

paused at 4 and 8 ∘C actually reached the same viable cell densities as the non-paused

cultures by day 7.

The IgG titre was determined daily, with a reduction in titre seen between days 4 and 5

for all previously paused cells. However, by day 7 cells previously paused at 4 and 8 ∘C

achieved the same titre as the non-paused cultures, agreeing with that seen by Hunt et al.

(2005). The cell-specific productivity, qP, was determined for all cultures at two different

time periods, between 0 to 5 days, and between 0 to 6 days. For the former, the non-paused

cultures had the higher qP, approaching 6 pgcell-1day-1, whilst for the latter, interestingly,

all cultures had similar productivities between 7–8 pgcell-1day-1. This may be caused by a

general lag in cellular function for all cells that were paused.

Figure 4.3B shows the suspension culture of cells previously paused at 4, 8 and 23±1 (RT)
∘C for 4 days, except in this instance they were subcultured to a second passage on day 3.

For the first passage (P1), the pattern in growth was as previously; yet for the second (P2),

all previously paused cultures nowgrew at similar rates, with these cells actually achieving
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higher growth from day 2 until day 6, when compared to the non-paused cultures. The IgG

titres were also determined daily, and now showed a similar pattern between all cultures.

figure 4.3 Effect of temperature and pausing duration on subsequent regrowth of CHO cells in suspen­

sion culture using Erlenmeyer flasks. 5 mL CHO-S IgG cells, at 1.0 × 106 cellmL-1, were seeded

in centrifuge tubes and ‘paused’ at either 4, 8, 23±1 (RT) or 37 ∘C for 4 days. On this day, cells

were gently resuspended and seeded into 125 mL Erlenmeyer flasks for (A) suspension culture

at 37 ∘C for 7 days, with IgG titre determined daily. This was repeated except (B) at day 3 (black

arrow), cultures were subcultured for a further 7 days. RT, room temperature. Data represent

mean ± SD, n=3 (biological triplicate).

The data here matched the regrowth experiment previously carried out using TubeSpin

vessels. The jump in viable cell density after day 6 was intriguing; it did not occur with the

non-paused cultures and so could be the consequence of some cellular function eventually

resuming after the pausing period. For cells paused at 4 and 8 ∘C, there is, however, over-

lap between the error bars of the data points on days 6 and 7. Repeating this experiment

would be helpful to see if this sudden increase in viable cell density occurs again.Hunt et al.

(2005) could not report a similar finding due the use of GFP expression as an indirect mea-

surement of cell growth. However, in a separate experiment which measured cell number

directly, the regrowth of CHO and HEK cell lines previously paused at 4 ∘C revealed there

was a slight boost towards the end of the culture, with cultures eventually reaching similar

viable cell densities as the non-paused cells. The qP, when determined between days 0 and

6, demonstrated an apparent switch from cell growth and the accumulation of biomass

to IgG production — in much the same way as usually occurs when mammalian cells are
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subcultured at mild hypothermic temperatures. For instance, the cells paused at room tem-

perature achieved similar qP to the non-paused cells, despite not achieving a similar cell

density and despite being previously sealed in a cupboard for 4 days.

The return to normal growth, as demonstrated when paused cultures were subcultured

on day 3 within Erlenmeyer flasks, offers a technique to speed up the awakening process

for previously paused cells. It must be remembered that subculturing, by its very nature,

effectively takes the most viable cells from the current passage into the new one, and so

this could simply be a case of carrying over the cells least affected by cold shock. The time

and materials needed to perform an initial subculture several days after awakening may

be a tolerated requirement for cell pausing, especially when compared to cell storage via

cryopreservation.

4.1.2 adherent cell pausing

The pausing of adherent CHO cellswas of greater interest due to its potential use in any cell

retention device developed in this work. The ability to simply and easily store cells, them-

selves adhered onto a structure (be it microsphere or otherwise), could prove extremely

beneficial for research and development purposes. The biggest issue posed by the use

of severe hypothermia was any possibility of cell detachment during the pausing period.

Mild hypothermia had already been shown, in § 3.1.4, to cause considerable detachment

of CHO-S IgG cells adhered to polyethylenimine substrates. Hunt et al. (2005) confirmed

cool temperatures used for pausing did indeed cause dissociation of cells fromvessels, with

both CHO and HEK cells detaching from uncoated polystyrene surfaces, when stored at 4
∘C for 9 days. This occurred even in the presence of serum.

It was decided a visual analysis of the morphologies of cells, adhered to adhesion sub-

strates, after pausing via severe hypothermia would be interesting. Figure 4.4A and 4.4B,

on the next page, shows themorphology of CHO cells pausedwhilst adhered to fibronectin

and polyethylenimine substrates, respectively. Cells were adhered to glass plates overnight

and paused the followingmorning at either 4 or 8 ∘C for 4 days. The 37 ∘C (non-paused)mi-

crographs show themorphologies of cells immediately before pausing. These observations

match those seen previously in Chapter 3; cells adhered to fibronectin took on elongated

shapes, with ‘classic’ adherent cell morphologies seen. Cells adhered to polyethylenimine

remain rounded, yet multiple contact points, which appeared as ‘stretched’ areas of the

membrane, can be seen between each cell and the plate surface.

Pausing revealed obvious visual effects on cells adhered to fibronectin and polyethylen-

imine substrates; however, the apparentness of these effects depended upon the temper-
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figure 4.4 Effect of temperature, for cell pausing purposes, on the morphology of CHO cells adhered

to polyethylenimine and fibronectin substrates. 150,000 CHO-S IgG cells adhered to PEI and

FN substrates on untreated 8-well glass plates were ‘paused’ for 4 days at either 4 or 8 ∘C. After

washing, adhered cells were fixed, and (A) cells on fibronectin and (B) cells on polyethylenimine

imaged using a phase contrastmicroscope at 10× and 20×magnifications. NP, non-paused. Scale
bars = 100 µm.

ature employed. For all temperatures and substrates, pausing for 4 days caused cells to

slightly shrink and appear rounded. Cells adhered to fibronectin and paused at 8 ∘C ap-
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peared less elongated, with cells seeming to separate from one another. This effect was

amplified for those paused at 4 ∘C, with cells now appearing ‘shrivelled’ with spider-like

contact points visible between cells and the vessel. Cells adhered to polyethylenimine re-

vealed similar observationswhenpaused,with those at 8 ∘Cbecomingmuchmore rounded

in shape, with less contact, or ‘stretched’ areas, visible on the vessel surface. Once again,

this was exaggerated for cells paused at 4 ∘C. For the smaller number of cells which had

taken elongated shapes prior to pausing, storing them at 4 ∘C also caused them to show

spider-like contact points with ‘wrinkled’ appearances.

The use of severe hypothermia had a striking effect on the appearance of adhered cells, with

these changes likely a result of cold shock on the cell cytoskeleton. Changes to cytoskeletal

components, including the membrane, have been demonstrated with cells placed in low

temperature environments. The culturing of CHO-K1 cells by Roobol et al. (2009) at 4 ∘C for

just 6 hr caused cells to become rounded and less well spread, whilst those at 27 ∘C did not

show these same observations and appeared similar to cells kept at 37 ∘C. Any change in

cellular appearance is likely to be cell line-specific and highly likely to be cell type-specific.

Neutelings et al. (2013) cultured adherent human lung fibroblasts for 5 days, at just 25
∘C, and reported detachment and morphological alterations, with cells now rounded and

‘apoptotic-like’. These new appearances persisted even after 37 ∘C had been restored for

24 hr.

Glass was chosen for this experiment due to the optical properties, with clearer micro-

graphs capable. Whilst far outside the scope of this work, the selective staining of indi-

vidual cytoskeleton components may be useful here. With the potential application of cell

pausing, the effect of severe hypothermia ondetachment and cellular function is important.

In the above experiment, the viability of cells was not determined and cells were washed

twice before imaging, so any detachment, if present, was not observed or measured. The

pausing of adherent cells was attempted again with polystyrene plates, but PrestoBlue and

trypsinisation was now employed to determine if cells were indeed being detached.

Figure 4.5A shows the number of cells present after CHO cells, adhered to fibronectin or

polyethylenimine substrates, were paused for 2, 4 and 8 days at either 4 or 8 ∘C. PrestoBlue

was used in this instance, with the fluorescence observed with cells prior to pausing being

assigned 100 % (dashed lined), and all fluorescence values thereafter normalised to this.

A non-paused culture at 37 ∘C was included as a control. Paused cells were washed twice

before incubation with PrestoBlue to determine fluorescence values. Cells adhered to both

fibronectin or polyethylenimine substrates, at either of the two temperatures, experienced

similar reductions in fluorescence when paused at 2 or 4 days. Cells paused at 4 ∘C for 8
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days showed a greater reduction in fluorescence than those paused at 8 ∘C. This was simi-

lar for both adhesion substrates. As expected, the non-paused cultures grew on days 2 and

4 before experiencing a dramatic drop in cell number by day 8. These data were surprising

and disappointing, but it did not match what was observed. Whilst some detachment of

cells was evident upon washing, it did not correlate with the severe reductions in fluores-

cence seen after incubationwith PrestoBlue. Indeed, the data suggested that around 50%of

cells were detached by day 4, for both substrates, but over half the surface area of the wells

still visually retained cells on this day, particularly for cells paused at 8 ∘C. It was quickly

suggested that, remembering PrestoBlue is essentially a measure of cell metabolism, the

use of this assay was not suitable on cells which had been subjected to severe hypothermia

— which affects metabolism — for extended periods. Repeating the experiment, but in-

stead dissociating the cells with trypsin on each of the days and using direct cell counting

was attempted.

Figure 4.5B shows a repeat of the experiment just described, except using dissociation via

trypsinisation to observe any detachment from cell pausing. Only polyethylenimine was

employed as an adhesion substrate in this instance. For this experiment, the number of cells

directly counted by the trypan blue exclusionmethod after trypsinisationwas assigned 100

%, with all cell counts thereafter normalised to this. The difference when compared to Fig.

4.5A is apparent; pausing cells for 2 days at either 4 or 8 ∘C did not cause any cell detach-

ment, despite cells being washed prior to trypsinisation. Cells paused at 8 ∘C for 4 days

continued to experience no detachment, yet those stored at 4 ∘C for this same period did,

with cell numbers falling below 70 %. For cells paused for 8 days, the correlation between

detachment and temperature continued; cells at 4 ∘C dropped below 15 % of their initial

number, whilst those at 8 ∘C dropped to less than 60 %.

The use of 8 ∘C as a pausing temperature was favourable over 4 ∘C, with less detachment

observed from cells adhered to polyethylenimine substrates. The ultimate aimwould be to

load a cell retention device to full capacity before placing it within a severe hypothermic

environment for pausing. Because of this a suspension of 1.5 million cells was chosen here

to load onto 24-well plates as this was found, in earlier work, to cover the entire area of

each well. However, the data here did not show what effect pausing had on adhered cells,

in respect to their growth or productivity, and if it differed to that seen with cells paused

in suspension. This remains an area of future work.

Figure 4.5C shows images obtained before and after the pre-warming of paused cells ad-

hered to PEI-adsorbed wells. Cells were paused for 2 and 4 days, with separate plates used

for each time point to ensure cells were not placed back into pausing conditions after day
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2. The effect of pre-warming (placing plates in an incubator at 37 ∘C, 5 % (v/v) CO2 for 3

hr, was immediately apparent on the morphology of the cells. As first shown in Fig. 4.4,

paused cells took on a rounded appearance (similar in shape to yeast) with a reduced size.

These changes appeared to reverse after the pre-warming step, with visible evidence of

cells regaining attachment points to the well surface and losing their rounded appearance.

This was most apparent with cells paused for 4 days, with most cells rounded by that time.

’0 Days Paused’, in this instance, shows the cells immediately before they were paused at

8 ∘C. The visual differences between day 0 and days 2 and 4 (before pre-warming) showed

that pausing caused cells to shrink and lose their confluency. After pre-warming, cells ap-

peared somewhat aggregated as they took on reattached morphologies but remained in

their ’new’ locations on the well surface. Whilst not attempted here, it was suggested pre-

warming could be utilised as a method to reduce the loss of adhered cells during pausing.

With some evidence of cell detachment observed in Fig. 4.5B, heating plates for several

hours could enable the reattachment of cells that had previously detached during the paus-

ing process.

4.1.3 conclusions

Thework in this chapter began to explore the use of severe hypothermia to store, or ‘pause’,

CHO cells for prolonged periods without the need for cryopreservation. It was expected

these techniques could eventually be employed for the pausing of CHO cells within ex-

ternal cell retention devices, such as the one developed here. This could enable rapid and

on-demand pausing and awakening of different cell cultures. The use of hypothermia to

store CHO cells has been neglected in the literature, with only Hunt et al. (2005) investigat-

ing this potential application with dedicated experiments. The aim here was to determine

a temperature suitable to pause a specific cell line, CHO-S IgG, both in suspended and

adhered cultures.

A selection of temperatures were first tested, for a range of days, using CHO-S IgG cells in

suspension culture. Cells paused at 4 or 8 ∘C kept the highest viabilities and seeding these

previously paused cells back into shaking culture at 37 ∘C revealed they could indeed be re-

grown, albeit with lower cell densities achieved. Subculturing cells once appeared to return

cell growth and IgG titre to normal levels. The findings were interesting, as the optimum

pausing temperatures did not entirely agree with Hunt et al. (2005), which instead chose 6
∘C, and found 4 ∘C unsuitable.

It was known prior to these experiments that temperatures below 37 ∘C affected the ability

of cells to remain adhered to vessel surfaces. Detachment from T-25 flasks was previously
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demonstrated when CHO-S IgG cells, adhered to polyethylenimine substrates, were cul-

tured at 30 ∘C. The appearance of adhered cells, when paused at low temperatures, was

determined. Micrographs were acquired for cells adhered to fibronectin and polyethylen-

imine substrates and paused at either 4 or 8 ∘C for 4 days. Visual observation revealed

changes in cell morphology, with themajority of cells now displaying a rounded, shrunken

appearance. For those paused at 4 ∘C, these observations were more striking. Literature on

the effects of hypothermia on adherent cell lines agreed with this data, and confirmed the

cytoskeleton is strongly affected by cooler temperatures. Finally, the extent of cell detach-

ment from pausing was briefly investigated, with 8 ∘C, as opposed to 4 ∘C , found to keep

cells adhered for longer periods.

This chapter was a side project, and indeed was a tangent to the main aim of the work

presented here. However, as with most of the experiments in this thesis, it has acquired

data whichmay prove useful for the development of future techniques.Whilst the pausing

of immortalised cell lines is largely an academic exercise at present, the use of hypothermic

storage could become more widespread if it can be shown the effects on cells are kept to a

minimum.
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polyhipe microsphere technology

overview

This chapter presents the results obtained in the middle of the project, which focused upon the

development of acrylic polyHIPE microspheres and their possible use as the physical compo-

nent of the cell retention device. It is divided into two parts; (i) the development of polyHIPE

microspheres, including a focus on the conditions required to fabricate highly monodisperse,

macroporous microspheres, and (ii) the initial uses of these fabricated microspheres, includ-

ing functionalisation with polyethylenimine and subsequent seeding with cells at high density

within novel cell loading systems. The majority of the work presented in this chapter is mate-

rials science-related and discusses the challenges that needed to be overcome for the adaption

of polyHIPE microspheres, and their fabrication, for use in this project.

5.1 introduction to polyhipe materials development

Polyethylenimine had previously been identified as an inexpensive, animal origin-free ad-

hesion substrate. It was found to be as effective as animal-derived proteins and other com-

monly used animal origin-free substrates, and so was taken forward as the chemical com-

ponent of the cell retention device. The next task was to develop a fabrication process for

the physical component of this proposed retention technology. One of the major benefits

from employing continuous culture is intensification, or the ability to sustain very high cell

densities at smaller volumes — however, this is only possible if the cell retention device

can itself hold a large number of cells.

Microspheres were suggested as the physical component of the cell retention device due to

their potentially high surface-area-to-volume ratios. Such an attribute means simply that

a relatively small volume of microspheres can adhere and retain a large number of cells. It

was reasoned macroporous microspheres, i.e. spherical structures containing pores large

enough to permit cells entry to internal surfaces, would present even greater surface areas

for cells to attach. Microspheres are also versatile and scalable; they can be utilised within

virtually any vessel and, potentially, at any volume. Microspheres, or microcarriers, are

currently available commercially in either solid, microporous and macroporous formats.

However, they frequently demand coating with serum — to encourage the adsorption of

attachment proteins — before cells can be attached. They are also generally expensive and
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so any plan for scaling up or out needs to take this into consideration. Many cell retention

devices have been demonstrated and indeed employed industrially, with some available to

purchase. But the lack of versatility (many retention devices need to be paired with corre-

sponding systems) and the relatively large scales (there are no easily adaptable, bench-scale

retention devices) meant these off-the-shelf products were, again, not compatible with the

main aim of the project. Polymerised high internal phase emulsions, or polyHIPEs, were

an attractive material type to explore for the purposes of retaining cells at high density.

By their very definition, polyHIPE materials are at least 74 % porous; such materials, if ob-

tained inmicrospheric formats and if pairedwith polyethylenimine substrates, could prove

to be an extremely effective cell retention device. PolyHIPEs can be fabricated rapidlywith-

out high cost or advanced equipment, being particularly suitable for the in-house manu-

facture of specialised materials. They are usually fabricated using monomers industrially

produced using sythnetic sources, keeping with the animal origin-free requirement of the

proposed cell retention device.

The Department of Materials Science and Engineering had prior experience of fabricat-

ing polyHIPEs, mainly in monolithic formats, for use as cell scaffolds and supports in

tissue engineering applications. The fabrication of polyHIPE microspheres had also been

reported by a group in the laboratory (Paterson et al., 2018), where the acrylic monomers

2-ethylhexyl acrylate (EHA) and isobornyl acrylate (IBOA)were usedwithin a bespoke lab-

scale fluidic system. This system, which was available to use for the work here, could be

readilymodified as required by the operator. The very nature ofHIPE generationmeant the

properties of the resultant polyHIPE could likewise be easily changed tomeet the demands

of the application. This prior experience in a neighbouring department made polyHIPEs

an attractive option to explore for the physical component of the cell retention device.

The main objective of the work presented in this chapter was to adapt current in-house

polyHIPE materials for use with polyethylenimine substrates. The chemical and physical

components would combine to become the in-house cell retention device. The specific ob-

jectives for the first part of this chapter were to; (i) ensure themonomers used for polyHIPE

fabrication are suitable for microsphere handling, and (ii) rapidly and reproducibly fabri-

cate < 300 µm macroporous polyHIPE microspheres, ensuring a high degree of monodis-

persity. The second part of this chapter looks at the initial applications of the polyHIPE

microspheres that were ultimately developed.

5.1.1 building in carboxyl functionality

It is widely known that polymeric materials fabricated using hydrocarbons, such as

styrenic or acrylic monomers, are hydrophobic. As demonstrated in Chapter 3, treated

136



chapter 5 – polyhipe microsphere technology

(hydrophilic) polystyrene was more effective at attaching and allowing the adherent

growth of CHO cells than untreated (hydrophobic) polystyrene. Whilst it has been shown

previously in this work that the attachment of CHO cells can be vastly improved by

the prior adsorption of adhesion substrates, other issues may arise when the polymeric

material is not a plate or a vessel, but rather a suspension of microspheres. For instance,

untreated polystyrene microspheres will rapidly aggregate when placed in aqueous

solutions, including cell culture medium. It is correct to suggest that adsorbing adhesion

substrates to polystyrene microspheres would increase their wettability and prevent this;

however, the aggregation within the coating solution itself may actually hinder adsorp-

tion. Solutions do exist to overcome this. Polystyrene microspheres are often fabricated

with a surfactant to ensure proper stability in solution. Some manufacturers suggest the

addition of a surfactant post-fabrication, such as Tween 20, to help break up clumps when

they occur. However, there is still the issue presented to the operator of ensuring sufficient

adsorption of substrate, with questions asked as to whether there is any competition

occurring between the surfactant already present and the substrate added.

These issues were particularly important in the work presented here; microspheres were to

be fabricated in-house, washed and sterilised and then adsorbed with polyethylenimine.

It had to be guaranteed that microspheres would not aggregate upon fabrication, or dur-

ing the coating process, or even later in medium during culture. Whilst this may appear

trivial to readers, the aggregation of microspheres in the early stages of the project proved

to be extremely troublesome — and frequently delayed the next section of planned work.

It was proposed that a monomer, containing a reactive functional group, could serve to

stabilise fabricated polyHIPE microspheres. Such a group could be ionic in nature and

thus cause electrostatic repulsion between neighbouring microspheres when in aqueous

solutions, such as coating buffers or culture medium. These localised repulsions, if strong

enough, would eliminate aggregation and allow a stable suspension of microspheres.

Previous polyHIPE work carried out by the Department of Materials Science and Engi-

neering employed numerous acrylic monomers, such as EHA and IBOA as monomers

and trimethylolpropane trimethacrylate (TMPTA) as a crosslinker — a cross linker be-

ing a monomer employed to join adjacent polymer chains. Whilst compatible with the

generation of a HIPE, none of these three monomers contained any functional groups

of interest. This posed no issue when monolithic polyHIPEs were desired, as the mate-

rials could be easily coated with serum, or any dedicated adhesion substrate, prior to cell

culture without the risk of aggregation. However, for microspheres, the lack of any reac-

tive groups may cause handling issues post-fabrication, including clumping, and indeed

this did occur. With respect to their chemical structures, the acrylic family is diverse with
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countless monomers available to purchase from multiple suppliers. This diversity means

acrylic monomers exist that indeed contain reactive functional groups. Theoretically, these

monomers could be included in a HIPE, rapidly cured upon exposure to UV radiation and

the resultant polyHIPE then presumed to possess these same functional groups within its

structure. In practice, and particularly for the generation of high volume emulsions like

HIPEs, it is not so simple. The presence of one or more functional groups may impact the

formation of the emulsion (particularly if the monomer is not sufficiently hydrophobic)

or, if successfully formed at first, the emulsion may eventually become unstable and the

phases separate before polymerisation can be performed.

A literature search revealed several acrylic monomers with potentially useful functional

groups. The first, trimethylolpropane tris(3-mercaptopropionate), possessed three thiol (–

SH) moieties and had been demonstrated as compatible for the fabrication of stable poly-

HIPEs by Langford et al. (2014). In this instance, the authors were mostly concerned in

the potential to use monolithic polyHIPEs for thiol-ene ‘click’ chemistry reactions, rather

than to overcome aggregation or improve material handling. The second, 2-aminoethyl

methacrylate hydrochloride, contained a primary amine (–NH2) group. This had already

been investigated as a potential monomer in the laboratory, but it was supplied as a coarse

powder and could not be easily dissolved in either water or any other solvent tested. It was

regarded as not compatible for HIPE generation, but further investigation into this could

prove worthwhile. For instance, if polyHIPE microspheres were fabricated entirely using

this monomer, and if the primary amines were indeed exposed on the surfaces of each

structure, coating with a substrate such as polyethylenimine (which, of course, encourages

adhesion via its amines) may not be strictly needed. Essentially, this could enable the fab-

rication of a ready-to-use cationic microsphere.

The third and fourth monomers identified both contained a single carboxyl (–COOH)

group; mono-2-(methacryloyloxy)ethyl maleate and mono-2-(methacryloyloxy)ethyl

succinate (later assigned the initialism ‘MAES’ in this work). The covalent linking of an

amine to a carboxyl, to form an amide bond, was a well-established reaction and so could

potentially be used to chemically link fabricated microspheres with polyethylenimine

substrates. It was also known that carboxyls will cause repulsion between structures in

aqueous solutions due to their charged, ionic forms in pH 7 environments. No reports

in the literature could be found regarding the use of these two monomers in polyHIPE

synthesis, although MAES had been employed previously within a polyelectrolyte brush

(a type of responsive polymer, or smart surface) due to its carboxyl functionality (Xu et

al., 2011). It was decided MAES would be purchased as the chemical structure appeared,

from a glance, more suitable for polymerisation; a carboxyl group was present at one end
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of the main hydrocarbon chain, with an acrylate double bond at the other end. It was

expected this carboxyl group would be easily exposed within any polymerised material.

Mono-2-(methacryloyloxy)ethyl maleate, in comparison, contained another C=C bond

within its main chain and any reaction relating to this was not desirable. Fortunately, as

with EHA and other acrylic monomers used in the laboratory, MAES was supplied as a

viscous liquid and no dissolution testing was necessary. It was also inexpensive.

Before an attempt was made to fabricate a polyHIPE using this newfound monomer, a

method to detect carboxyl groups within a porous, polymeric material was required. Crit-

ically, these carboxyl groups had to be exposed on the surface to give the material both

hydrophilicity and the potential to covalently link with the amines present in polyethylen-

imine. Hayward et al. (2013b) employed the stain toluidine blue O (TBO) to visually de-

tect carboxyl groups within polyHIPEs fabricated using acrylic acid. In this instance, the

authors had simply added acrylic acid into the aqueous phase. These polyHIPEs did suc-

cessfully incorporate carboxyl groups at their surface and as a result were stained after

exposure to TBO. Thismechanism of detection is based upon charge; TBO is a cationic com-

pound (by virtue of its single tertiary amine) and will bind to negatively-charged chemical

moieties (such as deprotonated carboxyl groups) within materials when incubated in ba-

sic (pH > 7) solutions. Structures containing no negatively-charged groups will not readily

stain and can be cleansed of the reagent upon prolonged washing. Hayward et al. (2013b)

only provided visual data of TBO uptake (a sample alongside a control, which did not

stain), but quantitative data would be beneficial to see if adding a greater volume of acrylic

acid (or rather MAES, as for the work here) would consequently cause an increase in TBO

uptake. This would then confirm a relationship between an increase in monomer and an

increase in the concentration of carboxyl groups eventually present in the material.

A technique to determine the concentration of TBO — bound to carboxyl groups within a

material — would be to extract, or release, TBO from the material and subsequently mea-

sure its concentration. TBO in solution is a brilliant purple and so its absorbance can be

determined using a spectrometer. A method to extract TBO would rely on reversing the

ionic interactions between the tertiary amine and any negatively-charged moiety within

the material. Acetic acid had previously been used to extract bound TBO from carboxylic

acid-containing structures (Jackson et al., 2014a). Due to its protic nature, the addition of

acetic acid to a material bound with TBO would interrupt the ionic attraction and release

TBO back into solution. Before this assay could be attempted, typical wavelengths of max-

imum absorbance of TBO would first have to be determined.

TBO was supplied as a fine, dark-purple powder. As acetic acid would ultimately be used
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to extract TBO fromany polyHIPEmaterial, a range of solutions using 50% acetic acidwere

first prepared. The absorbance of these could subsequently be measured, with spectra pro-

duced for each used to confirm that anywavelengths of maximum absorbance agreedwith

values reported in the literature. In this instance a NanoDrop spectrophotometer, which

only required 2 µL sample, was used. Figure 5.1A shows the full absorbance spectra, from

250 to 750 nm, for TBO dissolved in 50 % acetic acid at solutions of 25, 50, 100, 200, 300,

400, and 500 µM. The spectra showed two peaks, or wavelengths of maximum absorbance;

the first around 280 nm and the second around 625 nm. These two peaks gave greater ab-

sorbance values as the concentration of TBO was increased, as expected. The inset shows

the spectra of 25 µM TBO in greater detail, which gave absorbance values under 3. Fig-

ure 5.1B shows the full absorbance spectra for TBO, but this time dissolved in 50 % acetic

acid at 50, 25, 12.5, 6.25, 3.125 and 1.5625 µM, i.e. a serial dilution beginning at 50 µM. The

standard curve shows the absorbance at these concentrations, at 626 nm only (the primary

maximum absorbance of TBO), with a regression line added. The R2 value was determined

as 0.9998.

figure 5.1 Absorbance spectra of TBO at a range of molarities. TBO was dissolved in 50 % acetic acid to

give a range ofmolar concentrations, whose (A) absorbance spectrawere determined (a, 25; b, 50;

c, 100; d, 200; e, 300; f, 400; g, 500 µM); top left inset shows absorbance for TBO at 25 µM, showing

wavelengths of maximum absorbance at more suitable values, i.e. approaching 1.0. Starting from

50 µM, a serial dilutionwas preparedwhose (B) absorbance spectrumwas determined (a, 1.5625;

b, 3.125; c, 6.25; d, 12.5; e, 25; f, 50 µM) and a standard curve with absorbance at 626 nm also

prepared. For the absorbance spectra in (A) and (B), only one technical reading was carried out.

For the standard curve in (B), data represent mean ± SD, n=3 (biological triplicate).

TBO readily dissolved in 50 % acetic acid at all the molarities tested to give bright purple

solutions, with 50 % acetic acid used as a blank before each absorbance measurement was

performed. The highest molarities tested gave intensely coloured solutions. The twowave-

lengths of maximum absorbance observed, 280 nm and 625 nm, agreed with literature

reports (Jebaramya et al., 2009; Jackson et al., 2014b), indicating the methods applied here
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were correct to take forward as an assay for carboxyl group detection. High molarities of

TBO were initially tested as a crude validation experiment, simply to see if any repeatable

absorbance could be identified. For actual experimentation, these molarities were far too

concentrated for absorbance testing and it was decided to use lower molarities, to ensure

absorbance values of 1.0 or under, for eventual use inmaterial analysis. The standard curve

was determined using serial dilutions beginning at 50 µM to see if this was indeed possi-

ble. These data, produced using absorbance values at 626 nm, confirmed the absorbance

at this wavelength could be employed as a metric. This value could be later used for the

accurate detection of carboxyl groups within any materials previously bound by TBO.

The generation of HIPEs, using increasing concentrations of MAES, was attempted. Due

to its familiarity within the laboratory, EHA was paired with MAES in varying combina-

tions to see what effect this may have, if any, on the formation of the emulsion. As with all

polyHIPE work in the laboratory, TMPTA was used as a crosslinker and a surfactant, Hy-

permer B246,was added at 10%. If an emulsionwas successfully generated and apolyHIPE

then fabricated, the materials could be exposed to TBO to determine if carboxyl groups, as

present on MAES, were incorporated into the cured structure. The first test was to see if

carboxyl groups would indeed be present in a polyHIPE, regardless of the specific mate-

rial format. Because of this, the creation of monolithic structures was initially performed

due to ease and speed of fabrication. Figure 2.2, shown previously in § 2.4.1, is a schematic

detailing the tasks taken to generate the HIPEs described here, and indeed every HIPE, in

this work.

The generation of HIPEs, containing EHA and MAES (as monomers) and TMPTA (as a

crosslinker) was a success. MAES was added to a beaker at either 0, 2, 4, 8 or 16 % of

the total monomer weight, after a corresponding amount of EHA had been added. Whilst

agitating this monomer mix (which also contained the crosslinker and the dissolved sur-

factant) at 300 rpm, water was added dropwise over 5 min to make a 90 % HIPE. For all

weights of MAES attempted, an emulsion began to form 20 s after the start of the water ad-

dition. The monomer mix, initially a clear sticky liquid, began to turn a milky white after

this point. Continuing to add water increased the viscosity of the emulsion, as expected,

until an opaque, white HIPE had formed. The final viscosity of the HIPE did not, at least

by eye, appear to be as high as that seen with other HIPEs, particularly those generated us-

ing EHA and IBOAmonomers. For HIPEs generated using IBOA, the emulsion eventually

generatedwas a thick paste which could be ‘spooned’ out using a laboratory spatula. Inter-

estingly, HIPEs generated with higher concentrations of MAES appeared to have reduced

viscosities, relative to HIPEs generated using lower concentrations of MAES. Indeed, for

thosewith 8 or 16%MAES, the final HIPE could be easily poured or shaken by hand. How-
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ever, the emulsion remained stable and did not separate, even if the beaker was removed

from the stirrer and left undisturbed. These low viscosities would later prove to be highly

beneficial in the fabrication of polyHIPE microspheres, as discussed in § 5.1.3.

PolyHIPEmonoliths containingMAESwere fabricated by dispensing 300 µL of each HIPE

intowells of a 24-well plate, curing until polymerisation had occurred, and then cutting out

disc-like shapes using a metallic cutter. Care was taken so as to ensure all discs were iden-

tical in dimension. Discs were washed in acetone before TBO exposure to cleanse the sur-

factant and any monomer remnants not cured during polymerisation. This acetone wash

was performed for all polyHIPE materials, regardless of their monomer content, immedi-

ately after fabrication and so was continued here. Operators in the laboratory previously

employed methanol for this wash, but it was found that methanol did not actually dis-

solve the surfactant, yet acetone did. Discs were later primed in glycine-sodium hydroxide

buffer, at pH 10, to ensure full deprotonation of any exposed carboxylic groups, before

incubation with 50 µM TBO within a fresh solution of the same buffer. After incubation,

all discs were washed for 24 hr, again with fresh glycine-sodium hydroxide buffer, before

extraction with acetic acid and determination of absorbance at 626 nm.

Figure 5.2A shows the absorbance of TBO, at 626 nm, extracted from polyHIPE discs fab-

ricated with increasing concentrations of MAES. As MAES was increased, the amount of

TBO taken up, i.e. the amount bound to the carboxyl groups, also increased. This increase

was confirmed by measuring the absorbance of the extracted TBO, with 2 %MAES giving

an absorbance of 0.5, 4 %MAES over 0.1, 8 % over 0.2 and 16 % around 0.35. Thus, the con-

centration ofMAES used in theHIPE dictated the concentration of carboxyl groups present

in the resultant polymer material. PolyHIPEs fabricated using only EHA did not associate

with TBO and did not give any extracted TBO upon acetic acid exposure. The acetic acid

for these samples thus gave no absorbance when measured at 626 nm.

Figure 5.2B and 5.2C show visual evidence of TBO uptake and a difference in hydrophilic-

ity between the 0 and 16 % MAES polyHIPEs; these materials were photographed after

overnight washing following incubation with TBO, and again after TBO extraction. The

16 % MAES discs heavily associated with TBO, with the materials staining a deep pur-

ple. The 0 % MAES also did stain, however, the difference became apparent during the

washing step. The 0 % MAES discs returned to their usual white colour, whilst the 16

% MAES remained stained. The TBO within the 16 % MAES discs was readily extracted

upon acetic acid exposure, returning the polyHIPE to their white colour. In a separate ex-

periment, crudely shaped discs of 0 and 16 % MAES were fabricated and water droplets

dispensed upon both. The 16 % MAES materials were wettable, and rapidly absorbed the
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droplet, whilst the 0 % MAES discs did not, with the droplet remaining upon the surface

(shown by the black arrow). This experiment was done to simply demonstrate the striking

effect of MAES on the hydrophilicity of the materials.

The 24 hr washing step, post-TBO incubation, was found to be critical to ensure non-

specific TBO staining was cleansed out of the materials. All polyHIPE discs, including 100

% EHA materials, were initially stained by TBO. Indeed, TBO appeared to stain any ma-

terial it contacted. It was after a washing step that only materials with specific TBO inter-

actions remained stained. This appeared to be especially true for polyHIPEs, where their

intense porosities and large surface areas appearing to encourage non-specific, widespread

staining.

figure 5.2 TBO uptake for polyHIPE materials fabricated using MAES monomer.MAES monomer was

included in precursor HIPEs at 0, 2, 4, 8 and 16 % (w/w) concentrations. The polyHIPEs were

exposed to TBO, washed overnight, the bound dye extracted and the (A) absorbance at 626 nm

determined, with (B) photographs of 0 and 16 %materials taken. As MAES was increased in the

precursor HIPE, the amount of extracted TBO also increased, indicating the presence of carboxyl

groups. The relative hydrophilicities of (C) 0 and 16 %MAES materials was demonstrated, with

water droplets dispensed onto both. 0 % MAES showed greater hydrophobic properties, i.e.

poor wettability, with the water droplet remaining at a high contact angle (black arrow). The

16 % MAES material was readily wetted by the water droplet. Data represent mean ± SD, n=3

(biological triplicate).

To determine the effect of MAES on the morphologies of the polyHIPEmonoliths, the gen-

eration of MAES HIPEs was repeated and new discs fabricated. These were washed in

acetone as before, dried by air overnight and then imaged using a scanning electronmicro-

scope. Figure 5.3 shows scanning electron micrographs for polyHIPE discs fabricated from
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HIPEs containing 0, 2, 4, 8 or 16 % MAES. The top surface of each disc was imaged. The 0

% MAES material, i.e. fabricated using 100 % EHA, showed a typical polyHIPE structure,

with clearly defined pores and windows, and evidence of interconnectivity. Those fabri-

cated using 2, 4 and 8 %MAES, again, showed expected scaffold-like structures; however,

the sizes of the surface pores appeared to decrease.

The 16 %MAES polyHIPE showed a shrunken structure, with pores not clearly seen; how-

ever, viewing the micrographs closely revealed pores were indeed present, but had col-

lapsed into the material. Areas where an interface seemed to appear, as seen in the 100x

micrographs, suggested that the mixing time was not long enough and the emulsion not

totally homogeneous. Mixing was initially allowed to continue for 2 min, though this was

increased by at least 30 s after seeing these data. HIPEs can be left to stir for extended dura-

tions once the aqueous phase been added, but this only serves to further break up thewater

droplets and increase the viscosity of the emulsion. This in turn would create polyHIPEs

with smaller pore diameters.

figure 5.3 Scanning electron micrographs for polyHIPE materials fabricated using MAES monomer.

MAES was included in precursor HIPEs at 0, 2, 4, 8 and 16 % (w/w) concentrations. The poly-

HIPEs were air-dried overnight, sputtered with gold and imaged using SEM at 100× and 500×
magnifications. Scale bars for 100× = 500 µm; for 500× = 100 µm.

The images confirmed, forHIPEs generated usingMAES, typical polyHIPE structureswere

indeed being fabricated post-polymerisation. The shrunkenmorphology of the 16%MAES

polyHIPEs was expected, as the discs were observed to have collapsed overnight after

washing with acetone and were physically smaller. Before washing, it was noticed 16 %

MAES discs were delicate and could easily tear when handled. This washing step was per-

formed prior to imaging as it would ultimately have to be carried out every time for all

materials eventually used for the work. Thus the effect of all steps within the fabrication

process on the tested polyHIPEs had to be known. The relatively high concentration of

MAES in the 16 % condition had likely resulted in the collapse of the resulting polyHIPE
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materials, with the material appearing weak once fabricated. The effect of acetone, which

tends to swell polymeric materials, contributed to the collapse. Adding more crosslinker,

TMPTA, to the HIPE could rectify this issue by increasing the linkages between adjacent

polymer chains. This was not attempted here but could be an area of future work, particu-

larly if higher amounts of MAES within the final polyHIPE materials are desired.

The fabrication of 90 % polyHIPEs, with confirmation of exposed carboxyl groups as a re-

sult of the addition of theMAES co-monomer within the oil phase, had been demonstrated

here. It is important not to underestimate this; the inclusion of functional groups, whose

specific chemistries enable post-fabrication functionalisation, is an active area of polyHIPE

research. No other examples of carboxyl functionality could be found in the literature, ex-

cept the report by Hayward et al. (2013b), which relied upon acrylic acid in the aqueous

phase rather than the co-monomer approach. Acrylic acid is by itself hazardous and the al-

ternative use of a relatively benign co-monomer may be more suitable in the laboratory. In

this work it has also be shown that increasing the MAES amount subsequently increased

the amount of carboxyl groups present in the polymerised material. This finding could

allow operators to specifically tailor the surface chemistries of the final material.

5.1.2 co-flow fabrication of microspheres

The fabrication of polyHIPEmonoliths, i.e. block-like structures such as discs and columns,

is technically simple to perform and requires little expertise or training. The process is not

particularly sensitive, often involving the pouring of a HIPE into a mould or labware ves-

sel, allowing it to polymerise for a fewminutes and then gently removing the newly formed

polyHIPE. This ease of fabrication is part of the reason why polyHIPEs are so desirable for

the development and use of in-house materials, with operators quickly mastering the sim-

ple techniques and adapting them to their specific applications. However, the fabrication

of more specialised structures, such as microspheres, is far more experimentally challeng-

ing and frequently requires unique manufacturing systems to be successfully performed.

Changes in the parameters of these systems, in contrast, can highly affect the resulting

polyHIPE structure.

The Department of Materials Science and Engineering had previously constructed a be-

spoke system for the fabrication of polyHIPE microspheres. This was developed for a doc-

toral project that explored the use of injectable polyHIPEmicrospheres for bone tissue engi-

neering (Paterson, 2017), with the main findings later reported in the literature by Paterson

et al. (2018).

Figure 5.4 shows a schematic detailing the operation of thismicrosphere fabrication system.
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The process relies on the continuous flow of a liquid, termed a carrier phase in this work

(but sometimes called a continuous phase in the literature), around the system. A piece

of tubing containing this carrier phase forms a connecting loop. A peristaltic pump deliv-

ers the carrier phase around the system. The tubing has two open ends; one submerged

within a flask (containing an exchanging volume of the carrier phase) and the other placed

within a filter stock, itself placed on top of the flask. A syringe pump, with an attached

syringe containing a generated HIPE, is positioned near a dedicated area of the tubing.

A needle, attached to the syringe, is used to puncture the tubing and form a path for the

HIPE to enter. This entry point can either be a T-junction orientation (where the flow of

HIPE is perpendicular to that of the carrier phase) or a co-flow orientation (where the flow

of HIPE is in the same direction to that of the carrier phase). The schematic shows side-

by-side photographs of these co-flow and T-junction orientations. For the T-junction, the

stream of HIPE (indicated by the white arrow) followed the direction of the carrier phase

(indicated by the black arrow). With the syringe pump operating, HIPE is injected into the

carrier phase at a controlled rate to form microspheres. These new structures, which are

still emulsions, are carried by the liquid (hence carrier phase) into a curing chamber —

a cardboard box whose inside walls are covered in aluminium foil — where they enter a

‘corkscrew’ glass piece exposed to UV radiation (shown in a photograph in Fig. 5.4). Be-

cause of the extended residence time within this glass piece, the microspheres are exposed

to UV for approximately 20–30 s (depending upon the flow rate of the carrier phase) dur-

ing which time they are polymerised into polyHIPEmicrospheres. After exiting the curing

chamber they are carried to the filter stock, where they are captured and stored until the

end of the process. The system can be operated without any interaction from the operator

for many hours, or until the syringe has injected all of the HIPE.

The shape of the HIPE microsphere as it enters the curing chamber becomes the shape of

the polymerised microsphere that forms. If a HIPE, shaped as a perfectly spherical par-

ticle, enters the chamber, a perfectly spherical polyHIPE will exit. On the other hand, if

a HIPE, shaped as a disfigured oval-like particle enters, then a disfigured oval-like parti-

cle polyHIPE will be produced. In contrast to monolithic polyHIPE fabrication, there were

many parameters that needed to be understood and controlled in order to produce micro-

spheres of sufficient quality. The quality of a polyHIPE microsphere can be judged with

regards to average diameter, monodispersity and porosity. For the work here, a high qual-

ity batch of polyHIPE microspheres was defined as <300 µm in average diameter, highly

monodisperse (all microspheres a similar diameter) and with macroporous structures. The

parameters that required controlling included the injection rate of the HIPE, the flow rate

of the carrier phase (as dictated by the rotational speed of the pump), the internal diam-
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chapter 5 – polyhipe microsphere technology

eter of the needle, the composition of the carrier phase and the contents (e.g. monomers,

surfactant etc.) of the HIPE itself, including the conditions in which it was formed. The

orientation of the injection point was later discovered to also play a role.

The principles behind this process were not new. Indeed, all reports in the literature

demonstrating the fabrication of polyHIPEmicrospheres used one or more syringe drivers

to controllably deliver a HIPE into a carrier phase liquid for subsequent exposure to UV

radiation (Gokmen et al., 2009; Lapierre et al., 2015; Moglia et al., 2014; Whitely et al.,

2019). The theory was that the interaction between HIPE and carrier phase will force a

spherical particle, or microsphere, to form out of the emulsion. All reporting authors

fabricated polyHIPE microspheres using acrylic monomers; indeed, the requirement for

rapid polymerisation demands reactive acrylic HIPEs are used, although the fabrication

of polystyrene polyHIPE microspheres has been demonstrated (Desforges et al., 2002). A

key benefit of the system presented here, however, is its ability to continuously produce

microspheres; the looped tubing ensures the carrier phase is recycled around the system,

with the volume of the carrier phase liquid remaining constant as a steady state within

the flask. With the exception of Paterson et al. (2018), who indeed developed the system

described here, all other reports instead relied upon non-looped tubing. In these instances,

the carrier phase was not recycled but instead pumped from a finite source, meaning the

system would have to be eventually stopped and the carrier phase replenished.

The previous operator of this system in the laboratory had used HIPEs generated from

EHA and IBOA (Paterson, 2017; Paterson et al., 2018). The carrier phase employed was 100

%water, being uniquewithin the literaturewhere others had instead employed surfactants,

oils and other viscous liquids to ensure the formation of spherical particles. Due to the high

viscosity of HIPEs containing IBOA, injecting these thick emulsions intowater does indeed

create spherical particles. This technique, termed ‘water-in-oil-in-water’, was not regarded

as suitable here due to the relatively low viscosities of HIPEs containing MAES. These low

viscositieswerementioned previously, having first been noted during the initial generation

of HIPEs using MAES. However, other operators in the laboratory who had experimented

with the microsphere fabrication system had discovered that employing 80 % glycerol as

a carrier phase appeared to achieve spherical particles with relative ease, regardless of the

specific HIPE composition used. With MAES confirmed as a compatible monomer for the

generation of stableHIPEs, andwith the resulting polyHIPEdemonstrated to have exposed

carboxyl groups, the next step was to attempt to fabricate MAES polyHIPE microspheres

using this very system. Each parameter had to be understood and optimised in order to

create high qualitymicrospheres (as defined earlier), with a routine process then developed

so as to allow the rapid production of materials for the cell retention device.
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Early validation work was performed using the system as it was first presented in the lab-

oratory. It was soon clear the quality of the microspheres was highly dependent upon the

composition of the carrier phase. Despite the system being originally designed to operate

using a T-junction orientation, an attempt at co-flow was carried out. This orientation was

thought to enable a more precise method of creating microspheres, arising from its fluidic

characteristics, i.e. the emulsion will be acted upon in the direction in which it flowed into

the system. It was decided that 10 % MAES would be used within all HIPEs for the fab-

rication of the microspheres here, allowing a sufficient amount of carboxyl groups to be

present within the final material. It was hoped this concentration would also prevent any

risk from structural collapse as seen previously with polyHIPEs made using 16 % MAES.

The needle employed for all testing had an internal diameter of 0.15mm (30 G), a relatively

narrow gauge not used previously in this system. It was suggested a needle with a smaller

diameter would simply yield smaller microspheres.

A co-flow orientation was created via dedicated tubing (which was opaque to ensure no

polymerisation of HIPE could occur via ambient light) to direct the HIPE into the system at

the desired position. This tubing was connected to the syringe, with the other end attached

to a needle. To make this orientation, the part of the system where the carrier phase tubing

was bent would be punctured to gain entry. Injected HIPE would thus flow in the direc-

tion of the carrier phase. Figure 5.4 shows side-by-side photographs of the co-flow and

T-junction orientations and should be viewed to ensure the differences between the two

are understood. To demonstrate the effect of carrier phase on the polyHIPE microspheres,

four compositions were prepared; 100 % water, 50 and 80 % glycerol, and a solution of 15

% glycerol within 3 % polyvinyl alcohol (PVA). The injection rate of the HIPE was set at 0.3

mLhr-1 and the carrier phase pumped at 150 rpm for all carrier phase compositions.

Figure 5.5 shows a spread of data relating to the diameter and surface porosity of theMAES

polyHIPE microspheres fabricated using the co-flow orientation. Figure 5.6 shows visual

data relating to themorphology of these samemicrospheres.The small case Roman numer-

als above each data column or image, in both Fig. 5.5 and 5.6, denote the specific conditions

employed; (i) no HIPE modifications, 100 % water; (ii) no HIPE modifications, 50 % glyc-

erol; (iii) no HIPE modifications, 80 % glycerol; (iv) surfactant reduced to 1.25 %, 80 %

glycerol; (v) surfactant reduced to 1.25 % and water heated to 80 ∘C, 80 % glycerol; (vi)

no HIPE modifications, 3 % PVA; (vii) surfactant reduced to 1.25 %, 3 % PVA, and (viii)

surfactant reduced to 1.25 % and water heated to 80 ∘C, 3 % PVA. The 3 % PVA is used

in place of the ‘15 % glycerol within 3 % PVA’ for brevity. These denotations will be used

in the text that follows to ensure clarity is maintained. ‘No HIPE modifications’ refers to

the instances where the surfactant was kept at 10 % and water at ambient temperature was
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added to generate the HIPE. These conditions were used previously for the demonstra-

tion of the presence of carboxyl groups, as discussed in § 5.1.1, and were now considered

a control.

Figure 5.5A shows the diameter size distributions of the fabricated microspheres, as deter-

mined by measuring 200 individual particles, for each of the conditions tested. These plots

were frequency distributions and showed the percentage of measured microspheres that

fell within a particular diameter range. These ranges were divided into 20 µm groups. The

data above each plot tells the mean diameter, the standard deviation and the coefficient of

variance for that particular condition. Figure 5.5B shows the surface pore size distributions

of the fabricated microspheres, as determined by measuring the 4 largest pores visible on

the surface of 50microspheres froman opticalmicrograph, for each of the conditions tested.

The data above each plot, once again, tells the mean diameter, the standard deviation and

the coefficient of variance for that particular condition. Figure 5.6 shows brightfield and

scanning electron micrographs and has been presented here to complement the quantita-

tive data given in Fig. 5.5. The brightfield micrographs helped show, by eye, the relative

dispersities of microspheres for each condition, whilst the highly magnified scanning elec-

tron micrographs revealed the exact structural nature for each of the materials.

Condition (i) yielded crude rod and flake-like structures. Using 100 % water as a carrier

phase proved to be futile, with the emulsion continually ‘dribbling’ into the liquid as string-

like structures. The turbulence of the carrier phase broke these emulsions into separate

structures before the curing chamber was reached. No spherical particles were obtained

and so none of the materials were measured, but it was noted that many of the longer rods

approached 1000 µm in length. The surface pore size distribution was likewise not mea-

sured for this condition, but there were some pores visible at the surface. However, there

was also signs of collapse or ‘cave-in’, as seen previously with the 16 %MAES materials in

§ 5.1.1.

The use of 50 % glycerol in condition (ii) immediately caused spherical particles to form,

with the increased viscosity starting to cause the HIPE to ‘bud off’ from the needle tip as

it entered the flowing stream. Gokmen et al. (2009) likewise commented on the need for a

viscous carrier phase, in combination with a relatively less viscous HIPE, for reproducible

spherical particles to form. For this condition, a mean diameter of 440 µm was measured.

Themicrographs revealed no obvious areas of ‘cave-in’, but the surfaces produced showed

a roughened texture but with no visible pores or obvious areas of entry into the material.

Because no pores could be easily distinguished, the surface pore size distribution was not

determined.
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Condition (iii) yielded highly monodisperse microspheres, with the vast majority of the

microspheres in the 250–290 µm range, with a mean diameter of 270 µm determined. The

increase to 80 % glycerol dramatically improved the fabrication process, agreeing with the

anecdotal evidence provided by other operators in the laboratory. Due to the further in-

crease in viscosity of the carrier phase, the budding of spherical particles was observed

to occur instantaneously as the emulsion emerged into the carrier phase. This resulted in

microspheres being smaller in diameter than those produced in the previous condition.

Despite this success, these micrographs revealed something peculiar regarding their sur-

face morphologies; once again, there was no evidence of collapse or ‘cave-in’, yet the pores

observed were extremely small (even when viewed under a scanning electronmicroscope)

and could not be accurately measured. In effect smoothened microspheres, with microp-

orous surfaces, had been fabricated.

Condition (iv) was the first to modify the conditions of the HIPE by reducing the surfac-

tant from 10 to 1.25 %. The carrier phase was kept at 80 % glycerol. Highly monodisperse

microspheres were achieved once more, with a mean diameter of 280 µm determined. This

confirmed the capability of 80 % glycerol to reproducibly fabricate spherical particles. The

reduction of surfactant from 10 to 1.25 %was performed in an effort to increase the average

surface pore size of the materials, whilst keeping the newfound benefits of the 80 % glyc-

erol carrier phase. Because of this, pores were now visible and able to be measured, with a

mean of 14 µm determined.

Condition (v) continued to employ 80 % glycerol and kept the surfactant at 1.25 %. To

further increase the potential porosity, the water added to the monomers (to generate the

HIPE) was first heated to 80 ∘C. These two modifications appeared to push the HIPE to

the limits of its stability. Tilting the beaker containing the HIPE to one side and back to

draw the emulsion in specific directions would reveal large droplets of water contained

within. The colour of the emulsion, usually an opaque white, was now a pale grey with

areas of transparency. The viscosity was also considerably reduced with the HIPE now

feeling like thickened water rather than a relatively more viscous emulsion. A larger mean

diameter of 300 µm was determined, with this reduced viscosity seeming to have an effect

on the size of the microspheres. However, the pores were indeed larger and could be easily

distinguished; a mean of 30 µm was determined.

Glycerol, as an 80 % solution, proved to be an excellent carrier phase — but it came at a

cost. Microspheres readily formed from the tip of the needle, with little intervention from

the operator needed. The process was robust, with the exact location of the needle within

the tubing not seeming to make much difference to the correct and repeated budding of
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the HIPE. However, glycerol clearly had an effect on the surface porosity of the fabricated

materials. Despite the reduction of surfactant and the dramatic increase in the temperature

of the water added, the surface pores remained small — and certainly did not look like a

typical polyHIPE. Speaking to those in the laboratory with more experience of polyHIPEs,

modifying theHIPE, as was attempted here, should result in vastly greater porosities. This,

of course, seemed to only hold true for monolithic polyHIPEs.

Glycerol is hygroscopic; its three hydroxyl groups will attract water from their nearby en-

vironment. This includes a spherical emulsion, which in the case here was 90 % water. It

was suggested that upon entering the carrier phase, the HIPE progressively lost its water

content as it got carried through the system. Once polymerised in the curing chamber, it

was too late, so to speak, with the resulting polyHIPE having lost a portion of its water —

at least near to the surface — to the glycerol. Despite the attempted modifications of the

HIPE, glycerol still had this effect, yet some evidence of macroporosity arising from these

modificationswas apparent. Using 80% glycerol presented a compromise; fabricated poly-

HIPE microspheres were highly monodisperse and under 300 µm in average diameter, yet

they did not possessmacroporous characteristics typical of a polyHIPE.Glycerol ultimately

had two effects; its high viscosity resulted in neat sphericalness, yet its hygroscopic nature

resulted in microporous surfaces.

It was decided to test another carrier phase composition. PVA had been demonstrated in

the literature as a carrier phase capable of producing spherical particles. Its polymer chain

possessed a single, yet repeating, hydroxyl group. Because of this, it was believed any hy-

groscopic effect would not as pronounced as that seen with glycerol; however, this would

alsomean its viscosity would not be as high. A 3% PVA solutionwas prepared, as reported

in the literature, but it was immediately noted that the viscosity indeed was not as high as

that seen with 80 % glycerol. An initial validation test confirmed that 3 % PVA achieved

oval, rather than spherical, particles (data not shown) and so 15 % glycerol was later added

to the solution. This relatively small supplementation had the effect of ensuring fabricated

particles were once again spherical.

Condition (vi) was the first to use this glycerol-supplemented 3 % PVA carrier phase with

no HIPE modifications carried out. Spherical particles continued to bud off the needle,

but the microspheres were larger on average than those fabricated using glycerol, with a

mean of 310 µm determined. The surface porosity of the microspheres was again smaller

than anticipated, yet larger than those seen in condition (iii). This porosity, however, was

still too small to be accurately measured. As predicted, it was likely a hygroscopic effect

was again being seen with PVA, but the effect was not as apparent as that seen with 80 %
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glycerol.

Condition (vii) continued using 3% PVAbut reduced the surfactant to 1.25%, as attempted

before. The reduction in viscosity increased the average diameter of the resulting micro-

spheres, with a mean of 360 µm determined. The porosity, however, was now considerable

more obvious with a mean pore size of 22 µm achieved. Whilst smaller than that seen in

condition (v), the morphology of these particular materials appeared to look like ‘typical’

polyHIPEs, i.e. they possessed a network or mesh of interconnecting voids. Indeed, mi-

crospheres fabricated using this condition were the first to demonstrate the potential of

polyHIPE microspheres; that of materials with very high surface-area-to-volume ratios.

Condition (viii) kept PVA, the reduced surfactant and in addition increased the tempera-

ture of the water to 80 ∘C. As before, the viscosity of the modified HIPE was considerably

reduced, with microspheres fabricated now having an average diameter of 340 µm. The

pore sizes dramatically increased, however, with an average pore size of 62 µm reached.

Micrographs revealed considerable voids at the surface of every particle, with some having

clear pathways through the entire structure. Critically, there appeared to be some surface

area within these semi-hollowmaterials. Such characteristics may allow cells entry to pop-

ulate the area within. Because of these open structures, light was able to fully pass through

for some microspheres, enabling pores to be seen even on brightfield micrographs.

Conditions (vii) and (viii) were a small success. Despite not achieving an average diam-

eter of 300 µm or less, the materials fabricated were indeed porous; condition (vii) gave

structures typical of polyHIPEs, whilst (viii) gave macroporosity with most microspheres

having vast openings leading to interconnected areas. Using 3 % PVA as a carrier phase

appeared to keep the characteristics of glycerol, i.e. a high viscosity (when compared to

the relatively lower viscosity of the HIPE), but without the severe hygroscopicity. But it

was not so simple. It was soon realised that a majority of microspheres fabricated using

conditions (vii) and (viii) began to collapse. This was described as catastrophic, with the

materials turning to amushy, soft substance upon drying. This occurred before any acetone

washing and so, unlike the 16 % MAES materials previously discussed, was not the result

of any harsh solvent exposure. Some of the microspheres, particularly those fabricated at

the beginning of the process, managed to stay structurally intact and it was these that were

eventually imaged and analysed here. Figure 5.7 shows an electron scanning micrograph

of microspheres that had collapsed, fabricated using condition (viii). The spherical shapes

are still distinguishable, but each material had an ‘exploded’ appearance with vast open-

ings where the structure had gave way. The layers of polyHIPE debris around the micro-

spheres are from the scraping of the collapsed materials upon the stub prior to imaging.
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Whilst these images were fascinating to look at— and show the highly interconnectedness

of a polyHIPE — it proved the particular macroporous structures produced from the final

two conditions could not be sustained.

The aim of the testing discussed here was to determine optimal conditions for the fab-

rication of MAES polyHIPE microspheres. Any MAES polyHIPEs eventually fabricated

would be later coatedwith polyethylenimine to complete the cell retention device. As antic-

ipated, the fabrication of polyHIPE microspheres proved considerable more difficult than

polyHIPE monoliths, but some parts of the data were reassuring. Spherical particles could

indeed be fabricated and themonodispersities of these— ignoring thosemade using condi-

tion (i)—were surprisingly good, with a coefficient of variance of 4.0 or under consistently

achieved. The composition of the carrier phase, however, clearly had a definite effect on

the quality of the materials.

500×100×

figure 5.7 Scanning electron micrographs showing the physical collapse eventually experienced by

MAES polyHIPE microspheres fabricated using 3 % PVA carrier phase. 10 % MAES HIPEs

were prepared using 80 ∘C water and 1.25 % surfactant, before being used to fabricate micro-

spheres with 3 % PVA carrier phase (condition viii, as denoted in Fig. 5.5 and 5.6). Materials

were left at room temperature and imaged using SEM at 100× and 500× magnifications. Scale

bars for 100× = 500 µm; for 500× = 100 µm.

The use of 100 % water in condition (i) immediately demonstrated a more advanced car-

rier phase was required, with no evidence of spherical particle formation. Interestingly, the

images revealed some ‘caved-in’ areas at the surface, similarly to that seen in Fig 5.3 with

the 16 % MAES polyHIPE. It was likely the case that the use of 10 % MAES, and not less,

was not optimal, with this concentration of MAES perhaps being too high once again and

leading to a weakened polyHIPE prone to this type of collapse. Switching to 50 % glycerol

achieved spherical particles, with the vastly increased viscosity of the carrier phase now

forcing the emulsion into spheres as they were dispensed from the needle. However, the
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initial use of glycerol in condition (ii) appeared to resolve the issue of ‘caved-in’ areas. Due

to the hygroscopic effect of glycerol, the specific properties of the HIPE immediately before

the initiation of polymerisationmay have been vastly different to the properties of theHIPE

when using just water. The result being that no areas of ‘cave-in’ could be identified in con-

dition (ii), with open pores, albeit small ones, still visible at the surface. This hygroscopic

effect was not immediately noted during condition (ii); it was not until 80 % glycerol was

attempted that a connection was made regarding the potential interaction between emul-

sion and carrier phase. The microspheres fabricated in condition (iii) were indeed unique.

Whilst produced from a HIPE, the microspheres were not typical polyHIPEs. Their micro-

porous, smooth surface led them to be termed ‘deformed’ polyHIPEs. This deformation, it

was thought, was a direct result of the hygroscopicity of the glycerol acting upon theHIPEs

as they were carried to the curing chamber.

The composition of the carrier phase is important; Gokmen et al. (2009), Moglia et al.

(2014) and Whitely et al. (2019) had used 3 % PVA (without any glycerol supplementa-

tion), Lapierre et al. (2015) had used fluorinated oil with a 2 % ‘Picosurf’ surfactant sup-

plement and Paterson et al. (2018) had used 100 % water. Due to the popularity of PVA,

it was attempted here with HIPEs generated using MAES. The 15 % glycerol supplement

appeared necessary to return materials to a more spherical shape, although this was only

performed after seeing the high degree of sphericalness that could be achieved when us-

ing 80 % glycerol. The hygroscopic effect of PVA was not as marked as that seen from

glycerol, with microspheres produced possessing a more typical polyHIPE morphology.

When paired with the HIPE modifications, microspheres were produced that effectively

achieved what was originally envisaged, namely macroporous materials with clear voids

for cells to enter and attach within the structures. The dramatic collapsing seen with these

microspheres, however, may in part be due to the high concentration of MAES used. Any

future work could potentially explore reducing this concentration of MAES and increasing

that of the crosslinker, TMPTA. It may be the case that increased linkage between polymer

chains could prevent the collapsing of these highly porous microspheres.

The injection rate of the HIPE was kept low, at 0.3 mLhr-1, to ensure no bulging of the

emulsion once it had emerged into the carrier phase. The original T-junction orientation

was initially explored at the beginning of the project by injecting HIPEs, generated using

EHA and IBOA, into a glycerol carrier phase.Whilst it did achievemicrospheres, there was

an issue of ‘blobbing’, which is described here as HIPE accumulating around the side of the

needle tip as it entered the carrier phase. The HIPE would appear to wick onto the side of

the needle tip. Once this had occurred, HIPE microspheres would subsequently form from

this blobbing area, rather than from the needle tip itself. This had no effect on the spher-
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icalness of the resulting particles — they remained highly spherical — but it did make

them considerably larger than if the blobbing had not occurred. Frustratingly, this blob-

bing effect did not always happen. Stopping the system and replacing the needle tended

to resolve the issue. The idea of using a co-flow orientation was to avoid any blobbing or

wicking around the needle; with the syringe now positioned so as to inject HIPE in the

same direction as the carrier phase, it was anticipated blobbing would less likely occur. An

aim was to create a process where distinctly separate microspheres would be formed and

thus ensure both reproducibility andmonodispersity. The co-flow orientation, when using

80 % glycerol and with HIPEs generated using MAES, did indeed achieve this. Very early

work crudely attempted different injection rates and carrier phase flow rates and observed,

by eye, the ability of each to produce separate microspheres. It was found an injection rate

of 0.3 mLhr-1 was required to ensure single microsphere fabrication. The flow rate of the

carrier phase, as dictated by the rotational speed of the pump, was kept at 150 rpm. This

was to ensure the carrier phase liquid flow at the entry pointwas gentle (whichwas consid-

ered laminar flow, though the Reynolds number was not calculated), so as not to disturb

the formation of the spherical particle, but still be enough to force it off the tip of the needle.

Unlike PVA, which had to be dissolved at a high temperature and then cooled down for

several hours before use, glycerol was supplied ready to use. It was also inexpensive and

relatively safe to handle. A common suggestion posed numerous times throughout the

project was to simply increase the injection rate of the HIPE when the co-flow orientation

was used. This could enable a rapid production process. However, this was not the case,

with bulging and larger microspheres occurring for the co-flow orientation, when the in-

jection rates were increased, and even if 80 % glycerol was used. A decision was eventually

made to continue using 80%glycerol as a carrier phasewith 10%MAES polyHIPEs, but re-

vert back to the T-junction orientation the system originally used. It was suggested a more

rapid production may occur when using this orientation.

The data here were empirical and obtained using the one factor at a time approach, i.e. they

were acquired through the testing of individual variables and recording the observations

that followed. To the enhance the collection of data here, it was suggested any further inves-

tigation into the fabrication of microspheres using this co-flow orientation should instead

use a design of experiments approach. Whilst designed experiments were not utilised in

any of the work presented here, using this method may better enable operators to better

evaluate the variables that determine the properties of the microspheres. As was done pre-

viously, variables to test could be the flow rate of the carrier phase, injection speed of the

HIPE, diameter of the injection needle, as well as the fabrication conditions of the HIPE

itself. An explanation of the differences between one factor at a time and designed experi-
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ments, as well as the advantages given by the latter, is given by Czitrom (1999).

5.1.3 t-junction fabrication of microspheres using glycerol

Using the co-flow orientation to fabricate MAES polyHIPE microspheres unintentionally

gave an insight into the effect of glycerol, when used as a carrier phase, on the final ma-

terials. Glycerol is both viscous and hygroscopic; the former ensured the fabricated micro-

spheres were monodisperse, whilst the latter appeared to extract water from the emulsion

immediately before it cured. This resulted in ‘microporous polyHIPEs’ forming—perhaps

an oxymoron— and thus the materials were termed ‘deformed’ polyHIPEs due to the un-

conventional microporous topographies seen at their surfaces. A realisation was also hap-

pening at this point in the project where microporous microspheres might have to be toler-

ated, and indeed could be accepted, if the fabrication process was rapid and reproducible.

Because the co-flow orientation had to be operated at low injection rates, it was not feasible

for the routine and rapid fabrication of microspheres, as envisaged later on in the project.

As an example, with condition (iii) as denoted in Fig. 5.5 and 5.6, i.e. employing 80 % glyc-

erol, the injection rate of 0.3 mLhr-1 would lead to the fabrication of under 2 mL of settled

microspheres every hour.Whilst suitable for an academic exercise, such as the study of car-

rier phase conditions as demonstrated earlier, a much quicker production process would

eventually be needed. It was decided to switch back to the T-junction orientation, i.e. inject

the HIPE into the tubing at a ‘T’ so as to allow the flow to be perpendicular to the flow of

the carrier phase. With the new knowledge that glycerol greatly encouraged spherical par-

ticle formation, it was hypothesised that increasing both the injection rate and the carrier

phase flow rate could result in a vastly increased yield of material. As mentioned, this was

not possible with the co-flow orientation, where low injection rates and slow carrier phase

flow rates had to be employed.

Paterson et al. (2018) had demonstrated the fabrication of microspheres using a T-junction

orientation with 100 % water as a carrier phase, but not with glycerol. The authors con-

cluded that the diameter of the microspheres was dependent upon both the injection rate

of the HIPE and the flow rate of the carrier phase. For microspheres with small diame-

ters, a decreased injection rate and an increased carrier phase flow rate was needed. This

simultaneously ensured a smaller volume of HIPE was injected and carried away quickly

before a larger spherical particle could form. For large microspheres, the reverse was true,

with a quick injection rate and a lower carrier phase flow rate ensuring a larger sphere was

generated before being carried away. Three conditions were selected to test these findings

from the report; small, with an injection rate of 6 mLhr-1 and a carrier phase flow rate at

600 rpm; medium, with an injection rate of 12 mLhr-1 and a carrier phase flow rate at 400
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rpm, and large, with an injection rate of 18 mLhr-1 and a carrier phase flow rate at 200 rpm.

The ‘small’, ‘medium’ and ‘large’ names came from the expectation that these conditions

would yield microspheres with increasing average diameters. A needle with an internal

diameter of 0.60 mm (20 G), larger than that used for the co-flow study, was employed for

these tests. Unlike the 30 G used previously, it was expected this needle would allow a

faster production rate of microspheres due to its increased size.

Figure 5.8A shows the average diameter, from the measurement of 200 microspheres, for

each of the three conditions. The prediction that these parameters would give increasingly

large microspheres was indeed correct, with ‘small’ achieving an average diameter of ap-

proximately 315 µm, ‘medium’ achieving 470 µm and ‘large’ achieving 1090 µm. The T-

junction orientation, with the use of the 80 % glycerol carrier phase, enabled the rapid fab-

rication of microspheres, but the actual process of spherical particle creation was different

to that seen during co-flow. Because of the increased injection rates, no priming was nec-

essary, with the needle inserted into the tubing immediately after the syringe pump was

started. Upon initially exiting from the needle, the HIPE appeared unstable and ‘flicky’

as it adjusted to the new dynamic environment. It was determined that approximately 20

min was needed to ensure the system had equilibrated. After this time, the diameters of

the fabricated microspheres appeared to remain consistent. It was only these microspheres

that were eventually retrieved for analysis.

The creation of microspheres no longer occurred from the ‘budding’ of emulsion into the

glycerol, as with the co-flow orientation; rather, a steady stream of HIPEwould continually

exit and get pushed along with the flow of the carrier phase. Upon closer inspection, it was

clear that microspheres were being serially formed within this stream and not at the exit

point of the needle. Due to the faster injection rates, the frequency of single microsphere

creation was considerably faster, with the filter sock filling up within a matter of minutes

after the system had started. For the ‘small’ and ‘medium’ conditions, the actual fabrication

of microsphere was not distinguishable by eye; instead, an emulsion stream could be seen

with microspheres only starting to appear further along the tubing. For the ‘large’ condi-

tion, this particle creation was clearly visible. Due to the slower carrier phase flow rate,

the process appeared more like the typical budding seen with the co-flow. In this instance,

the larger microspheres could clearly be observed flowing out of the needle before being

forced off by the carrier phase.

For all conditions, a repeating set of events seemed to occur,with eachmicrosphere forming

at the exact same moment and place as the last and then following the same path along the

system. To ensure this happened, however, the system had to always act within a steady
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state. The carrier phase flow rate and the injection rate had to remain constant. If there

was any issue within the process, e.g. the carrier phase was blocked within the filter sock

and the tubing consequently ran dry, the fabrication system would be disrupted and the

microspheres would change shape and size. Any air bubbles within the syringe would

eventually make it through the needle, causing a change in the flow and likewise causing

a change in the state of the system. To counter this, the syringe was always knocked and

gently pushed to dispel any air prior to attaching to the system. Unlike that frequently

observed when using HIPEs generated using IBOA, there were no instances of ‘blobbing’

or ‘wicking’ for HIPEs made usingMAES. This was related to the relatively low viscosities

that occurredwhenMAESwas included in the emulsions. Thiswas beneficial, as it ensured

the process would not have to be periodically stopped to resolve these issues.
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figure 5.8 Diameter and morphology analysis of MAES polyHIPE microspheres fabricated using the T­

junction orientation and 80% glycerol carrier phase. 10 %MAESmicrospheres were fabricated

at three different conditions (‘small’; 600 rpm, 6 mLhr-1, 20G, ‘medium’; 400 rpm, 12 mLhr-1,

20G and ‘large’; 200 rpm, 18 mLhr-1 and 20G — corresponding to carrier phase flow rate, HIPE

injection rate and dispensing needle gauge respectively) to demonstrate contrasting diameters.

(A) 200 microspheres were measured to determine average diameter and (B) scanning electron

micrographs, at 100× and 1000× magnifications, and brightfield micrographs, at 4× magnifica-

tion, obtained to visualise monodispersity and surface porosity. (C) shows the self-assembling

nature of ‘medium’ microspheres due to their very narrow size distribution and sphericalness.

Data represent mean ± SD, n=200 discreet microspheres. Scale bars for 4× = 1000 µm; for 100× =

500 µm; for 1000× = 50 µm.

Figure 5.8B shows brightfield and scanning electronmicrographs for themicrospheres fab-
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ricated using the three conditions described. It was immediately apparent that all three

gave microspheres with a high monodispersity. As expected, the hygroscopic effect of the

glycerol continued to be felt upon the materials, with each condition giving smooth, mi-

croporous surfaces. The 1000× magnification, in particular, shows the effect of glycerol

upon the emulsion prior to polymerisation. Figure 5.8C shows photographic evidence of

the self-assembly of microspheres fabricated using the ‘medium’ condition. It was soon

observed that, when microspheres reached a certain degree of monodispersity, they be-

gan to self-assemble. This appeared to be especially true for ‘medium’ microspheres. This

self-assembly initially occurred within the filter sock during fabrication; upon entering the

sock microspheres floated around for several seconds before accumulating on top of the

recycling glycerol.

Due to each microsphere having identical physical dimensions — or at least very similar

dimensions— thematerials started to neatly gather around each other as they experienced

the dynamic environment in similar ways. This was not aggregation — the microspheres

could be easily suspended by simply tapping the sock. Once this tapping was stopped,

however, they would continue once again to assemble themselves. This also happened

when microspheres were decanted and spread out onto slides and plates for microscopy,

enabling photographs to be obtained. Readers are encouraged to look close (or zoom in) to

appreciate the self-assembling nature of these microspheres.

These datawere promising. It was demonstrated that the T-junction orientation, alongwith

the 80 % glycerol carrier phase, could be employed for the fabrication ofMAES polyHIPEs.

Despite being ‘deformed’, i.e. smooth and microporous, the resulting microspheres were

highly monodisperse and structurally sound. Crucially, the rate of production for each of

the conditions was rapid. HIPE was always aspirated to a final volume of 20 mL into a

syringe; the maximum time required to deliver this was over 3 hr (when using the ‘small’

condition injection rate of 6 mLhr-1). This would give a packed bed of at least 25 mLmicro-

spheres, which was regarded as enough for later experimentation. Despite these successes,

the smallest microsphere fabricated was, of course, from the ‘small’ condition, with an av-

erage diameter of 315 µm achieved. Having microspheres larger than 300 µm posed han-

dling issues, with respect to the aspirating of microspheres when suspended in liquid with

a pipette. It was found that microspheres larger than 300 µm tended to jam in the tip. This

could be overcome by simply diluting the microspheres and so eliminating any chance of

accumulation before the point of entry, but this was not feasible for later use when exact

volumes containing a high number of microspheres would be employed.

Large bore pipette tips were available and these were indeed used later in the project for
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those microspheres larger than 300 µm. However, it was decided to determine the condi-

tions in which microspheres would be fabricated with an average diameter of 300 µm or

under. This would allow ‘normal’ pipette tips to be eventually used and increase compat-

ibility of the cell retention device with standard laboratory equipment. It was now known

that the injection rate and the carrier phase flow rate could be modified to adjust the diam-

eters of the fabricated particles. It was also known from the co-flow experiments that the

internal diameter, or the gauge, of the needle also played a part.

Figure 5.9A shows the diameter size distributions of microspheres produced from 4 new

conditions, as determined by measuring 200 individual particles. The small case Roman

numerals above each data column denote the specific fabrication conditions employed; (i)

an injection rate of 4 mLhr-1, a carrier phase flow rate at 400 rpm and a needle gauge of 30

G; (ii) an injection rate of 2 mLhr-1, a carrier phase flow rate of 400 rpm and a needle gauge

of 32 G; (iii) an injection rate of 2 mLhr-1, a carrier phase flow rate of 600 rpm and a needle

gauge of 32 G, and (iv) an injection rate of 6 mLhr-1, a carrier phase flow rate of 600 rpm

and a needle gauge of 32 G. Needles with a gauge of 32 G had an internal diameter of 0.11

mm and were the thinnest attempted in this work. The HIPE was the same as that used in

the first attempt with the T-junction, i.e. 90 % emulsion, 10 % MAES and with no further

modifications.

Condition (i) was tested after reviewing the data from the first T-junction demonstration.

It was decided to reduce the injection rate from 6 to 4 mLhr-1, whilst reducing the carrier

phase flow rate from 600 to 400 rpm. The needlewas switched back from 20G to the smaller

30 G. The reduction in the injection rate was obvious; it was known that a slower volume of

HIPE emerging from the needle would result in physically smaller microspheres. The re-

duction in the carrier phase flow rate (as dictated by the rotational speed of the pump)went

against what was previously observed. Increasing the flow rate should decrease the size

of the microspheres; however, one important aspect of microsphere quality was monodis-

persity. It was actually found during validation testing for these data that when using 80

% glycerol the turbulence of the carrier phase began to have a considerable effect on the

resulting dispersion of diameters, i.e. at high carrier phase flow rates the emulsion would

actually be broken up vigorously into multiple-sized particles. This only seemed true for

slower injection rates, as was now being tested. If the carrier phase flow rate was too high,

it would force the emulsion out of the needle tip and break it up before a steady streamwas

formed. The resulting particles may be spherical, but they would be made up of a range of

different diameters.

The average diameter of the microspheres fabricated using condition (i) was determined
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figure 5.9 Diameter and morphology analysis of MAES polyHIPE microspheres fabricated using the

T­junction orientation and 80 % glycerol carrier phase at four different process conditions. 10

%MAESmicrospheres were fabricated at four different conditions (carrier phase flow rate, rpm

/ HIPE flow rate, mLhr-1 / needle gauge, G); (i) 400/4/30; (ii) 400/2/32; (iii) 600/2/32 and (iv)

600/6/32, with (A) 200 microspheres measured to determine average diameter and (B) bright-

field micrographs, at 4× magnification, obtained to visualise monodispersity. Data represent

mean ± SD, n=200 discreet microspheres. Scale bars = 1000 µm.

to be 290 µm, with a coefficient of variance of 4.3 %. These data were satisfactory. To test if

the microspheres could further be reduced in size, condition (ii) switched to a 32 G needle,

kept the carrier phase flow rate at 400 rpm and reduced the injection rate further from 4

to 2 mLhr-1. The average diameter in this instance was determined, again, to be 290 µm,

with a coefficient of variance of 4.1 %. Interestingly, there was no considerable difference

between microspheres fabricated using conditions (i) or (ii), although for (ii), the particles

appeared, by eye, slightly more spherical.

Condition (iii) kept the 32Gneedle and the 2mLhr-1 injection rate,whilst increasing the car-

rier phase flow rate from 400 to 600 rpm. This demonstrated what was introduced earlier;

namely, the effect of turbulence on HIPEs that were slowly injected. The average diameter

was determined to be 180 µm, yet the coefficient of variance was 13 %, a relatively high

value at this point in the work. Indeed, the spread of sizes can be seen in the frequency dis-

tribution, with a range from 140 to 360 µm observed. To try to counter this, condition (iv)

kept the 32 G needle but returned to the conditions attempted previously with the ‘small’

condition, i.e. an injection rate of 6 mLhr-1 and a carrier phase flow rate at 600 rpm. Inter-
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estingly, despite the success of the ‘small’ condition, the coefficient of variance remained

high at 27 %, with amean diameter of 220 µm determined. It was proposed that the smaller

needle in this instance, 32 G compared to 20 G, was causing the HIPE to be considerable

smaller at the injection point. As discussed, this in turn resulted in more break up via the

turbulence of the carrier phase.

Figure 5.9B shows brightfieldmicrographs for all 4 conditions tested. The polydispersity of

sizes can be noticed with those fabricated using conditions (iii) and (iv). Scanning electron

micrographswere not obtained for themicrospheres fabricated in these conditions, but ‘de-

formed’ structures were confirmed using optical microscopy. Conditions (i) and (ii) were

the ‘sweet spot’, so to speak, and both gave microspheres with mean diameters under 300

µm and a relatively low coefficient of variance. Condition (i) was regarded as more suit-

able for the aims of the work due to the faster injection rate; using these parameters would

result in a larger volume of microspheres produced in a shorter time. It was thus decided

to employ condition (i) for the routine fabrication of 10 % MAES ‘deformed’ polyHIPEs.

By this time in the project, it was realised the microsphere fabrication system was incred-

ibly sensitive, in regards to the microspheres produced, and also highly empirical. What

worked for a 10 % MAES HIPE would not necessarily work for other formulations and

whilst certain conditions proved successful, there were still times where the system ap-

peared to behave differently to what was previously shown. To present the way in which

the system sometimes ‘misbehaved’, Figure 5.10A shows the diameter size distributions

of three sets of microspheres retrieved using condition (i), i.e. the newly designated con-

dition for the routine fabrication of microspheres. The system sometimes produced a ‘by-

product’, or rather another set of smaller microspheres with a fairly narrow range of di-

ameters, alongside the expected set of larger microspheres. This can be seen with the two

separate peaks in Fig. 5.10A(i).

In Fig. 5.10, (i) refers to all microspheres as they were retrieved from the filter sock, whilst

(ii) refers to the smaller by-product and (iii) to the expected ‘normal’ microspheres. Mi-

crospheres were separated by flushing microsphere suspension into a 200 µm cell strainer;

the smaller by-product passed through and the larger microspheres were retained. For the

unfiltered microspheres, i.e. those collected from the filter sock and not filtered, a mean

diameter of 189 µm was determined with a coefficient of variance of 47 %. For the micro-

spheres that passed through the filter, a mean diameter of 101 µm was determined with

a coefficient of variance of 8.7 %, and for the retained microspheres, a mean diameter of

276 µm was determined with a coefficient of variance of 2.9 %. As discussed previously,

this appeared to be related to the turbulence of the glycerol carrier phase, with two de-

165



chapter 5 – polyhipe microsphere technology

fined sets of microspheres forming independently and continually within the same stream

of emulsion. These sets accumulated within the filter sock and, upon collection, resulted in

a mixed batch of two differently sized materials. The smaller microspheres were referred

to as a by-product as, strictly speaking, only the larger microspheres were desired. These

larger microspheres were similar in diameter to those initially produced using condition

(i) in Fig. 5.9, which first demonstrated this condition. As this was the intended outcome

of the condition, the by-product was tolerated.

Bizarrely, the fabrication of a by-product did not always happen. This seemed related to the

fact, first mentioned at beginning of this section, that the system usedwas essentially crude

figure 5.10 Evidence of by­product when fabricating MAES polyHIPE microspheres using the T­

junction orientation and 80 % glycerol carrier phase. 10 % MAES microspheres were fabri-

cated at 400 rpm / 4 mLhr-1 / 30 G (the routine fabrication condition). Collected microspheres,

which were unfiltered (i) were analysed, before being filtered with a 200 um strainer. The

smaller by-product (ii) and larger retained (iii) microspheres were subsequently analysed. (A)

200 microspheres were measured to determine average diameter and (B) brightfield micro-

graphs, at 4× magnification, obtained to visualise monodispersity. Data represent mean ± SD,

n=200 discreet microspheres. Scale bars = 1000 µm.
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and not entirely understood. Liquid manipulations were performed by simply inserting a

needle into a flowing stream of liquid, contained within a piece of tubing. Because of this,

any seemingly small changes, either related to the relative viscosities of the HIPE or the

carrier phase, appeared to have an effect on what the size of the fabricated microspheres

would be. In contrast to the larger microspheres (as first demonstrated in Fig. 5.8), when

fabricating smaller microspheres the position of the needle within the T-junction orien-

tation did indeed now seem to have an effect. Tweaking the distance of the needle, as it

was inserted into the tubing, could sometimes eliminate by-product formation. With this

in mind, the task at this particular part of the project was always to use the current tech-

nology that was available and as it was presented. Whilst it was tempting to imagine or

indeed plan a microfluidic system (and so enable greater manipulation of liquids), the de-

velopment of any such system was far beyond the scope of the project and would have

taken considerably more time to achieve.

5.1.4 conclusions

The work in the first part of the chapter explored the use of polyHIPEs, a type of porous

material, as the physical component of the cell retention device. Due to the planned use of

polyHIPE materials as microspheres, any handling issues had to first be addressed. This

included the aggregation typically seen when hydrocarbon-based spherical particles were

placed in aqueous solutions, such as culture medium.

PolyHIPE fabrication technology available to use currently employed acrylic monomers

without any functional groups. It was proposed monomers with such ‘reactive’ moieties

could be used to both prevent aggregation and covalently link thematerials to polyethylen-

imine substrates.However, any newmonomerwould have to be inexpensive, readily avail-

able and compatible with the HIPE generation process. The acrylic monomer mono-2-

(methacryloyloxy)ethyl succinate, termed MAES here, was identified as a compound con-

taining both an acrylic C=C group and a carboxylic acid group. It was suspected including

this within a HIPE would result in these carboxyl groups being exposed on the surface

of the subsequent material upon polymerisation. These groups would ensure repulsion

between neighbouring microspheres once in solution, by virtue of their ionic behaviour.

MAES was successfully incorporated into fabricated polyHIPE monoliths, alongside the

monomer EHA, at increasing concentrations. The presence of MAES appeared to reduce

the viscosity of the generated HIPE, although the emulsion remained stable at all concen-

trations used. TBO, a reagent employed as a cationic stain, was adapted so as to detect

any exposed carboxyl groups within the fabricated polyHIPEs. This assay demonstrated,

quantitatively, that increasing the concentration of MAES within the HIPE increased the
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amount of carboxyl groups within the polymerised materials. Images were provided to

show the extent of staining on MAES polyHIPEs and the absence of staining on materials

fabricated solely using EHA.

The use of the microsphere fabrication system was demonstrated, with both co-flow and

T-junction orientations attempted using HIPEs containing 10 %MAES. For co-flow, differ-

ent carrier phase compositions were explored, including water, glycerol and PVA. Only

with glycerol or PVA did spherical particles form. For glycerol, signs of water loss within

theHIPEswere observed, withmicrospheres possessingmicroporous, rather thanmacrop-

orous, structures. This was not as pronouncedwhen using PVA. For the T-junction orienta-

tion, 80 % glycerol was employed with a range of microspheres fabricated. Unlike co-flow,

the rate of production was considerably faster and was decided to be ultimately used for

the routine fabrication of polyHIPE microspheres, with an injection rate of 4 mLhr-1, a car-

rier phase rate at 400 rpm and a 30 G needle deemed to be sufficient. These data contrasted

with that observed by Paterson et al. (2018), who used 100 % water as a carrier phase to

produce macroporous polyHIPE microspheres. Readers should review this paper if they

wish to see what ‘typical’ polyHIPE microspheres look like. This, however, was achieved

with HIPEs containing IBOA, which were considerably more viscous than those contain-

ing MAES. The relative viscosities of the HIPE and the carrier phase were observed here

to be extremely important in determining the degree to which spherical particles formed

within the system.

This first part of the chapter revealed the effect of glycerol on the fabricated polyHIPE mi-

crospheres. All microspheres fabricatedwere highlymonodisperse, yet their morphologies

were smooth andmicroporous. Thesematerials were ‘deformed’, having beenmodified by

the hygroscopic effects of the glycerol immediately prior to polymerisation. This led to a

compromisewithin the project. PolyHIPEmicrosphereswith carboxyl groups could be fab-

ricated, routinely and rapidly, andwith an average diameter of less than 300 µm. However,

these materials were not macroporous and instead of the vast surface areas originally an-

ticipated with these materials, only microporous structures could be obtained. It was thus

certain that cells would attach only upon these surfaces and not within the structures as

initially hoped. It was decided to keep these microporous polyHIPEs and continue with

the overarching objective of the project, namely the in-house development of a continuous

upstream system.

Thework presented herewas the result ofmanymonths ofwork. It took several discussions

to realise glycerol was having an effect on the morphologies of the fabricated polyHIPEs.

Despite this setback, the fabrication of MAES polyHIPEmicrospheres was achieved by the
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use of both the co-flow and T-junction orientations. Whilst the co-flow proved not suitable

for actual production purposes, its ability to fabricate microspheres ‘one by one’ in a re-

curring fashion could enable it to be employed for future work on HIPE formulation and

carrier phase composition. It was also the first time it was attempted in the laboratory. It

is argued here that co-flow, by its ability to produce microspheres in a distinctly separate

fashion, is the only way to truly ensure monodisperse materials. The T-junction, by com-

parison, presented a working alternative, but had some drawbacks that were eventually

accepted. It was suggested a designed experiments approach may be more appropiate for

any future investigation into the fabrication of polyHIPE microspheres.

5.2 introduction to microsphere applications

The first part of this chapter investigated the capability to rapidly fabricate polyHIPE mi-

crospheres in-house. The inclusion of a novel acrylic monomer, MAES, containing a car-

boxylic group into the HIPE ensured the cured polyHIPE likewise contained these groups.

The TBO reagent confirmed their exposure on the surfaces of thematerials and hydrophilic

properties, resulting from these groups, were apparent. Whilst macroporous microspheres

were not ultimately possible, the use of glycerol as a carrier phase in combination with the

T-junction orientation gave highly monodisperse microspheres, with average diameters of

300 µm or less achievable — although these microspheres lacked typical polyHIPE macro-

porosity, but instead had microporous structures. Such microspheres, which have been

termed ‘deformed’ polyHIPEs here, likely occurred as a result of the hygroscopic nature

of the glycerol. These data collectively ended in a compromise; macroporous polyHIPE

microspheres could not be obtained reliably and without eventual material collapse, yet

microporous microspheres could and the process was generally reproducible. It was ac-

cepted that cells would likely only attach upon the surface of each microspheres and not

within.

The fabrication of the polyHIPE microspheres (the physical component of the cell reten-

tion device) was now complete for the purposes of the work presented here. Microporous

polyHIPEs, with average diameters between 270–300 µmwould be employed for the main

objectives of the project. The next stage was to bring the materials back to a cell culture

setting for initial testing, first with microsphere handling and then with cell attachment.

Cell loading, which was first demonstrated in § 3.1.1 with multiwell plates and flasks, de-

scribes a method where microspheres, or indeed any surface capable of adhering cells, are

exposed to a very high cell density suspension. This ensures microspheres, as the cell re-

tention device in this instance, are rapidly seeded with their entire available surface area

saturated with cells. If performed successfully, it also opens up the possibility of immedi-
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ately initiating an intensified continuous culture after cell loading.

The specific objectives for the second part of this chapter were to; (i) attempt to wash, ster-

ilise, and coat the ‘deformed’ polyHIPEs microspheres with polyethylenimine substrates,

and (ii) further explore the idea of cell loading first introduced in Chapter 3, using a tech-

nique where coated microspheres are retained themselves within columns and exposed to

CHO cells at very high cell densities.

5.2.1 pei adsorption to microspheres

Early validation work had fabricated polyHIPE microspheres using EHA and IBOA. As

previously discussed, these possessed no reactive functional groups and so were prone to

hydrophobic aggregationwhenplaced in aqueous solution. The adsorption of polyethylen-

imine onto EHA/IBOApolyHIPEswas successfully performed (data not shown), although

it was incredibly cumbersome. Microspheres had to be added in small batches — scooped

in using a spatula — to a polyethylenimine coating solution and agitated gently to encour-

age adsorption. If microspheres were shaken suddenly by hand, or agitated using end-to-

end spinning (via a motorised ’carousel’ device), they would instantly clump. Resuspend-

ing aggregated microspheres was practically impossible, unless acetone was used, which

returned all clumps to single particles. Acetone was a useful solvent for micropshere han-

dling. All microspheres, including those made using MAES, were washed twice with ace-

tone post-fabrication and then stored in fresh acetone to ensure no aggregation overtime.

All microspheres could be shaken, stirred and handledwith no stability issueswhen stored

in acetone. Figure 5.11A showsMAES polyHIPEmicrospheres stored in acetone, with their

self-assembly behaviour seen once again. Observations throughout the project revealed no

identifiable changes to the structure of the materials if this was done; indeed, a benefit of

acrylic polymers (in contrast to styrenic polymers) is their resistance to chemical attack

from acetone.

The first indication that carboxyl groups had successfully incorporated into the fabricated

MAES polyHIPE microspheres was, of course, related to the behaviour of the materials

in suspension. Unlike those produced using solely EHA and IBOA, the MAES polyHIPE

microspheres did not aggregate as readily when placed in any aqueous solutions. Indeed,

they could be added to PBS with gentle agitation without any clumping; this, of course,

being due to the ionic behaviour of the carboxyls in a pH 7 environment. The benefits

of having these carboxyl groups was only truly realised when adsorption of polyethylen-

imine was attempted. In contrast to EHA/IBOA microspheres, MAES polyHIPEs could

be directly and rapidly exposed to polyethylenimine coating solution without them suf-

fering any major aggregation. The small clumps which did arise could be resuspended,
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and seemingly were then adsorbed with polyethylenimine, by simply pipetting the micro-

spheres up and down several times. Microspheres could then be mixed overnight using

end-to-end spinning to ensure sufficient coverage of the materials. Following adsorption

with polyethylenimine, MAES polyHIPE microspheres could be placed into PBS, culture

medium or any other aqueous solution with no handling or stability issues whatsoever.

Because of this ease of adsorption, which proved to be incredibly robust and technically

simple, the coating of polyHIPE microspheres by overnight incubation with polyethylen-

imine became a standard protocol. The extremely low cost of polyethylenimine meant no

study was performed, or indeed needed, relating to the precise adsorption limits of the

materials. Instead, 5 mL of polyethylenimine stock solution was added to 45 mL water to

prepare a 10 mgmL-1 coating solution. 45 mL of this was then added to 5 mLmicrospheres

and mixed overnight. These values were arbitrary. However, it was assumed due to the

rapid resuspension seen with the materials that this was sufficient to coat the surface of

eachmicrosphere. Figure 5.11B showsMAESpolyHIPEs, in PBS, after overnight adsorption

with polyethylenimine. The quick settling of microspheres, once in aqueous liquids, was

regarded as a marker of successful polyethylenimine coating, with the amines now guar-

anteeing repulsion between neighbouringmicrospheres. All experimental work relating to

the use of MAES polyHIPE microspheres used this technique to adsorb polyethylenimine.

For experiments that requiredmore than 5mLmicrospheres, batch incubations,where each

5 mL volume of microspheres was exposed to separate 45 mL polyethylenimine solutions,

were carried out.

Sterilisation was performed by two techniques, either by a 70 % ethanol wash for 1 hr im-

mediately before use or an autoclave cycle at 121 ∘C. The former was used for the vast ma-

jority of the work presented in this project. Strictly speaking, ethanol is a disinfectant, not

a sterilant, but was regarded as sufficient for the purposes of the work. The disinfecting of

polyHIPEmonolithicmaterials using ethanol, for aseptic cell culture use, has been reported

in the literature (Owen et al., 2016). However, a small risk of contamination, largely from

fungal spores, was always presentwith thismethod. Exposing polyethylenimine-adsorbed

microspheres to ethanol had no noticeable effect on the adhesion properties of the coated

materials. Indeed, after it was coated, polyethylenimine continued to stay ‘active’, e.g. af-

ter incubating with ethanol, microspheres would still readily resuspend in PBS or culture

medium, as before. Immediately prior to cell culture use, microspheres were washed first

in sterile PBS and then incubated briefly in medium. Uncoated microspheres did not ag-

gregate once placed into medium due to the carboxyl groups, but vigorous agitation had

to be avoided. The ease of overnight adsorption with polyethylenimine, followed by a 1 hr

ethanol disinfecting schedule, was regarded as a key reason why these microspheres were
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a technically simple cell retention device.

5.2.2 cell loading and microsphere cell growth

The principle behind cell loading was introduced previously in the work presented here.

In § 3.1.4, T-25 flasks adsorbed with polyethylenimine were ‘loaded’ with 10 million cells

overnight. This cell amount was vastly greater than any typical seed used for routine batch

passaging — thus the term ‘loading’ — but it ensured the entire surface of each vessel

was saturated with cells. Cell loading was first suggested at the beginning of the project

when novel ideas were being explored. A small-scale perfusion device, utilising micro-

spheres within micro-scale columns, was an early concept. Before the continuous process

is started, microspheres would not be seeded, but instead rapidly ‘loaded’ by perfusing a

high cell density suspension through the columns. In effect, this would actively saturate

the cell retention device by forcing the cells to interact with themicrospheres. Once loaded,

the columns could be connected, via tubings, to a simple perfusion system andmedium ex-

change could begin. As polyethylenimine was found to be an effective adhesion substrate,

figure 5.11 Photographs ofMAES polyHIPEmicrospheres in storage using acetone and after adsorption

with polyethylenimine. (A) shows ‘medium’ sized MAES polyHIPE microspheres stored in

acetone. All polyHIPE microspheres were washed in acetone and then stored in fresh acetone

until required. Acetone ensuredmicrospheres did not aggregate overtime, and it did not appear

to have any effect on the structure of the materials. (B) shows MAES polyHIPEs, as fabricated

using routine conditions, in PBS after adsorption with polyethylenimine.
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and one which cells rapidly adhered to, the idea of cell loading was regarded as feasible.

Using columns, with microspheres retained within as packed-beds, was partly inspired

by column chromatography operations within downstream processing of biopharmaceu-

ticals. Using rudimentary terminology, in chromatography a mobile phase containing a

compound of interest is passed through a stationary phase or matrix — usually micro-

spheres or some form of resin — with the compound of interest captured, or retained, as

it interacts with this matrix. In a similar way, the question was asked whether CHO cells

could be passed through a matrix, or polyethylenimine-adsorbed microspheres as was the

case here, and thus forced to interact and be retained. If the number of cells entering the

columnwas known, and the number of cells in the effluent of the column determined, then

the number of cells retained upon the microspheres could be easily calculated.

Autoclavable 1.0 mL polypropylene columns, intended for chromatography, were ob-

tained. These were supplied empty with frits included so operators could fill the columns

with a resin of their choice. For the work here, these columns were filled with 1 mL

MAES polyHIPE microspheres and attached, via a luer connection, to a syringe. The

microspheres employed were those fabricated using the ‘medium’ condition, as defined

in Fig. 5.8 previously, with an average diameter of approximately 470 µm. This syringe

could be filled with CHO cell suspension and operated with a syringe pump, delivering

the suspension at a controlled flow rate through the column and onto the microspheres. It

was decided to test three flow rates (1.0, 2.5 and 5.0 mLmin-1) and three increasing CHO

cell loads (25, 50 and 100 million cells), using 50 mL suspension, for the loading of both

uncoated microspheres and microspheres adsorbed with polyethylenimine. The number

of cells were measured in each 5 mL of effluent, i.e. the cells that had not attached to the

microspheres and exited the column. The breakthrough percentage (the percentage of cells

that had not been retained) for every 5 mL delivered was then determined by deducting

the cells in the particular effluent sample from the number of cells initially present within

5 mL of the cell load. A breakthrough of 100 % would indicate all of the cells within a 5

mL volume were being passed through into the effluent, i.e. no cells were retained as they

passed through the column. For a breakthrough of 0 %, all the cells within 5 mL of the

load would be retained, with none passing through into the effluent.

Figure 5.12A shows the breakthrough of cells, as a percentage, for the loading of uncoated

microspheres. The three different flow rates were tested for each cell load. Uncoated mi-

crospheres did not readily retain cells, with the majority of cells breaking through in the

very first 5 mL effluent sample, regardless of the cell load. For the 2.5 and 5 mLmin-1 flow

rates, by the 10 mL effluent sample 100 % of the cells were breaking through, i.e. none of
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the passing cells were being retained upon the microspheres. This generally continued for

the remainder of the loading schedule. For the 1.0 mLmin-1 flow rate, the breakthrough

approached approximately 80 %, for all three cell loads, by the first 5 mL effluent. Inter-

estingly, the breakthroughs then steadily decreased until the full 50 mL load had been

delivered. This suggested, because of the relatively low flow rate, cells were likely getting

entrapped within the packed-bed rather than physically adhered. The flushing of columns

after delivering the 50 mL load, e.g. by using PBS or medium, was not attempted in this

experiment.

Figure 5.12B shows the breakthrough of cells, as a percentage, for the loading of micro-

spheres adsorbed with polyethylenimine. The retention of cells can now be observed,

with the breakthrough percentage being initially less than that seen with uncoated micro-

spheres, for all flow rates and cell loads. For each cell load amount, the flow rate dictated

the breakthrough percentage for every 5 mL sample. This was as expected; the flow rate

determined the residence time within the column, with a slower flow rate having a longer

time and so allowing more chance of interaction between cells and microspheres. The

residence time for 1.0 mLmin-1 was 1 min, for 2.5 mLmin-1 it was 24 s and for 5 mLmin-1

it was 12 s.

The breakthrough for each flow rate increased as the cell load was increased, e.g. for the 25

and 50 million load, no flow rate gave breakthroughs of 100 %, whilst for the 100 million

load, 5 mLmin-1 did reach 100 % breakthrough by the delivery of 25 mL. For this higher

cell load, 100% breakthroughwasmaintained for the remainder of the delivery, suggesting

saturation of the microspheres. With a greater number of cells, it was suggested there was

increased competition for interaction and retainment between cells and microspheres, but

whilst breakthrough may indeed be greater for these larger cell loads, the corresponding

number of cells retained is also greater. It was anticipated that, as the volume of cells per-

fused through increased, the breakthrough for each 5 mL sample would likewise increase,

as the microspheres become increasingly saturated with less available space for cells to ad-

here. This was indeed the case with a plateau effect being observed for all flow rates and

cell loads. This plateauing was less prominent with the lower 25 million cell load, as there

was likely more available space upon the microspheres for cells to adhere.

For ease of comparison, Figure 5.12C summarises the data for the final retainment of cells

using polyethylenimine-adsorbedmicrospheres. Both the actual cells retained and the cells

retained, as a percentage of the total cells delivered, are shown. For each of the three cell

loads, the number of cells retained increased as the flow rate was decreased. The flow rate

had a greater effect on the total number of cells retained when the cell load was higher.
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As examples, for the cell load of 25 million, the difference in cells retained between the

1.0 and 5.0 mLmin-1 flow rates was less than 10 million; for a cell load of 100 million, this

difference was now over 30 million cells. This was not surprising, with a low cell load

figure 5.12 Breakthrough curves for CHO cells loaded onto PEI­adsorbed MAES polyHIPE micro­

spheres. CHO cell suspension containing either 25, 50 or 100 million cells were delivered at

either 1.0, 2.5 or 5.0 mLmin-1 flow rates through columns packed with 1 mL PEI-adsorbed mi-

crospheres. The number of cells in every 5 mL effluent was determined to calculate the per-

centage of cell breakthrough when using (A) uncoated microspheres and (B) PEI-adsorbed mi-

crospheres, with (C) showing the absolute number of cells retained and the cells retained (as a

percentage of cells delivered) for PEI-adsorbed microspheres. (D) Photograph of a 1.0 mL col-

umn packed with microspheres attached to a syringe and being cell loaded (lower left inset: 1.0

mL column packed with microspheres and dried). Data represent mean ± SD, n=2 (biological

duplicate).
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resulting in less competition for potential microsphere interaction and thus meaning the

flow rate had less of an effect. For a higher cell load, the flow rate had a greater effect, with

cells likely now relying on longer residence times to interact successfullywith thematerials.

This can be taken to mean a lower flow rate, and consequently a quicker loading time, can

be used when loading small numbers of cells. The highest cell retainment achieved was

approximately 55 million cells, using a 100 million load at a flow rate of 1.0 mLmin-1. If

this was indeed true, then it corresponds to be a concentration of 55 million cells per mL

of microspheres.

The cells retained, as a percentage of total cells delivered, was interesting and shows that

cells are not that easily retained. Indeed, for the 50 and 100 million cell loads, the majority

of cells (50 % or greater) did not adhere and passed through the column, regardless of the

flow rate employed. For the 25 million cell load, only when a flow rate of 1.0 mLmin-1 was

used did the cells retained go above 60 %. There is clearly a need to prepare for cell loss

and consequently increase the cell load to compensate for this.

Figure 5.12D shows the set up employed to obtain these data, with a column filled with

microspheres being perfused with CHO cell suspension by the use of a 60 mL syringe

and syringe pump. The set up was positioned so that the effluent, i.e. the suspended cells

within medium which did not attach, was collected in a centrifuge tube. This tube would

be swapped for a fresh one for every 5 mL collected, ensuring that the delivery was not

periodically disrupted. For the 5.0 mLmin-1 flow rate, this swapping had to be performed

quickly, with a collection of centrifuge tubes ready. The lower left inset photograph shows

an example of polyHIPE microspheres filled and dried within one of these columns. The

frit, also white, can be seen at the bottom and ensured no microsphere loss.

Microspheres were aspirated to visually observe if cells were indeed adhered, with this

found to be the case. Figure 5.13 provides micrographs of retained cells. As expected, as

the polyHIPEs employed here were ‘deformed’, i.e. microporous, cells appeared to be only

adhered upon the surfaces of the materials. Only two syringe pumpswere available, so the

data presented here was the mean of a biological duplicate. Despite this, the results were

fairly similar for each condition, with satisfactory error bars obtained, indicating repro-

ducibility. Filling the columnswithmicrospheres took several minutes. The easiest method

involved twisting the column with one hand, whilst dispensing microspheres in dilute 1

mL suspensions using the other. This twisting ensured even settling with no air gaps. Us-

ing a dilute microsphere suspension also ensured no slurry formed on the inside of the tip

as the materials were dispensed. Once a 1 mL bed had formed, the cap could be screwed

on and the column attached to the syringe.
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The technique of using columns and a syringe pump to actively force interaction between

cells and microspheres has, as far as can be seen, never been reported in the literature. It

was demonstrated here that cells can indeed be treated as a ‘compound of interest’ and re-

tained via the use of a packed-bed of polyethylenimine-adsorbedmicrospheres. The trade-

off between residence time within the column and retainment was soon apparent; the 1.0

mLmin-1 flow rate took 50 min to deliver 50 mL of cell load, whilst the 5.0 mLmin-1 flow

rate only took 10 min. However, the lower flow rate achieved a greater retainment for all

three cell loads tested. This may become a practicality issue with future operators of this

system having to wait longer for a loading schedule to complete, before a culture can then

be started. A more realistic system would likely require a compromise between effective

retainment and quicker loading times. There is also the question of how longCHO cells can

be within a suboptimal environment, such as a laminar flow hood, at room temperature

without suitable buffering. For the 1.0 mLmin-1 flow rate, which took 50min, there was ini-

tial concerns regarding whether CHO cells would settle at the bottom of the syringe over

time. However, this was not visually noticed and the full 50 mL volume was eventually

delivered, so it was expected the entire cell amount would be passed through.

If the maximum retainment achieved, at 55 million cells per mL of microspheres, was cor-

rect then it would begin to give an indication of the potential of these microspheres for cell

culture process intensification purposes. This value, however, is not entirely useful; for in-

stance, 1 mL of microspheres would likely require at least 5 mL of medium for a culture,

continuous or otherwise. The metric of ‘effective cells per mL of medium’ was suggested,

where the number of cells per mL of microspheres would be translated into the number

per mL of medium. This would mean, if 55 million cells were indeed retained on 1 mL of

microspheres, and these microspheres were placed into 5 mL of medium, then the effective

concentration would be 11 million cells per mL of medium. For reference, the maximum

viable cell densities achieved during batch culture for the CHO-S IgG cell line used here

is around 8 million cellmL-1. For fed-batch it may approach 15 million cellmL-1. The three

ways to increase this proposedmetric would be to either retainmore cells, addmoremicro-

spheres or reduce the volume ofmedium.Or even a combination of all three. Asmentioned,

there is likely a limit to how many mL of microspheres can be added to a relatively low

volume of medium before a slurry is formed and the culture rendered unfeasible.

The 1.0 mL columns employed in the first cell loading experiment had capped ends. If the

columns were held upright, these caps could be unscrewed and the microspheres gently

aspirated out with a pipette. Even though ‘plugging’ the columns into a perfusion system

was the eventual intention (see § 6.2.1), using a pipette gave a simple way of retrieving

microspheres once loaded. To demonstrate adherent growth upon themicrospheres, it was
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decided to seed — rather than load — the microspheres, retrieve them via aspiration and

inoculate into T-25 flasks with fresh medium. For this experiment, a biological triplicate

was now performed, with microspheres seeded serially using one syringe pump.

Figure 5.13A shows the cells retained, as a percentage of the total delivered, for the seed-

ing of uncoated microspheres and polyethylenimine-adsorbed microspheres. The seed,

as 2.5 million cells, was delivered in a 10 mL suspension at a flow rate of 2.5 mLmin-1.

With this now being a relatively low cell amount, over 90 % of cells were retained by the

polyethylenimine-adsorbed microspheres. The uncoated microspheres retained under 20

%. Microspheres were retrieved and dispensed into T-25 flasks, medium added to 10 mL

and the vessels placed in an incubator. On days 4 and 7, microspheres were decanted,

washed with PBS to ensure only strongly adhered cells remained and a PrestoBlue as-

say performed to determine the number of cells upon the microspheres. Fluorescence, as

discussed previously in Chapter 3, was used as a marker of cell viability and hence cell

number. The uncoated microspheres gave little fluorescence for both time points, which

agreed with the observation that a relatively low number of cells were adhered and thus

little growthwas achieved. The polyethylenimine-adsorbedmicrospheres did achieve sus-

tained adherent growth, with a fluorescence of 3.5 on day 4 and nearing 6.0 on day 7.

Figure 5.13B shows representativemicrographs for bothmicrosphere types for days 0 (post-

seed), 4 and 7.Due to their highly porous structures scattering light, PolyHIPEmaterials are

a clean white colour. The ‘deformed’ microspheres employed in this work were no excep-

tion. Because of this light scattering, anymicrospheres viewed using an optical microscope

will appear black, with cells only visible around the edges of the structures. It was decided

to use Hoechst dyes to visualise cells, if any, adhered upon the central areas of the micro-

spheres. Similar in function to DAPI, Hoechst dyes are employed to fluorescently stain the

minor grooves of DNA. When shone with a light of an appropriate wavelength, the stains

will emit blue fluorescence and enable cells, or more correctly the nuclei of the cells, to be

easily distinguished upon surfaces or structures. The first two rows of micrographs shown

are fluorescent images obtained after Hoechst staining; the colour was removed in these

images due to suspected autofluorescence of the materials. If this was not done, stained

cells were not easily seen; however, the top right inset has an example of a fluorescent mi-

crograph with colour still kept. The bright white specks are stained nuclei of cells. For the

polyethylenimine-adsorbed microspheres, the images clearly revealed cells adhered upon

the central areas of the materials, with the majority of microspheres having a confluent

layer of cells by day 7. The ‘blur’ seen around the edge of the microspheres is due to the

limitations in the focusing of the camera. The imagewas focused on the centre of themicro-

sphere to enable cells to be clearly observed at this location. For the uncoatedmicrospheres,
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figure 5.13 Microsphere CHO seeding and cell growth on PEI­adsorbedMAES polyHIPE microspheres

in T­25 flasks. CHO cells were seeded onto both uncoated and PEI-adsorbed microspheres

by the use of a syringe pump with microspheres placed into T-25 flasks and incubated for 7

days. (A) shows the number of cells retained and (B) the adherent growth on the microspheres

determined using PrestoBlue on days 4 and 7. (B) Fluorescent micrographs (colour not added),

at 10×magnification, were taken after adherent cells were stained with Hoechst and brightfield

micrographs at 20× magnification (top right inset: fluorescent micrograph, with colour added,

to show the autofluorescence of the polyHIPE microspheres). Cells grew adherently on PEI-

adsorbed microspheres and fully coated the majority of microspheres by day 7. Data represent

mean ± SD, n=3 (biological triplicate). Scale bars for fluorescent and brightfield micrographs =

100 µm.
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the images revealed very few cells, although several clusters can be seen on day 7. Despite

this, the fluorescence micrographs did reveal the microporous structure of the uncoated

polyHIPEs.

The last two rows of micrographs shown are brightfield images, which revealed only the

edges of the microspheres. Indeed, it was these types of image that were used extensively

throughout the project to quickly assess the health of a microsphere culture by observ-

ing the edges of the materials. These brightfield images, along with the fluorescent micro-

graphs, were used in combination to get a clearer understanding of adherent growth upon

the microspheres. For the polyethylenimine-adsorbed microspheres, images obtained on

day 1 revealed cells dotted around the structures. Byday 4 there hadbeen extensive growth,

with most of the microspheres being ‘surrounded’ by adhered cells. On day 7, which was

3 days after a medium exchange (following the PrestoBlue assay), cells had grown on

layers above each other and had begun to clump. This was a common observation with

polyethylenimine-adsorbed microspheres; after becoming confluent upon the materials,

cells would start clumping in masses as they continued to grow outwards. This would

often result in microspheres with tumour-like growths extruding from particular areas of

the materials. The exact health of the cells within these growths was not explicitly known,

but microspheres giving high fluorescent values, as was the case here, always contained

these cell masses. The brightfield micrographs obtained for the uncoated microspheres, as

expected, revealed no adhered cells around the edges of the materials.

The loading of microspheres and the adherent growth upon the microspheres, with a static

T-25 flask culture, were both demonstrated. A question was raised as to whether multiple

columns could be loaded at once, i.e. a high throughput loading technique developed. Only

two syringe pumps were available in the laboratory, with each having only a single slot

for a syringe. Syringe pumps with multiple slots are available but these were not obtained.

However, a peristaltic pump with a multidrive head was supplied. This head could allow

up to 12 tubings to be inserted and acted upon at each. The rotational speed of the pump

would act the same on all attached tubings, so a system could be operated where multiple

tubings would deliver equal amount of volume at the same flow rate. An idea was to use

this pump to load multiple columns simultaneously. The use of 2.5 mL columns, as op-

posed to 1.0 mL columns, was also discussed. By this time it was apparent that any future

prefusion systemdeveloped for this project would employ either of these two columns (see

§ 6.2.1 for a discussion of the attempts made at perfusion using both of these column sizes).

The 2.5 mL columns, as with the 1.0 mL type, were polypropylene, autoclavable and came

supplied with frits. The operator was, again, expected to fill the columns with a resin of
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their choice for chromatography operations. As these columns would now be loaded us-

ing a pump, and not attached sideways to a syringe, they would have to be able to stand

upright. Several attempts were made balancing columns against labware vessels or small

pieces of equipment, but this proved cumbersome and often resulted in columns slipping

or tipping and disrupting any on-going loading experiment. A bespoke stand, or a ‘perfu-

sion plate’, had to be fabricated in-house.

Figure 5.14A shows a computer-aided design of the perfusion plate. The plate was laser cut

as three components, two stands and a central section, using an acrylic sheet. Slots were

cut into all components to allow them to slot together to create a free-standing structure.

The central section had three attachment points on either side, each point designed to se-

curely hold a single 2.5 mL column. The material used was not rigid and thus allowed

these columns to snap securely in place by pushing. The plate was designed so that each

column could comfortably have a stopcock on the top and the bottom, as well as associat-

ing tubings, with sufficient room to allow the operator to control the liquid flowwithin the

columns. Figure 5.14B shows photographs of the fully assembled perfusion plate and the

plate holding six 2.5 mL columns. Stopcocks and tubings were attached to give an indica-

tion of what a perfusion system, utilising these columns and the plate, may look like.

figure 5.14 Computer­aided design and laser cutting of the perfusion plate. An acrylic sheet was laser

cut into three components (two stands and a central section) with slots to enable it to be easily

assembled to form a free-standing ‘perfusion plate’ structure. It was designed to securely hold

up to six 2.5 mL columns, with columns able to be snapped into place. Microspheres could

be retained themselves within these columns, cell loaded and then perfused with medium in

a continuous process. (A) shows the computer-aided design of the stand and the central sec-

tion and (B) shows photographs of the finished plate, including with attached columns and

associated parts, such as stopcocks and tubings.
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The loading of 1 mL polyHIPE microspheres was performed, using these larger 2.5 mL

columns and the peristaltic pump. PolyHIPEs fabricated using routine conditions were

now tested, i.e. those under 300 µm, as these would ultimately be used for any future at-

tempt at perfusion culture. Figure 5.15B shows photographs of the system employed for

the loading of three 1 mL polyHIPE beds. Cell load, gently agitated within a bottle, was

pumped through the columns. Tubings, containing cells that did not attach, were directed

to centrifuge tubes for later cell counting. The photographs show the system being tested

on a laboratory bench. In actual experiments, labwarewould be autoclaved and equipment

disinfected, with the system then placed inside a laminar flow hood to ensure aseptic load-

ing. Cytopore, a commercial microcarrier, was supplied to compare with the performance

of the polyethylenimine-adsorbed microspheres developed here. Cytopore is a dextran-

based macroporous microcarrier, with a positive charge throughout its structure. It is in-

tended as a substrate for adherent CHO cells in suspension systems. The use of Cytopore

for perfusion CHO culture has been demonstrated (Goldman et al., 1998), though the au-

thors added serum in the culture medium.

Two flow rates were tested; 0.5 and 1.0 mLmin-1. The loading was capped at a duration of

25 min, so for the former flow rate, a suspension of 20 × 106cellmL-1 was delivered in 12.5

mL, whilst for the latter, a 10 × 106cellmL-1 suspension was delivered in 25 mL. For both

cases, 250 million cells would thus be delivered through the columns. To ensure weakly

adhered cells were removed, medium was flushed through after loading, with 12.5 mL

passed through for the 0.5 mLmin-1 condition and 25 mL for the 1.0 mLmin-1. This was in

contrast to the 1.0 mL column loading demonstrated previously, where flushing was not

performed. At the end of the loading, all liquid within each centrifuge tube was mixed

repeatedly and a cell count taken in technical triplicate. This was deducted from the initial

load to determine the cells retained upon the microspheres.

Figure 5.15A shows the cells retained, in millions, for both the polyHIPE microspheres

and the Cytopore microcarriers, at both flow rates. For 1.0 mLmin-1, the polyethylenimine-

adsorbed polyHIPEs retained almost 60 million cells, whilst for Cytopore 80 million cells

was retained. Decreasing the flow rate to 0.5 mLmin-1, as expected, increased the number

of cells retained. PolyHIPE microspheres and Cytopore microcarriers now shared similar

retention, with both retaining over 100 million cells, corresponding to 1×108 cells per mL
of microspheres for each.

The system had to be primed prior to cell loading. This was done using medium, with

the stopcocks above and below each column used to manipulate the flows and control the

height of liquid within the column. The loading was actually delivered into this primed
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tubing, i.e. cells were delivered immediately after priming and thus the microspheres were

already within medium before loading. For the polyHIPE microspheres, there was some

aggregation as cells initially interacted with the materials, but this soon resolved itself.

Both polyHIPE microspheres and Cytopore microcarriers turned progressively yellow as

the loading was performed.

figure 5.15 Cell loading onto PEI­adsorbed MAES polyHIPE and Cytopore microspheres with the use

of a multidrive peristaltic pump. 1 mL polyHIPE microspheres adsorbed with PEI and 1 mL

Cytopore microcarriers were dispensed into 2.5 columns and attached to the cell loading rig.

CHO-S IgG cells, at 10 or 20× 106 cellmL-1 concentration,were thenpumped through the packed
beds within the columns at a 0.5 or 1.0 mLmin-1 flow rate. Medium was flushed through to

ensure weakly adhered cells were washed out. The number of cells in the effluent vessels were

determined and the cells retained within each column calculated (A) with photographs (B) of

the set up taken. Data represent mean ± SD, n=3 (biological triplicate).

The loading system demonstrated here was an extremely novel method of seeding cells

onto microspheres. The use of Cytopore showed commercial microcarriers can too be

loaded using this technique. Whilst using columns to force cells onto microspheres may

seem technically excessive, the original ideas was to then use the columns with a perfusion

system, as mentioned previously. However, there may be times when the operator would

wish to retrieve the loaded microspheres to transfer them to a culturing vessel. This

was performed successfully with the 1.0 mL columns but attempting it with the 2.5 mL

columns proved difficult.

After loading and flushing, the packed-bed of microspheres was just that — packed. At-

tempting to aspirating microsphere was challenging, with microspheres not readily taken

up into the pipette tip. Forcefully dispensing medium did work, but this, as expected, ap-

peared to detach cells off the microspheres. The retrieval of microspheres was eventually

performed by perfusing medium from under the column, and so gently pushing micro-

spheres up and out. Columns were tilted downwards with vessels positioned underneath

to catch the released microspheres. This has been discussed further in § 6.1.2, where it was
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attempted before a culture was started. This retrieval did, however, still lead to some cell

loss.

Confirmation of Retained Cells and Dissociation

A method to determine the number of cells upon a particular volume of microspheres

would be to simply dissociate the cells, separate the microspheres and perform a direct

cell count. This was attempted, at numerous times in the project, using trypsin and other

dissociation reagents first introduced in § 3.1.3. However, attempting any type of disso-

ciation upon the polyethylenimine-absorbed microspheres resulted in severe aggregation.

This was almost immediate upon exposure, e.g. after dispensing trypsin into a T-25 flask

containingmicrospheres, and particularly apparent if microspheres were subsequently ag-

itated.

The specific reagent used and conditions related to dissociation, such as DPBS washes and

reagent pre-warming, did not appear to make much difference to this aggregation. Whilst

dissociation did seem to occur, it required aspiration and dispensing of the microspheres

to effectively happen. Cells were seen peeling off in part but the reagent alone was not suf-

ficient. This was similar to how, in Chapter 3, plates and flasks would need to be tapped by

hand to encourage dissociation of cells from polyethylenimine substrates. As mentioned,

any agitation caused the microsphere to clump, making it different to further detach the

cells and separate them from the materials.

There were several suggestions as to why this occurred. First, the dissociation reagent

may be degrading the polyethylenimine substrate, with the sudden change in electrostatic

charge causing the repulsion to fail and neighbouring microspheres to clump. Second, the

cells might have themselves taken up the polyethylenimine (it is used, of course, elsewhere

as a transfection reagent) and so once the cells are dissociated, the microspheres are left to

aggregate. While this could be true, dissociation was first attempted immediately follow-

ing cell loading, within 1.0 mL columns, using the syringe pump method. It was here that

aggregation was first observed. Trypsin was perfused through the microspheres, and a

medium flush then performed to encourage the detached cells to wash out in the effluent.

It was here that the column began to leak from the cap, due to back pressure associated

with the newly formed microsphere clumps. It was highly unlikely all polyethylenimine

had been taken up by the retained cells in that short period between cell loading and the

attempt at dissociation.

Because of this aggregation, the number of cells retained by the polyHIPE microspheres

was never directly counted in the work presented here. The true numbers of cells retained,
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or at least confirmed independently, remained unknown. This is a major caveat which

should be remembered when reviewing all the cell loading data, both in this chapter and

in Chapter 6. It is a major area of future work.

5.2.3 ambr15 bioreactor cell loading

The loading of cells onto microspheres, using both a syringe pump and a multidrive peri-

staltic pump, was demonstrated previously. Whilst it was believed this was successful in

ensuring the saturation of a set volume of microspheres, there exists processing scenar-

ios where the use of columns and the requirement to retrieve microspheres would not be

feasible. This includes bigger operations, such as those using spinner flasks or large-scale

bioreactors,where the use of loading in situmay instead be required. To achieve this, a com-

mon technique used with commercial microcarriers, namely intermittent agitation, would

need to be performed with the polyHIPE microspheres developed here.

The following experiment was carried out at CPI in the National Biologics Manufacturing

Centre in Darlington, UK. CPI had an ambr15 unit available to use for this project. The

ambr15 is a high throughput bioreactor system, housing up to 48 parallel reactors, with

an integrated liquid handler allowing medium to be added or removed from any vessel

at any time. Each reactor is single-use, with a working volume range of 10–15 mL and

contains a magnetically stirred impeller. A pH and DO sensor ensures parameters can be

automatically read and controlled by the unit. Each vessel has an entry point for a pipette

to aspirate or dispense liquid. The ambr15 is used to test multiple conditions in parallel

using scaled-down volumes and consequently enables a range of relevant processing data

to be rapidly obtained prior to scale up.

The task here was to demonstrate a seeding technique common with microcarrier culture.

This technique, which is called intermittent agitation in this work, mixes microcarriers and

cells for a defined period of time before mixing is stopped. During this time, cells and

microcarriers begin to settle toward the bottom of the vessel, encouraging interaction —

without any chance of being ‘pushed apart’ by agitation — and thus promoting attach-

ment. Agitation is eventually resumed to ensure seeding homogeneity and the process is

repeated, often for several hours, until a satisfactory number of cells have seeded. The

progress of this technique can be monitored by aspirating a set volume of microcarrier-cell

suspension and decanting the microcarriers. The cells left, which are those that have not

yet attached, can then be measured to calculate the cells that have attached. Over time, the

number of unattached cells should decrease, indicating successful attachment of cells to

the microcarriers.
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After seeding, the agitation rate may be increased and the culture started. A benefit of this

technique is no retrieval of microspheres is needed, with all seeding occurring in the vessel

in which the culture will eventually start. This can be attempted with the ambr, and it was

decided to test cell loading using this intermittent spinning technique with the unit. The

minimum agitation rate allowed was 300 rpm. This rate was chosen to operate for 12 min,

followed by a 2 min with no agitation. Cell loads were chosen as 50, 100 and 200 million

cells, added as 5 mL to 7 mL medium (containing 5 mL microspheres). A 12 mL volume

was thus made. The ambr stopped agitating automatically every 12 min and restarted 2

min after. Every 0.5 hr, 1 mL from the vessels would be aspirated, and the operator would

decant the microspheres and count the unattached cells on a ViCell. Thus, two cycles of

‘start-stop’ were performed before each reading.

Figure 5.16A shows the percentage of cells retained and the calculated cells (in million) re-

tained per mL of microspheres during the 2 hr loading schedule. It also shows the effective

cells (in million) per mL of medium, assuming 10 mL working volume is eventually used.

The percentage of cells retained is determined by deducting the number of cells within the

samples from the number added at the start of the loading schedule. The number of cells

added were determined in technical triplicate, immediately prior to adding to the vessels.

The majority of the cells, at 80 % retained, were loaded within the first 0.5 hr, for each

of the three concentrations tested. For the next 3 readings, no considerable difference in

unattached cells was observed, suggesting a saturation had occurred by the first reading.

The cells (in million) retained per mL of microspheres assumed equal adherence amongst

all microspheres. Calculated from the numbers of cells retained, again the cells per mL of

microsphere reaches its maximum from the first reading. For the 50 million load, the cells

per mL of microsphere approached 10 million; for the 100 million load, it was above 15

million and for the 200 million load, it was over 30 million.

Comparing data to that seen in § 5.2.2, the loading density is considerable lower with this

intermittent agitation technique. It is argued the values here are likely more correct, as the

cells not attached are quantified every 0.5 hr for 2 hr. As discussed previously, it is only

possible to know how many cells are actually present on the microspheres by dissociating

the cells and then counting them. The effective cell number per mL of medium (within 10

mL) is arguably the more important parameter, as it will ultimately affect the concentra-

tion of product within the medium and is related to the intensification of the process. The

highest effective cell number per mL of medium achieved was over 15 million for the 200

million load. Addingmoremicrospheres and/or reducing themediumwould increase this

metric. There is, of course, a limit to this; once a certain volume of microsphere is reached

the system will become a slurry and agitation issues may occur. Figure 5.16B shows pho-
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figure 5.16 Cell loading onto PEI­adsorbed MAES polyHIPE microspheres using ambr15 bioreactors. 5

mL PEI-adsorbed microspheres were dispended into ambr15 bioreactors and allowed to settle

to the bottom. 5 mL of either 50, 100 or 200 million cells was dispensed and the agitator set

to 300 rpm. Every 30 min, until 2 hr, 1 mL suspension was aspirated, microspheres separated

and unadhered cells quantified to determine cell retainment. (A) shows the percentage of cells

retained and cells / mL microsphere each 30 min, and the effective cell / mL medium if mi-

crospheres were placed into 10 mL medium, and (B) the loaded microspheres were visualised.

(C) shows photographs of an empty ambr15 bioreactor, then unloaded microspheres in PBS

within an ambr15 bioreactor to demonstrate their ability to settle via gravity after 2 min. Data

represent mean ± SD, n=3 (biological triplicate).

tographs ofmicrospheres under an optical microscope, after 2 hr, for each of the three loads

tested. Visuallymore cells can be seen as the loadwas increased, indicatingmore cells were

indeed attached.

The polyHIPE microspheres were compatible with the ambr15 vessels. There was some

initial aggregation upon the impeller shaft, but this resolved itself after 30 min with the

force of the agitation. There was no general aggregation on the inside walls of the vessels,

although this proved to be an issue with Erlenmeyer flasks, as will be discussed in the next

chapter. The agitation speed, once set at its minimum of 300 rpm, was sufficient to keep
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the system homogenised. Each sample was 1 mL, with 2 mL thus removed after 2 hr. This

was the reasoning behind a 12 mL starting volume, with 10 mL remaining for the culture

after loading had completed.

The ambr15 is, by its physical design, a batch-wise operation. There is no means of mod-

ifying the system or the vessels (which come pre-sterilised in packs) to enable continual

medium exchange. However, a pseudo-continuous operation where microspheres are al-

lowed to settle via gravity, ‘supernatant’ removed and an equal volume of fresh medium

added, can be carried out. Figure 5.16C shows photographs, as visual examples, of the

ambr15 vessel and the polyHIPE microspheres. The first image shows an empty ambr15

vessel, the second shows 5 mL microspheres within 10 mL of PBS, once added, and the

third shows the packed-bed that formed after 2min of settling. This settling via gravity, and

thus allowing medium to be exchanged without risk of cell loss, was the principle behind

pseudo-continuous culture here. Pseudo-continuous culture was performed successfully

prior to this visit to CPI with Erlenmeyer flasks, with the data presented in § 6.1.2. Read-

ers are directed here now if they wish to learn about extended cultures involving manual

medium exchange.

5.2.4 conclusions

The work in the second part of the chapter focused mainly upon cell loading, a technique

where cells, at high densities, are forced to interact and become adhered to microspheres.

The reasoning behind this was related to a suggestion that any continuous system eventu-

ally developed could be allowed to start immediately, i.e. cells are rapidly loaded, cooled

to mild hypothermia and the process started for an indefinite period of time. Operators

could then utilise the cells as they wish.

To achieve cell loading, microspheres were first dispensed into columns to allow the for-

mation of packed-beds. Cells at high densitywere perfused throughwith the use of either a

syringe or peristaltic pump, with the amount of cells in the effluent being determined. This

was used to calculate the number of cells retained upon themicrospheres. It was found that

decreasing the flow rate led to greater cell retention due to, it was thought, the increased

residence time of cells within the columns. Using 470 µm microspheres and delivering 50

mL of 100 million cells at 1.0 mLmin-1, a total of 55 million cells per mL of microspheres

were retained when using a syringe pump. This was improved by the use of 280 µm mi-

crospheres, delivering 25 mL of 250 million cells at 0.5 mLmin-1, with over 100 million cells

retained per mL of microspheres when using a peristaltic pump. Alongside these, a more

typical intermittent agitation technique was also demonstrated using ambr15 vessels, with

agitation set at 300 rpm for 12 min, followed by 2 min with no agitation, and so repeat-
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ing for 2 hr. Using this method, where 10 mL microspheres were agitated with 200 million

cells, a total of 30 million cells per mL of microsphere was achieved. This approach would

likely be more suitable for larger-scale applications and follows similar methods already

employed for microcarrier culture.

For the 1.0 mL columns, retrieval of loaded microspheres was technically simple, with the

materials easily aspirated up with a pipette tip. This enabled them to be placed in T-flasks

for a static growth culture demonstration. Indeed, cells grew readily upon themicrospheres

with full confluency seen by day 7. No considerable detachment was noted. The very na-

ture of cell retention meant microspheres (adhered with cells) could be decanted on day

4 for a PrestoBlue assay and a medium exchange. For the 2.5 mL columns, retrieval was

challenging, as the action of the pump had ensured a tight packed-bed. Aspiration with a

pipette was not possible and another method was attempted, as described later in Chapter

6.

The use of cell loading has not beendemonstrated in the literature, but it allows operators to

rapidly saturate a retention device with the potential to immediately initiate a continuous

culture. This has been demonstrated in the following chapter. While not suitable for every

application, it may be a component of a future technology where cells, once grown to high

densities, can rapidly be retained for on-demand continuous cultures.
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Chapter 6
continuous bioprocessing systems

overview

This chapter presents the results obtained towards the end of the project, which looked at

the use of the newly developed cell retention device (polyHIPE microspheres adsorbed with

a polyethylenimine substrate) in actual continuous bioprocessing systems. It is divided into

two parts; (i) the demonstration of pseudo-continuous systems, whereby microspheres with

attached cells were left to settle via gravity to allow periodic medium exchange by the opera-

tor and consequently mimic continuous culture, and (ii) attempts at actual perfusion culture,

which involved continual medium exchange via a peristaltic pump. For the latter part, two de-

signs were proposed and attempted; the first was a packed-bed system, where retained micro-

spheres within columns had medium perfused through; the second was a spinner flask-based

system, which instead placed microspheres within a modified spinner flask, with inlet and

outlet tubings used for simultaneously medium entry and exit. This chapter contains highly

experimental ideas and may be appealing to readers interested in the design and operation of

bespoke continuous upstream systems.

6.1 introduction to pseudo-continuous systems

A frequently heard reason given by bioprocessing engineers for their reluctance to adopt

continuous upstream processes is the perceived difficulty in operating the commercial sys-

tems available.Whether these views are justified or not is likely dependent upon the actual

system used and the experience of those voicing their thoughts. A key advantage of using

microspheres as a means of retaining cells is their versatility; potential users are not con-

fined to pieces of specialised equipment and so they will not, strictly speaking, have to

learn or be trained in these new operations. Microspheres are physically compatible with

many familiar lab vessels, i.e. they can be directly added and used immediately, in exactly

the same way as microcarriers are not restricted to any particular format.

A further advantage of using microspheres as a cell retention technology is their mode of

retention. Microspheres, when coated with a sticky adhesion substrate, will physically ad-

here cells (as has been shown previously). This opens up the possibility of using a defined

volume of loaded microspheres within a pseudo-continuous culture. Pseudo-continuous

systems, sometimes referred to as mock- or semi-continuous, rely on manual exchange of

medium by the operator, often at set intervals of a process, to mimic the effects of continu-
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ous culture. This is in contrast to perfusion, or ‘true’ continuous operation, where medium

is continually exchanged at a defined dilution rate by the use of a pumpingmechanism. For

pseudo-continuous operations, the operator must physically interact with the process, but

it is technically simple to run; for perfusion, interaction is kept to a minimum, but the tech-

nical expertise required is far greater. For the retention of cells, the rationale for using mi-

crospheres becomes apparentwhen observing their ability to rapidly settle via gravity. This

can be achieved by simply tilting the vessel in which they are themselves retained. As ex-

amples, microspheres within multiwell plates, T-flasks, or even larger shaking bottles will

fall out of suspension when not agitated — this leaves cell-free medium, or ”supernatant”

as it were, available for removal by the operator. Adding an equal amount of freshmedium

immediately after will constitute a medium exchange, without any loss in cells. Perform-

ing this exchange periodically effectively converts the culture into a pseudo-continuous

operation; substrates are renewed, metabolites (including any product) are removed and

the operation time can be vastly extended beyond that normally seen with batch, or even

fed-batch, cultures.

Pseudo-continuous culture is simple to carry out. Unlike perfusion, no pumps or tubings

are required and, when paired with microspheres, it can be performed using readily avail-

able labware vessels. It also introduces operators to extended cell culture, without any sub-

culture, but does not involve the technical difficulty of perfusion. There are two immediate

disadvantages, albeit minor ones; a 100 % medium exchange can never be achieved, with

some liquid always having to remain each time in the vessel to keep the microspheres hy-

drated — although this can be overcome by serially performing a second or even a third

medium exchange. These exchanges involve interaction between vessels and the opera-

tor. For a pseudo-continuous operation lasting several weeks, the risk of contamination is

present.

Pseudo-continuous culture can be attempted right now in almost any laboratory working

with cells, without the need for dedicated cell retention. Removing cells from vessels and

performing centrifugation is a crude, but very effective, method of retaining cells. Super-

natant (or spent medium in this instance) can be decanted, the cells resuspended in fresh

medium and placed back into their original vessels for continuation of the process. The

downside to this method, however, is the cumbersome transfer of cell suspension to and

from centrifuge vessels, with the associated risk of contamination that this brings. Scalabil-

ity is also an issue; scaling up these processes would demand the centrifugation of larger

volumes, which is indeed possible but would require specialised centrifuge vessel holders

once certain volumes are exceeded. In contrast, when cells are adhered to microspheres

the rate of sedimentation via gravity can be a matter of several minutes, often less, with no
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centrifugation needed. Medium exchange becomes a rapid, routine task with interaction

kept to a minimum.

The main objective of the work presented in this chapter was to demonstrate both

pseudo-continuous and perfusion operation in mild hypothermic conditions using the

developed cell retention device. The specific objectives for the first part of this chapter

were to; (i) ensure parameters useful for the analysis of pseudo-continuous and perfusion

culture medium can be accurately measured within the laboratory, e.g. by the use of a

Cedex Bio Analyzer unit; (ii) attempt pseudo-continuous culture of CHO cells with the

developed cell retention device, i.e. microspheres adsorbed with polyethylenimine, by

placing them in agitated Erlenmeyer flasks with periodic medium exchange, and (iii)

optimise this pseudo-continuous operation, if possible, to keep CHO cells sustained at

mild hypothermia, with continual production of IgG, for at least two weeks. The second

part of this chapter looks at the design and assembly of two perfusion systems, with an

attempt at true continuous operation using both of these systems.

6.1.1 cedex bio analyzer and mild hypothermic culture

The defining characteristic of any continuous upstream system is the vastly extended du-

ration of the culture, with weeks without subculture or interaction between the system

and the operator the norm. Problems of cell overgrowth, which may result in clogging

or fouling of the retention device, are typically overcome by either shifting to mild hy-

pothermic temperatures (to arrest culture growth) or via cell bleeding (where physiological

temperatures are maintained but a portion of cells are periodically allowed to exit the sys-

tem). The effluent medium of a continuous system, sometimes referred to as the perfusate,

can be sampled daily and stored for later analysis. The determination of the concentra-

tion of metabolites, substrates and expressed product can subsequently be performed to

deduce the health of the culture for each day of the operation. For clarity, metabolites are

defined here as the products of metabolism and substrates as chemical species within cul-

ture medium; the former are produced by cells, the latter are consumed. Some species can

act as both metabolite and substrate, such as lactate. Heterologous protein products, such

as antibodies, are a form of metabolite — technically a secondary metabolite, as they are

not involved in functions needed for cell survival. For cells that are retained internally, or

those within physically closed devices that cannot be aseptically accessed, the analysis of

metabolites and substrates within the perfusate can often be the only way to determine the

health of retained cells and the state of the wider operation.

Countless commercial assays are available for the quantification of metabolites and sub-

strates within culture medium. However, each of these assays typically only measures one
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particular analyte, meaningmultiple assays have to performed, usuallymanually, for a full

picture of a continuous culture to emerge. This is incredibly laborious and generally not

cost-effective, but some dedicated units do exist that will automatically determine the con-

centration of an array of analytes from a single sample. Such units can thus eliminate the

need to purchase multiple assay products and greatly streamline the required workflow.

The Cedex Bio Analyzer, from Roche, is one such unit, and is capable of rapidly measur-

ing the concentrations of many metabolites and substrates within cell culture medium. It

is described as a low throughout device (to contrast with its larger, high throughput sister

unit), with capability to handle eight discreet samples at a time — but for the objectives in

this project this unit was entirely suitable.

The concentrations of glucose, l-glutamine, lactate and lactate dehydrogenase within per-

fusate can be measured to collectively reveal the general status of a continuous upstream

operation. Whilst the intricacies of CHO metabolism are not, strictly speaking, within the

scope of the work presented here, each of these analytes will be discussed to give context

for the data that follow. It should be rememberedCHOcells are, of course,mammalian, and

the description of each of these analytes would generally be the same for all mammalian

cells.

Glucose, amonosaccharide and carbon source, is the dominant supplier of energy for CHO

cells, and indeed all living organisms. Glucose is thus a critical substrate, getting consumed

within the culture as cells grow, and is supplied within CD CHO at around 6 gL-1. It is

first metabolised within glycolysis, an oxygen-independent pathway, to generate adeno-

sine triphosphate (ATP) molecules. These molecules, informally called ‘energy currency’,

are then used to fuel all cellular processes. In aerobic conditions, the end product of gly-

colysis, pyruvate, can subsequently be used within the citric acid cycle to further generate

ATP. In anaerobic conditions, such as that felt by muscle cells of mammals during intense

exercise, ATP is in high demand and so cells will typically respond by converting pyruvate

into lactate and thus by-passing the citric acid cycle. This temporary reaction ensures the

glycolysis pathway can be repeated quickly via the production of NAD+ cofactors, which

help repeat this pathway.

Bizarrely, many immortalised mammalian cells, including CHO cell lines, will produce

lactate via glycolysis even when abundant oxygen is present. This rewiring of metabolism,

termed the Warburg effect after Otto Heinrich Warburg, was first observed in cancer cells

(Liberti et al., 2016). The metabolism of glucose using glycolysis is highly inefficient — the

majority of the potential energy is lost — yet it is considerably faster than the citric acid cy-

cle and thus allows cells to quickly acquire energy for proliferation.As for the consequences
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on CHO culture, glucose is rapidly consumed and lactate rapidly produced during periods

of growth, such as that seen in the exponential phase of a culture. Lactate is thus a waste

metabolite product arising from the inefficient use of glucose, with its concentrationwithin

medium increasing during cell culture. However, the presence of lactate is also detrimen-

tal to cell culture, causing a reduction in medium pH (which must be countered with base

addition, affecting osmolarity) and having negative effect on growth and productivity (Fu

et al., 2016). The regulation of lactate within CHO processes, in an effort to try an alleviate

these issues, is an active area of research (Buchsteiner et al., 2018; Konakovsky et al., 2016;

Toussaint et al., 2016).

Glutamine (both a carbon and nitrogen source) is a non-essential amino acid, meaning its

synthesis within mammalian cells is possible using glutamate and ammonia via glutamine

synthetase. However, in rapidly proliferating cell lines such as CHO, l-glutamine (the nat-

urally occurring enantiomer form)must be exogenously supplied via supplementation into

the medium in order for cells to remain viable; in this case at 8 mmolL-1 for the CHO-S

IgG cell line used here. The role of l-glutamine within CHO metabolism is critical, being

utilised as an alternative energy source and a precursor in biosynthesis, amongst many

others (Tannock et al., 1986). The conversion of glutamine into glutamate via glutaminase

creates ammonia, a waste metabolite product. As with lactate, ammonia is not beneficial

to cell culture and should be closely watched, although in this work the concentration of

ammonia was not measured.

Lactate dehydrogenase is defined here incorrectly as a metabolite, though really it is an

enzyme involved in the metabolism of pyruvate, and is measured solely within perfusate

as an indirect marker of cell death. Cells undergoing necrosis lose membrane integrity and

essentially leak their internal contents into surroundingmedium; if lactate dehydrogenase,

being an enzyme found in high amounts within cells, is detected than it can be presumed

traumatic cell death has occurred. The measurement of lactate dehydrogenase as a means

to detect cell death remains a widely used technique within cell culture processes (Chan et

al., 2013).

The laboratory had an available Cedex Bio Analyzer. However, it was viewed as a relic

from a previous project and had been lying dormant for several years. An initial task, be-

fore any form of continuous operation was attempted, was to revive the Cedex and ensure

it could be trusted, once again, for actual experimental work. Maintenance was carried out

and assay reagents for glucose, l-glutamine, lactate and lactate dehydrogenase obtained.

Calibration and control samples were provided by Roche to ensure the Cedex would cor-

rectly measure the concentration of these four analytes.
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Figure 6.1A shows graphs plotted with the three control values, as stated by Roche, against

three concentrations, as measured by the Cedex. These three controls were measured for

each of the four analytes. Regression lines were added and R2 values calculated. The tight

fitting lines and high R2 data confirmed the successful calibration of the Cedex and demon-

strated it could accurately measure these analytes. Serial dilutions of CD CHO medium

were next prepared, with glucose and l-glutamine concentrations determined for each di-

lution, with a technical triplicate performed for each. Figure 6.1B shows ‘standard curves’

for both substrates, with undiluted CD CHO medium assigned an arbitrary value of 1.0,

the first dilution then assigned 0.5, and so on. Plotting regression lines was used to confirm

the ability of the Cedex in measuring decreasing concentrations of these two analytes. As

with the controls, both gave a high R2 value and a tight fitting line, confirming that the

unit could detect the dilutions correctly each time. The undiluted samples were corrected

identified as 6 gL-1 and 8.0 mmolL-1, for glucose and l-glutamine, respectively.

figure 6.1 Validation of the Cedex Bio Analyzer, using controls and serial dilutions. The Cedex Bio An-

alyzer was validated using (A) manufacturer-supplied controls for glucose, lactate, l-glutamine

and lactate dehydrogenase, and (B) ‘standard curves’ for glucose and l-glutamine concentra-

tions, using a serial dilution of CD CHO medium. For the two ‘standard curves’, the 𝑥-axis has
arbitrary units, with 1 being undiluted medium, 0.5 the first dilution and so on. Lines shown are

regression lines. For (A), data represent n=1; for (B), data represent mean ± SD, n=3 (technical

triplicate).

After seeing these data, the determination of these four analytes within actual cell culture

medium using the Cedex was next. Figure 6.2A shows the daily viable cell density and vi-

ability of a suspension batch culture of CHO-S IgG cells in Erlenmeyer flasks. The culture

had the typical lag, exponential, stationary and death phase growth curve, with an associ-
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ated sudden drop in viability by day 8. Figure 6.2B shows the daily concentration of glu-

cose, lactate, l-glutamine and lactate dehydrogenase, as measured by the newly calibrated

Cedex, and can be used to complement the growth curve data obtained. The concentra-

tions of glucose and l-glutamine, two key substrates within the CD CHO medium used

here, remain high for the first two days of culture. As cells enter exponential phase, by day

3, these two began to get consumed with their levels dropping. This continued until day

5 and 6, when their concentrations approached zero. At this time, cells entered stationary

phase with growth plateauing. Viability began to drop from day 7.

figure 6.2 Demonstration of the Cedex Bio Analyzer for determination of metabolites and substrates

within actual cell culture medium. A routine suspension culture using CHO-S IgG cells

was performed, with (A) viable cell density and viability readings taken daily, and (B) glu-

cose, lactate, l-glutamine and lactate dehydrogenase concentrations determined daily using the

Cedex.Data represent n=1.

The concentration of lactate dehydrogenase, a marker of cell death, remained at an ex-

tremely low concentration until day 6, when it began to rise. By day 8, it had risen dra-

matically to almost reach 8.0 kUL-1, corresponding to the sudden drop in cell viability as

measured by the ViCell. Lactatewas produced as biomass accumulated, rising rapidly dur-

ing the exponential phase (as glycolysis was carried out), plateauing with stationary and

then actually decreasing after day 6. This indicated consumption by the cells, before expe-

riencing another plateau between days 8 and 9.
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The data here were typical for CHO cells within batch culture and whilst not particularly

interesting, demonstrated the accuracy of the Cedex unit. The decrease in lactate from day

6 was the result of the lactate metabolic shift or switch, which describes the phenomenon

wherebyCHOcells begin to consume rather than produce lactate, usually during late-stage

culture. The exact causes of this metabolite change have been reviewed by Hartley et al.

(2018), and include the result of glucose depletion, l-glutamine depletion and changes in

pH, amongst others.

The use of mild hypothermia was always intended as a means to arrest the growth of CHO

cells within the cell retention device. In § 3.1.4, cells adhered to polyethylenimine sub-

strates within T-25 flasks were cultured at 37, 32 and 30 ∘C for 5 days, with cell growth

and detachment measured and the daily concentrations of glucose, l-glutamine, lactate

and lactate dehydrogenase determined. The samples from that experiment were stored

and later analysed using the newly validated Cedex here. The data obtained from that ex-

periment started to explore the effect of temperature on cell metabolism. Before attempting

continuous culture with the use of microspheres, it was suggested themetabolic behaviour

of CHO-S IgG cells within suspension batch culture, at mild hypothermia, be investigated.

This was as to compare and contrast any effects whichmay arise later on in any continuous

culture eventually attempted. As is the case with many industrial processes (particularly

those operating as fed-batch), a biphasic culture was carried out by shifting the tempera-

ture from 37 ∘C to either 30 or 32 ∘C. In this instance, this shift was carried out on day 3

within a 9 day culture.

Figure 6.3A shows the viable cell densities and viabilities for each of the cultures from days

0 to 9. As with Fig. 6.3B and 6.3C, the black arrows on day 3 indicate the temperature shift

from 37 to 30 or 32 ∘C. Before the temperature switch, all cultures had near-identical cell

densities, with exponential phase beginning on day 2. The switch on day 3 had immediate

effect on growth by the following day; those cultures remaining at 37 ∘C continued to accu-

mulate biomass within the exponential phase, whilst those with reduced temperatures had

considerably less growth. By day 5, cultures at 37 ∘C had entered stationary phase, whilst

the viable cell density for those at 32 and 30 ∘C had plateaued and continued to do so un-

til day 9. This demonstrated complete cell growth arrest by mild hypothermia. Regarding

viabilities, cultures kept at 37 ∘C dropped to 50 % viability on day 7 before approaching 0

% by day 9. Viability for those shifted to 32 and 30 ∘C remained above 90 % until day 7,

with a slight decrease observed on day 8. Interestingly, the viability of cultures at 32 ∘C

approached 50 % by day 9, but those at 30 ∘C remained above 80 %.

Figure 6.3B shows the daily IgG titre and l-glutamine concentrations for each of the cul-

198



chapter 6 – continuous bioprocessing systems

figure 6.3 Mild hypothermia of CHO cells using two temperatures within a biphasic culture, with daily

determination of metabolites, substrates and IgG titre. A suspension batch culture of CHO-S

IgG cells was performed using Erlenmeyer flasks, with a temperature shift to either 30 or 32 ∘C

carried out on day 3 (black arrows). (A) viable cell density and viability readings were taken

daily, (B) IgG titre and l-glutamine concentration was determined daily, with the cell-specific

productivity (qP) and cell-specific l-glutamine consumption rate (qGLT) calculated between

days 0 and 6, and (C) glucose, lactate and lactate dehydrogenase concentrations determined

daily. During the first three days of culture, when all flasks were at 37 ∘C, metabolites, sub-

strates and IgG was only determined for one set of flasks. For (A), data represent mean ± SD,

n=3 (biological triplicate); for (B) and (C), data represent n=1.

tures; using these data the cell-specific productivities and cell-specific l-glutamine con-

sumption rates were calculated between days 0 and 6. To save on consumable costs for this
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particular experiment, only one flask for each condition was sampled for analysis and for

the first 3 days, only one condition was measured as all parameters were considered con-

stant. After day 3, the IgG titres were similar for all conditions and rose until day 6 when

they began to plateau for cells kept at 37 ∘C. From this same day, the titre achieved by cells

at 32 and 30 ∘C continued to rise, until day 8, when the titre for those at 32 ∘C started to

surpass those at 30 ∘C. Cells cultured at 32 and 30 ∘C, from day 3, had cell-specific pro-

ductivities almost twice that of the cells kept at 37 ∘C, between day 0 and 8. Cells switched

to 30 ∘C achieved the highest at approximately 10 pgcell-1day-1. l-glutamine concentra-

tion dropped rapidly to around 4 mmolL-1 and dropped further by day 4 for cells kept at

37 ∘C, with all available l-glutamine being consumed by every culture, regardless of tem-

perature, by day 6. The cell-specific l-glutamine consumption rates revealed, as with the

trend in productivity, an increase in consumptionwhen temperatures were decreased. This

matched the data seen previously in § 3.1.4, where CHO cells adhered to polyethylenimine

substrates were exposed to mild hypothermic temperatures.

Figure 6.3C shows the daily glucose, lactate and lactate dehydrogenase for each of the cul-

tures. The daily decrease in glucose concentration after day 3 was dependent upon the

temperature of the culture, with cells at 37 ∘C experiencing the fastest drop, followed by

those at 32 ∘C and those at 30 ∘C. By day 6, all glucose was consumed for cells at 37 ∘C; for

cells at 32 ∘C this occurred by day 8 and for those at 30 ∘C by day 9. The lactate profile was

interesting; by day 5 the lactate shift had occurred for cultures at 37 ∘C, with all available

lactate rapidly consumed by day 7. This matched with a similar depletion in both glucose

and l-glutamine and corresponded to the rapid dross in viability seen with cells at 37 ∘C.

For cells at mild hypothermia, a lactate shift still occurred but only from day 6 and with

a smaller daily decrease in lactate concentration, although cultures at 30 ∘C had the high-

est lactate concentration by day 9. For lactate dehydrogenase, a marker of cell necrosis, all

conditions saw some increases by day 6, but cells at 37 ∘C experienced a dramatic increase

by day 7, which began to plateau as the culture viability dropped. Cells shifted to 32 and 30
∘C also saw steady increases in lactate dehydrogenase concentrations, with those at 32 ∘C

giving higher readings than those at 30 ∘C. This complementedwith the earlier observation

that cells at 30 ∘C remained relatively more viable for the entire duration of the culture.

It is known that reducing the temperature of a mammalian cell culture has consequen-

tial effects on the progression of the cells through the cell cycle (Rieder et al., 2002). A

downward shift in temperature is typically used to severely reduce the specific growth

rate of the culture by arresting cells in the G0/G1 phase of the cell cycle. The consequent

boost in cell-specific productivity is considered a major benefit. This inverse relationship

between growth rate and productivity is widely recognised for mammalian cell lines. Be-
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cause of this relationship (cells must stop growing for productivity to increase), industrial

processes typically rely on a biphasic approach, i.e. begin a culture at 37 ∘C for a defined

duration to enable sufficient biomass is generated, before switching to a mild hypother-

mic temperature to boost productivity for the remainder of the culture. The extent of this

effect, with respect to CHO cell production, appears to be highly empirical and depends

ultimately upon the product expressed, the cell line used and the temperature ultimately

applied (Becerra et al., 2012). The relationship between growth rate and productivity is not,

strictly speaking, beneficial to a process; an operator cannot have both a high growth rate

and a high productivity and must choose one over the other. Whilst biphasic cultures are

a workable solution, others have attempted to ‘decouple’ growth rate and productivity by

adapting cells to grow in hypothermic conditions, i.e. achieve normal growth rates with an

increase in productivity (Fox et al., 2005; Sunley et al., 2008).

The switch to mild hypothermia in order to arrest cell growth has been demonstrated here

for the CHO-S IgG cell line. A biphasic culture was performed, with cells first cultured

at 37 ∘C for 3 days in order to increase cell concentration before switching to 32 or 30 ∘C.

The choice of the third day post-seeding was largely to highlight the expected arrest in

growth (when compared to the cells that remained at 37 ∘C); for a production process a

shift on days 4 or 5 would be more appropriate to first achieve a greater biomass. This in

turn would increase the product amount ultimately harvested. The boost in cell-specific

productivity observed, between days 0 and 6, was not a surprise and obeyed the inverse

relationship between specific cell growth and product output.

It can by now be appreciated that, if mild hypothermia was employed with a continuous

culture, the cellswould remain at a near constant concentration for the entire duration,with

no clogging of the retention device. This would enable the process to be vastly extended,

critically without any detrimental effect on the health of the cells or the integrity of the

retention technology. The product, likewise, would be continually made with the ability to

retrieve and process it within the exiting medium.

The increase in cell-specific l-glutamine consumption was intriguing, suggesting a change

in metabolism as temperature was decreased — although this increased uptake appeared

not to encourage cell growth. Yoon et al. (2002) similarly reported an increase in cell-specific

l-glutamine consumption after performing a switch to 30 and 33 ∘C for an adherent CHO

culture, with 30 ∘C once again yielding the highest specific consumption. Bizarrely, the

same authors later performed similar experiments using the same cell line, but instead

reported a decrease in l-glutamine consumption (Yoon et al., 2004). The only obvious dif-

ferences that could be seen was, in the later report, cells were cultured in suspension rather
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than adherently and switched now to 32.5 ∘C. This suggests the effect may in part be

process-dependent.

6.1.2 pseudo-continuous systems using erlenmeyer flasks

It was decided that pseudo-continuous culture of CHO cells, as opposed to perfusion cul-

ture,would be first attemptedusing the newly developed,microsphere-based cell retention

device. Unlike the perfusion systems explored later on in the work, no dedicated equip-

ment such as peristaltic pumps, tubings or medium tanks had to be obtained in order to

attempt any pseudo-continuous culture. The specific vessel type chosen was the single-use

Erlenmeyer flask, which possessed a cap containing a 0.2 µm filter for gaseous exchange.

These were the same vessels used for routine cell passaging within the laboratory and so

were readily available for use. It was decided cell loading would be carried out, as demon-

strated in § 5.2.2, to seed the microspheres prior to continuous culture, i.e. 2.5 mL columns

each containing 1 mL microspheres would be perfused with CHO cells at high viable cell

densities. The microspheres, once loaded and washed through with medium, would then

be retrieved from the columns and placed into freshmediumwithin the Erlenmeyer flasks.

Agitating these flasks using orbitally-shaken incubators atmild hypothermic temperatures

would then commence. The lack of impellers would also eliminate any potential shear aris-

ing from agitation.

The culturing of microspheres within Erlenmeyer flasks had never been attempted within

the laboratory. Literature reports on microcarrier usage frequently employ spinner flaks

(Gupta et al., 2016; Rafiq et al., 2016; Ismadi et al., 2014) as culturing vessels, with a cen-

tral impeller (usually magnetically driven) used to keep microcarriers within suspension.

As a consequence of using different — and simpler — vessels, there were numerous un-

knowns regarding certain process parameters. This included the rotational speed of the

shaker within the incubator, the specific temperature needed to arrest cell growth (and to

avoid possible detachment of cells from microspheres at these low temperatures), and the

frequency of the medium exchanges. As with any first attempt, several issues arose which

were not entirely foreseen, with these being discussed alongside the data below. Current

CHO fed-batch processes within the laboratory could currently run for 2 weeks before a

harvest was performed. Because of this, the duration of any continuous process (pseudo

or perfusion) within the work here was always expected to exceed this.

For this first attempt, cell loading was performed using a flow rate of 0.5 mLmin-1. The

cells retained, calculating by deducting the cells in the effluent from the cells delivered,

was an average of approximately 125 million per column, or per 1 mL of microspheres.

Retrieval was performed by flushing the microspheres up from the bottom of the column
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through the top into a centrifuge tube by the use of fresh medium at 1 mLmin-1. Micro-

spheres were pushed out as a slurry, shaped like a cylinder, but resuspended readily once

excessmediumwas added. Finally, microsphereswere strained and flushed back into fresh

medium. The number of cells lost during this retrievalwas determined to be approximately

20 million, leaving over 100 million per 1 mL of microspheres. Microspheres were placed

into Erlenmeyer flasks and a 25 day pseudo-continuous culture started.

Figure 6.4A shows the daily concentration of dead and viable cells within suspension, i.e.

the cells detached from themicrospheres, as well as the daily viability of these cells and the

daily IgG titre for the process. It must be stressed that these cell densities are not the density

of cells retained upon themicrospheres, but rather detached cells suspendedwithin the su-

pernatant. Because of the nature of continuous processing, samples were taken daily with-

out fear of excessive medium loss. Black arrows with dashed lines indicate 100 % medium

exchange on that particular day. The data obtained on these particular days came from

samples taken immediately before the medium exchange took place. Values on the top in-

dicate the temperatures used during specific periods of the culture. To take a daily sample,

or even perform a medium exchange, flasks were removed from the incubator and physi-

cally tilted to allowmicrospheres to settle. The eventual microsphere-free supernatant was

then either sampled, or exchanged with an equal amount of fresh medium. Letting micro-

spheres settle was simple to perform, and took under 2 minutes for a loose pellet to form.

Using this methodmeant that, unless microspheres were decanted, it was impossible to ex-

change 100% of themedium in a singlemedium exchange. To overcome this, 80%medium

was exchanged, with this then repeated twice (by gently resuspending microspheres and

letting them settle once again). Initial medium exchanges performed in this experiment in-

deed only performed one 80 % exchange, but by the end of the process three exchanges

were carried out to ensure complete renewal of substrates and removal of metabolites.

Samples taken on days 1 and 2, which was 24 and 48 hr after inoculating the vessels with

loaded microspheres, gave a relatively high concentration of detached, but viable, cells.

The concentration of dead cells, in comparison, was smaller. This was likely due to some

cell detachment frommicrospheres once placedwithin the flasks, whichwas expected. The

medium exchange on day 2 was performed to rid the flasks of any detached cells, so fur-

ther observation on cell detachment could be carried out for the remainder of the culture.

From day 5, mediumwas exchanged every 5 days until day 20. The concentration of viable

and dead detached cells followed an expected pattern; 24 hr after the day when a medium

exchange had been performed the concentration of both started low, before starting to rise

steadily each day until the next exchange. These rises became more apparent from day 10.

The ratio of viable to dead cells may reveal information regarding cell detachment, i.e. the
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possibility of viable cells peeling off due to non-optimal processing parameters, or the pos-

sibility that cells are dying on the microspheres and consequently peeling off. Cell density

data between days 10 and 25 revealed the first recurring pattern, with similar cell detach-

ment by the fifth day for three consecutive medium exchange cycles. These cyclic patterns,

or data ‘zig-zags’, would become characteristic for this pseudo-continuous system and in-

deed would be observed in any similar system employing periodic medium exchange.

The daily viability data complemented the daily concentration of detached cells. Whilst

viability remained high at the beginning (as mainly viable cells detached), from day 7 it

began to steadily decrease until an average of about 50 % was reached and maintained

for the remainder of the culture. The daily IgG titre was, arguably, the most relevant data

for this process. The defining characteristic of continuous culture is the vastly extended

operation time, and with that the continual expression of product. As was the case with

the detached cells, a medium exchange removed IgG before it was produced again with

each subsequent day. The maximum titre observed was on day 10, with 250 mgL-1 almost

achieved. Interestingly, after this day (which was a medium exchange day), the titre still

increased relative to the preceding day, but did not achieve the same final titre as the pre-

ceding cycle. Indeed, by day 25, a titre under 100 mgL-1 was achieved. This suggested a

failing somewhere within the process and corresponded with earlier data regarding the

number of dead cells detached from the microspheres. However, the relatively increases

each day indicated cells were still present and still being productive.

One of the first observations within this experiment was the creation of a ‘tide mark’, or

the sticking and aggregation of microspheres upon the inside wall of the flasks. Figure 6.4B

shows a particularly striking example of this aggregation (indicated by the black arrow).

This appeared to be related to the rotational speed of the orbital shaker within the incuba-

tor. The initial rotational speed employed was 70 rpm, with visual observation confirming

that loaded microspheres were in adequate suspension within each flask. However, by the

end of the first day individual microspheres had begun to stick upon the walls of each

vessel, and by the end of day 2 this had expanded with considerable accumulation of mi-

crospheres now present. Transferring the remaining microspheres into fresh erlenmeyer

flasks was performed. Reducing the rotation speed to 60 rpm appeared to rectify the prob-

lem; however, microspheres would continue to stick to the inside walls of each flask if they

came into repeated contact with the walls. This tended to happen when flasks were carried

to a laminar flood hood for sampling or medium exchange and as such, care was taken to

keep microspheres within the central area of each flask whilst vessels were handled. This

sticking was likely due to the ‘stickiness’ of loaded cells upon each microsphere, with the

polycarbonate walls within each flask effectively acting as a substrate to the retained cells.
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This issue is also seen when using microcarriers with glass spinner flasks and as such the

chemical treatment of these vessels is recommended prior to culture, as is reported later in

§ 6.2.2.

The use of mild hypothermic temperatures within this first run revealed two observations;

one beneficial to the project and the other detrimental. Maintaining the process at 30 and

31 ∘C did not appear to entirely arrest growth. It was clear that the weight of the micro-

spheres increased as cells continued to populate the materials. This was first noticed dur-

ing the third and fourth medium exchanges, when the time needed for the microspheres

to settle within each flask began to decrease. It was also visually observed by both optical

microscope and eye. Figure 6.4C shows micrographs of microspheres at days 10 and day

25. In addition to these images, a very small amount of microspheres were sampled each

day and observed under a microscope. It was apparent by the middle of the culture that

growth, albeit at a very slow rate, was still occurring. As first described in Chapter 5, cells

grew upon each other as the culture progressed, with cellular masses and clumps eventu-

ally seen protruding outwards from each microsphere. Because of this continued growth,

by the last medium cycle of the culture aggregates of microspheres had formed within the

centre of each flask. This was unrelated to the vessel wall sticking as described earlier,

but appeared to be combined CHO-microsphere masses. In some cases, these masses were

made up of at least 20 microspheres, as can be seen in Fig. 6.4C on day 25. It was likely that

adhered cells were forming linkages with neighbouring microspheres as they divided and

as a result aggregates began to form. Increasing the rotational speedmay prevent this from

happening, but it may again cause the sticking of microspheres to the flask walls. An even

cooler temperature than that attempted here may be required.

Whilst this growth was not desired — the intention was always for a high but constant

viable cell concentration upon the microspheres throughout the process — it did confirm

that cells would not detach in dramatic numbers from the materials whilst in cooler tem-

peratures. This was in contrast to the data seen in Chapter 3, where the majority of CHO

cells adhered to polyethylenimine substrates in T-flasks began to detach once the temper-

ature was reduced to 30 ∘C. Two possible reasons were suggested for this not happening

with polyethylenimine substrates on microspheres. The first was the effect of the microp-

orous surface on cell retainment. It is generally known that cells appear to adhere and grow

more favourable to microporous surfaces rather than solid ones. Despite the polyHIPEs

being ‘deformed’, they are nevertheless composed of a highly interconnected microporous

mesh, including at their surface where cells are adhered. The second is related to the actual

temperature of the environment immediately surrounding the cells. Due to the observa-

tion that cells divided upon one another when adhered to polyethylenimine substrates on
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microspheres, the thick layer of biomass may be a source of relatively high heat. This po-

tentially could prevent the cells from having such drastic morphological changes which

appeared to lead to eventual peeling.

For this run, daily samples taken were immediately frozen. All samples were thawed at a

later date, after the end of the culture, formetabolite and substrate analysis. As explained at

the beginning of this chapter, the profiling of metabolites and substrates will give a greater

overview of the process and can often be the only means of assessing the status of a contin-

uous culture. The analysis in this first attempt was not carried out daily, but it likely would

be for established continuous processes so as to enable day-to-day assessment and process

control. Figure 6.5 shows the daily glucose, l-glutamine, lactate and lactate dehydrogenase

concentrations for mediumwithin one flask in this first pseudo-continuous run. Recurring

trends in metabolite and substrate concentrations can be seen, at least from day 5 for each

analyte, demonstrating the principle of a pseudo-continuous culture. The decision to even-

tually choose 5 days for exchanging medium was based upon the time for a typical batch

culture in Erlenmeyer flasks to reach stationary, i.e. become depleted of substrates.

Focusing upon the data from days 5 to 10, i.e. the third cycle, the concentration of glucose

dropped to 3 gL-1 by the final day. For cycles after this, the final glucose concentration be-

gan to increase and was under 5 gL-1 by day 25, indicating again some failure within the

process as less glucose was being consumed by the end of the process. The l-glutamine

concentrations decreased dramatically and started to plateau at a low concentration (ap-

proaching 1.0 mmolL-1) by the end of the third cycle. The depletion of l-glutamine by the

fifth day, when compared to glucose, was likely a result of changes inmetabolism resulting

from the reduced temperatures, as discussed in § 6.1.1. These data were the first indication

that maintaining the process for 5 days without any medium exchange was too long — if

the intention was to keep substrate concentrations high. The concentration of lactate each

day, once again, had a recurring pattern with a steady increase between days 5 and 10

and days 10 and 15. However, beyond that the concentration began to plateau, suggesting

reduced metabolism within the culture. Lactate dehydrogenase concentrations remained

low until day 10, where it began to approach 2 kUL-1 by the fifth day of each subsequent

cycle. This confirmed the higher ratio of dead to viable cells within suspension towards

the latter half of the culture. It also suggested substrates (or at least l-glutamine) were not

being renewed at a quick enough frequency to sustain the cells.

The changes in culture temperature — which was done in this run to check if cells would

detach frommicrospheres under mild hypothermia— did not bring about any consequent

changes in metabolite or substrate concentration. However, due to the sub-optimal con-
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figure 6.5 Metabolite and substrate analysis of the first attempt at pseudo­continuous culture of CHO

cells using PEI­adsorbed polyHIPE microspheres for 25 days. During the same experiment as

first shown in Fig. 6.4, glucose, l-glutamine, lactate and lactate dehydrogenase concentrations

were determined daily between days 1 and 25. Data demonstrated the ability ofmanualmedium

exchanges to replenish substrates and remove metabolites. Black arrows and dashed lines indi-

cate manual media exchanges by allowingmicrospheres, retaining cells, to first settle by gravity.

The daily sample on media exchange days was taken before the medium was exchanged and

not after; a gap has been left between these days and the days that follow it to show this. Data

represent n=1.
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ditions of the culture, the data obtained here were extremely crude and should not be

over-analysed. The experiment was performed solely to determine the feasibility of using

microspheres within Erlenmeyer flasks as a means to carry out simple pseudo-continuous

culture. It had been demonstrated here that this was indeed possible, with no evidence of

contamination, no dramatic peeling of cells and the continual production of IgG through-

out the culture. The next step was to rectify any issues and re-attempt the process.

A second run was planned using the knowledge that had been gained from the first. Er-

lenmeyer flasks of 125 mL nominal value had been originally used, however the small

circumferences of these vessels likely contributed to the sticking of microspheres upon the

vessel walls. It was decided to use 250mL Erlenmeyer flasks, keeping the volume the same

at 20 mL, so as to ensure microsphere suspension was agitated around the centre within a

greater area. Tests performed prior to this second attempt using non-loaded microspheres

in these larger vessels indeed showed microspheres spreading out more evenly within the

medium. A rotational speed of 45 rpm was found to be suitable.

For this second attempt, cell loadingwas performed again using a flow rate of 0.5mLmin-1.

This time, 300 million cells were delivered, as opposed to the usual 250 million in the first

attempt. The cells retained, calculated by deducting the cells in the effluent from the cells

delivered, was an average of approximately 130 million per column, or per 1 mL of mi-

crospheres. Retrieval was performed again by flushing the microspheres up from the bot-

tom of the column through the top into a centrifuge tube by the use of fresh medium at

1 mLmin-1. The number of cells lost during this retrieval was determined to be approx-

imately 50 million, considerably higher than last time, leaving over 75 million per 1 mL

of microspheres. Microspheres were placed into Erlenmeyer flasks and a 31 day pseudo-

continuous culture started.

Figure 6.6 shows the daily concentration of dead and viable cells within suspension, the

daily viability of these cells and the daily IgG titre for the second attempt at pseudo-

continuous culture. It must be stressed again that these daily cell densities are not the den-

sity of cells retained upon the microspheres, but detached cells in suspension within the

supernatant. The values for cell density and viability, between days 18 and 22, were left

blank because the data was lost, however the pattern can be envisaged if the data before

and after is reviewed. The temperature of the culturewas set at 30 ∘C between days 0 and 4,

and then changed to 28 ∘C for the remainder of the culture. The rationale behind the initial

high temperature was to encourage cells to spread upon the microspheres after cell load-

ing. The switch to 28 ∘C, the lowest ever attempted, would then attempt to arrest growth.

Black arrows with dashed lines indicate 100 % medium exchange on that particular day,
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figure 6.6 Second attempt at pseudo­continuous culture of CHO cells using PEI­adsorbed polyHIPE

microspheres for 31 days. CHO-S IgG cells were loaded onto 1 mL polyHIPE microspheres

adsorbed with polyethylenimine, then dispensed into Erlenmeyer flasks with agitation set at 45

rpm. Temperature was kept at 30 ∘C for first 4 days, then 28 ∘C after for the remainder of the

culture. Each day, starting on day 0, supernatant was aspirated from flasks and (A) the number

and viability of peeled cells determined and IgG titre determined. Black arrows anddashed lines

indicate manual media exchanges by allowing microspheres, retaining cells, to first settle by

gravity. The daily sample onmedia exchange dayswas taken before themediumwas exchanged

and not after; a gap has been left between these days and the days that follow it to show this.

Data represent mean ± SD, n=3 (biological triplicate). For IgG titre, individual sample data, as

opposed to mean data, are shown to appreciate the cyclic pattern of antibody production. The

values for cell density and viability, between days 18 and 22, were left blank because the data

were lost.
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with three 80 % medium exchanges carried out for every renewal from the beginning of

the process. Medium was exchanged after the first 4 days, and then every 3 days for the

remainder of the culture. The process was ended on day 31.

The data herewere satisfactory. Aswith the first run, therewas a considerable loss of viable

cells on day 1, but this largely ceased by the second day. Unlike the first run, the number

of viable cells that had peeled off mostly exceeded those of dead cells, with neither going

above 0.5× 106 cellmL-1 at any time in the culture. Thiswas regarded as a positive outcome,
revealing that those cells that had detached did not do so because of necrosis. The daily

viabilities remained around 60 % by the end of each medium cycle and only went below

50 % at day 10.

Despite this experiment using a biological triplicate, there was obviously differences be-

tween each of the three samples, as can be seen with the size of the errors for the viability

readings. For the IgG titre data, the mean was not calculated and instead the daily titre

shown separately for each sample. Whilst the maximum titre achieved was different for

each sample, together these data proved this second attempt was a partial success. It also

demonstrated the potential of pseudo-continuous operation, i.e. a steady and recurring in-

crease in product concentration for every day of each medium cycle. For samples 2 and 3,

the last day of each cycle gave the same approximate titre for that particular flask, indicat-

ing a working pseudo-continuous culture. For sample 2, just over 100 mgL-1 was achieved;

whilst for sample 3, it was around 75 mgL-1. Interestingly, for sample 1 (the ‘best’ sample

in terms of titre) the IgG titre began to increase over time; by day 7 (the last day of the first

cycle at 28 ∘C), the titre was around 100 mgL-1, but by day 22 it had increased to over 150

mgL-1 and achieved this same titre for the next two cycles. A first thought is the possibility

of ‘old’ IgG remaining in the system, but three medium exchanges, of 80 % volume each,

were carried out at the end of every cycle. It may present some evidence of sustained, but

very slow, cell growth upon the microspheres.

Figure 6.7A shows micrographs of loaded microspheres at days 10, 20 and 30 from sample

1. Therewas indeedvisual evidence of cell growth, even at 28 ∘C, though remembering each

was taken 10 days apart, this growth was extremely slow. By day 30 some microspheres

had aggregated due to the increased stickiness of the materials from over saturation with

cells, though this was not on the scale seen in the first attempt. A rotational speed of 45

rpmwas found to be sufficient in keeping microspheres suspended about the centre of the

flask, with no microspheres sticking to the inside walls of the vessels. The photographs in

Fig. 6.7B showan example of the sedimentation ofmicrosphereswhen flaskswere tilted. As

with the first attempt, the colour of themicrospheres turned fromwhite to a golden-yellow
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A B

Day 10

Day 20

Day 30

figure 6.7 Micrographs and photographs of the second attempt at pseudo­continuous culture of CHO

cells using PEI­adsorbed MAES polyHIPE microspheres for 31 days. (A) shows micrographs

of microspheres on days 10, 20 and 30, with (B) photographs of microspheres, loaded with cells,

settling within Erlenmeyer flasks.

after a week or so in culture.

Figure 6.8 shows the daily glucose, l-glutamine, lactate and lactate dehydrogenase concen-

trations within medium for sample 1. From day 4 onwards, the concentrations of glucose

and l-glutamine had recurring ‘zig-zag’ patterns, indicating consistent consumption rates

by the retained cells. The similarity in glucose between each cycle was particularly striking.

The concentration of l-glutamine likewise decreased to similar concentrations by the end

of each cycle for the bulk of the culture. However, the concentration began to decrease fur-

ther by the end of each cycle after day 19. Despite this, a medium exchange every 3 days

appeared to be sufficient, with the concentrations of both substrates remaining comfort-

ably high at the end of every cycle. The difference in the data between 30 and 28 ∘C is only

apparent with the daily concentration of lactate. Between days 0 and 4, it approached 1.0

gL-1 before beginning to plateau, indicating some cell growth. Once the temperature was

switched to 28 ∘C, this concentration did not increase so steadily, with 0.5 gL-1 or under

being produced for the remainder of the culture. The concentration of lactate dehydroge-

nase remained low for themajority of the culture, only going beyond 0.5 kUL-1 from day 16

onwards. Despite this increased concentration of lactate dehydrogenase towards the end

of the culture, the IgG titre remained much the same at the end, indicating growth, or even

some replacement, of cells was taking place.
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The second attempt was considerably more successful than the first, with no major cell

overgrowth, no microsphere sticking within the flasks and recurring patterns of IgG ex-

pression, metabolite production and substrate consumption for each cycle. The technique
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figure 6.8 Metabolite and substrate analysis of the second attempt at pseudo­continuous culture of

CHO cells using PEI­adsorbed polyHIPE microspheres for 31 days. During the same experi-

ment as first shown in Fig. 6.6, glucose, l-glutamine, lactate and lactate dehydrogenase concen-

trations were determined daily between days 0 and 31. Black arrows and dashed lines indicate

manual media exchanges by allowing microspheres, retaining cells, to first settle by gravity.

The daily sample on media exchange days was taken before the medium was exchanged and

not after; a gap has been left between these days and the days that follow it to show this. Data

represent n=1, ‘sample 1’.
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of performing 80 % medium exchange multiple times to ensure a thorough exchange may

be not be strictly necessary for future cultures, but it was done here to ensure the data be-

tween each cycle could be fairly compared. Of course, for the entire duration of 31 days,

only 3 single-use Erlenmeyer flask were used. For a typical batch process with subcul-

turing every 3–4 days, at least 8 flasks would have been consumed. The variability seen,

when comparing all 3 samples, was likely the result of the microsphere retrieval method

employed. The technique of pumping loadedmicrospheres back through the columns was

not very controlled, and it was suggested cells were forcefully detached from random loca-

tions for each of the samples. This in turnmay have affectedwhich area of themicrospheres

were still populated and if growth did occur, the specific areas where cells would grow.

6.1.3 conclusions

The work in the first part of the chapter focused upon learning how to routinely operate

a Cedex Bio Analyzer, with the concentrations of glucose, l-glutamine, lactate and lac-

tate dehydrogenase determined in a typical batch process and again in a biphasic mild

hypothermic culture. Any data from the Cedex unit had to be trusted before any continu-

ous process (which typically relies on metabolite and substrate profile within the exiting

medium for culture assessment) was attempted. The Cedex worked as intended, with typ-

ical and expected data seen for batch CHO cultures. The switching to mild hypothermia,

either at 30 or 32 ∘C, in a later experiment gave similar observations to those seen in litera-

ture reports; cells ceased growing and remained viable for longer than the cultures left at 37
∘C. Cell-specific productivity also increased as did cell-specific l-glutamine consumption.

The data proved the use of cooler temperatures can generally extend the length of a batch

process. When applied to continuous processing, it has the possibility to thus ensure any

cell retention device does not become over saturatedwith cells.Whethermild hypothermia

is performed after an initial growth phase, or whether it is begun from the start after high

cell density loading, is dependent upon the particular process.

Pseudo-continuous culture, as opposed to perfusion culture, was attempted first. Mimick-

ing continuous processes, this easier form of extended culture relies on manual exchange

of medium at defined intervals. It can also be attempted without any prior expertise or

specialised equipment. The decision to choose Erlenmeyer flasks as the vessel to retain

the microspheres was based upon their immediate availability within the laboratory, and

the equipment needed for shaking culture already being available, i.e. an orbitally shaking

plate within an incubator. Tilting these flasks to one side simply allowed the microspheres,

and thus the retained cells, to settle and so enabled rapid exchange of medium.
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The first attempt determined the feasibility of using loaded microspheres, retained within

Erlenmeyer flasks, as a pseudo-continuous system. It was generally a success, but several

issues were encountered. The first related to the rotational speed of the orbital shaker; at

higher speeds microspheres had a tendency to repeatedly hit the inside walls of the flasks.

Over time cells appeared to interact with these surfaces and eventually stuck, causing mi-

crospheres to accumulate around the sides with associated aggregation. The second was

the temperature of the culture, with 31, 30 and 29 ∘C being attempted. The choice of these

temperatures was largely arbitrary, yet growth did still occur, albeit very slowly. By the

end of the 25 days, however, microspheres had aggregated within the medium because of

consistent cell growth. Despite this, the observation that cells did not detach, even at 29 ∘C,

was surprising and highly beneficial for the aims of the project.

The second attempt rectified these issues, using a larger volume Erlenmeyer flask (to en-

suremicrospheres did not hit the insidewalls andweremore evenly spread)with a suitable

rotational speed. A temperature of 28 ∘C was maintained for the majority of the culture,

with cell growth appearing to be considerably stunted. Despite differences between sam-

ples in this attempt, the principle of pseudo-continuous culturewas demonstrated,with the

IgG titre giving recurring patterns for each medium exchange cycle. The daily metabolite

and substrate concentrations for one of the samples likewise showcased a cyclic process,

corresponding to the periodic medium exchange.

The two experiments attempted here were largely done to investigate the potential of a

simple pseudo-continuous system, using vessels and equipment available in most cell cul-

ture laboratories. The use ofmicrospheres as a cell retention device, within shaking vessels,

could not be found in the literature. However, these attempts were primarily focused upon

the practical aspects of the processes, e.g. determining the correct values for parameters. It

did not explore the potential benefits of continuous culture, such as process intensification.

However, there exists ways to attempt intensification in the future by increasing the ratio of

microspheres (retainedwith cells) tomedium, e.g. in these two attempts 1mLmicrospheres

was usedwith 20mLmedium, but up to 5mLmicrospheres could likely be attemptedwith

this same medium volume. This would be an easy way to boost the daily concentration of

IgG, but themediumexchangeswould likely have to bemore frequent. As can be predicted,

there would be a limit to this scaling, with a vessel full of microspheres likely requiring

dedicated aeration and better agitation. Due to the inability to count the cells upon the

microspheres, as discussed at the end of § 5.2.2, metrics such as cell-specific productivity

and other useful quotients could not be determined in these two attempts, and this remains

an area of future work.
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6.2 introduction to continuous systems

The first part of this chapter demonstrated the use of microspheres as a cell retention de-

vice within Erlenmeyer flasks. Tilting the flasks to allow the microspheres, and the cells,

to rapidly settle was performed periodically as a simple way to carry out manual medium

exchange, and thus perform pseudo-continuous culture. True continuous culture, or perfu-

sion, was always meant to be the end result of the work presented here. For bioprocessing,

perfusion can be regarded as the most advanced form of cell culture, and enables the con-

tinual exchange of medium, via an automated pump, without any interaction from the

operator. This has the potential to bring tremendous benefits, including hugely extended

culture times, higher volumetric productivities, smaller-scale equipment, intensification of

the process and even an improvement in the quality of expressed product. However, com-

mercial perfusion systems are usually large-scale, expensive and not easily learnt without

dedicated training. There thus exists a need to develop and demonstrate simpler perfusion

systems.

The first part of this chapter explored the use of the Cedex Bio Analyzer for the deter-

mination of metabolites and substrates. It then demonstrated two attempts at pseudo-

continuous culture using the microsphere-based cell retention device within Erlenmeyer

flasks. The specific objectives for the second part of this chapter were to; (i) design and

construct a perfusion system, using the in-house cell retention device, for the continuous

culture of CHO cells, and simply (ii) demonstrate the use of this system.

6.2.1 packed-bed perfusion

From the very beginning of the project, ideas were suggested as to what particular format

the proposed perfusion system should take. After the decision to use microspheres as a

means of cell retention was made, one idea was to use a packed-bed operation. In this sys-

tem, which was partly inspired by chromatography, microspheres would first settle within

columns until a packed bed was formed. Cells would be loaded and the column attached

to an inlet and outlet tubing to allowmedium exchange through the column in a chosen di-

rection. The eventual benefit of this systemwould be the potential to addmultiple columns

in parallel so as to create a plate-based perfusion platform.

Figure 6.9 shows a schematic detailing the proposed packed-bed perfusion system. For this

operation, a column and retained microspheres would combine to form the cell retention

device. It would be modular with planned capability to attach and detach columns as re-

quired. The fabrication of the perfusion plate, as first shown in § 5.2.2, was intended to be

the part of this system and would securely hold columns upright. Every physical connec-
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tion, e.g. between columns and tubings, would be luer-based, meaning compatibility with

any item containing a luer fitting. This would also allow multiple vendors to supply the

system and enable further items to be added in the future. The 1.0 and 2.5 mL columns,

first introduced in Chapter 5, had luer fittings both at the top and bottom and so would be

used again in this system.

Three main pieces of equipment would make up the system; a small refrigerator, a humid-

ified, CO2 incubator and a peristaltic pump. This pump acts as the central unit, connect-

ing the refrigerator and incubator via tubings. The refrigerator would contain the chilled

medium feed tank, whilst the incubator would contain a primedmedium reserve tank and

the cell retention device, i.e. columns holding the microspheres, as well as sampling tanks

and an effluent tank. During normal operation, medium would exit the chilled medium

feed tank, via the action of the pump, and enter the primed medium reserve tank. The

mediumwithin this tank would be agitated vigorously by a magnetic stirrer using a mixer

underneath. The priming of medium would be necessary as any liquid entering would

come from a chilled environment; it thus would have to be warmed and buffered before

entering the cell retention device. In this instance, the cell retention device is external to the

main vessel. The primed medium reserve tank would have a maximum working volume

of 30 % of the nominal value and so would rely on headspace for gaseous exchange via

two sterile filters. There would be no dedicated aeration or sparging to keep the operation

technically simple.

Primedmediumwould exit the tank, leave the incubator via the pumpand enter once again

to perfuse through the columns and perform medium exchange. Once perfused through

the columns, a three-way stopcock would be used to direct spent medium, or perfusate, to

either a 1 L effluent tank or a 10 mL perfusate sampling tank. Each column would have its

own sampling tank. During normal operation, these stopcocks would be set so as to allow

medium from all of the columns to continually pool and go to the effluent tank but, once

a day, they would be turned by the operator to re-direct perfusate to the sampling tanks.

This perfusate is the medium directly leaving the retention device and can be analysed

daily for peeled cells, IgG and metabolites and substrates. A cap with a septum would be

used for each perfusate tank to allow aseptic entry via a needle. These septa caps will seal

themselves after puncture and can be pierced repeatedly with a very low risk of contami-

nation.

The pumpusedwould be amultidrive unit,meaning all tubingswould be connected onto a

single headwith identical flow rates. As a consequence, the flow ofmedium at any point in

the systemwould be identical; thus, the rate of medium entering the primedmedia reserve
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tank would be equal to the rate of medium leaving. Likewise, the flow rate of the perfusate

entering the effluent tank or the sampling tanks would also be the same. In theory, this

would mean a steady state will formwith the conditions of the mediumwithin the primed

media reserve tank eventually reaching and staying at some average profile. The flow rate

would be kept low (certainly less than 0.1 mLmin-1) ensuring the residence time within the

primed media reserve was long enough to heat and buffer the newly added medium.

The packed-bed design seemed ambitious but achievable, at least when using a single col-

umn as the cell retention device. A small ‘drinks fridge’ was supplied as the refrigerator

and an incubator and peristaltic pump, with a multidrive head, obtained in-house. Silicon

tubing was supplied with an internal diameter of 1.8 mm. This diameter was compatible

with the head of the pump and could pass comfortably into and out of the incubator and

refrigerator when they were both closed. The inner door of the incubator had a flexible lip,

which would also allow the tubing in and out with no apparent effect on internal tempera-

ture or CO2 levels. One of the initial concerns was the use of electrical equipment within an

humidified environment; it was because of this that the pump was placed outside of the

incubator. A hermetically sealed magnetic stirrer, specifically designed for acidic, warm

conditions was supplied solely for this work, with the primed medium reserve placed on

top. This stirrer was attached to an external, analogue controller that set the stirrer speed.

All tanks used were Duran bottles and autoclavable. GL caps were supplied with appro-

priate ports and silicon inserts to allow aseptic entry and exit of tubings. These had to be

sized to allowing the specific tubings to fit aseptically.

All tanks required at least one sterile filter to ensure pressure equalisation and allow the

pump to operate without any associated pressure. Luer fittings with barbed ends suitable

for 1.8mm tubingswere obtained and used to attach these sterile filters to tubings viamale-

female connections. Thematerial of the specific luer fittings employedwere nylon and thus

autoclavable. The stopcocks, supplied as single-use, could also be attached to tubings using

these luer connections. The system was small enough to be split into particular segments,

bagged up and then autoclaved. Everythingwas then re-assembled in a laminar flow hood,

immediately prior to operation. Sterilise-in-place techniques were beyond the capability of

the laboratory and could not be used in this instance.

Figure 6.10A shows an early example of the packed-bed design in operation, with the incu-

bator, peristaltic pump and refrigerator shown. For initial attempts, 1.0 mL columns were

used with a syringe pump employed to load cells, as first demonstrated in § 5.2.2. A di-

lution rate of 0.25 µLmin-1 (corresponding to 36 mLday-1) was used. This was the lowest

possible with the tubing and pump combination used. Figure 6.10B shows a photograph
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of a single 1.0 column, filled with microspheres, being perfused within the systemwith the

luer fittings and stopcock shown. The second photograph showsmicrospheres after 5 days

in perfusion culture with evidence of microsphere discolouration, as was seen during the

pseudo-continuous attempts.

figure 6.10 Photographs of the packed­bed perfusion system using 1.0 mL columns. (A) shows the static

incubator, pump and refrigerator filled with components as detailed in the schematic in Fig.

6.9, whilst (B) shows a 1.0 mL column in detail, filled with microspheres and being perfused

upwards through the stopcock, and the same column after a week in culture. Microspheres

were discoloured, from white to yellow-brown, from continual medium exposure.

The perfusate sampling system didwork as intended, with a single-use needle and syringe

being used to aspirate perfusate daily. Due to the slow dilution rate, it took approximately

1 hr to get 10 mL, which was regarded as a sufficient volume for analysis. The line imme-

diately leading up to the sample tank was classed as dead volume and, when the system

was not being sampled, would hold the medium sampled from the previous day. For each

sample taken, this dead volume would first have to be directed through and collected sep-

arately before the actual sample was taken. This added 15 min to the sampling time. As

a sterile filter could not be added to the septum, the cap was slightly loosened to ensure
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perfusate was delivered without any associated pressure. Numerous attempts were made

with this system,with each one providing new information on how to optimise the process.

The first observation concerned the positioning of the outlet tubing in the primed media

reserve tank.With themagnetic stirrer agitating themedium, the outlet tubing (submerged

at first) would periodically flick up out of the liquid.

Whilst not an immediate cause of concern, over several days this disturbed the volume

of medium within the tank to such an extent that the height of the liquid began to notice-

ably rise. It was soon apparent that the height of the volume within the tank could be used

as an indicator of correct and continual medium flow around the system. An increasing

medium volume was not desirable as it reduced the headspace available for gaseous ex-

change. There was also the possibility of air pockets forming within the outlet tubing. To

overcome the flicking, the tubing was affixed to the inside wall of the tank with a piece of

autoclave tape, just prior to autoclaving.Whilst thiswas cumbersome to achieve— imagine

a ship-in-a-bottle — the tubing stayed securely down with the end remaining submerged

in the medium for all subsequent attempts. A rigid, hollow rod, rather than flexible tubing,

would be the optimal solution here but this was not pursued and the ad hoc solution kept.

A second observation concerned the temperature of the medium within the primed

medium reserve tank. It was noticeably hotter than expected and it was later found

that the magnetic stirrer plate was likewise hot upon touch. This plate, heated by the

incubator, was transferring excess heat over to the tank and raising the temperature of the

contained medium above that set by the incubator. An overnight test using a thermometer

submerged in agitated medium confirmed this; when the incubator was programmed to

37 ∘C, the mediumwithin the tank approached 40 ∘C. The lid of a 96-well plate was placed

on top of the magnetic stirrer and the tank positioned upon that. This provided a small

clearance of air, but still allowed the magnetism to drive the stirrer within the tank. A

follow-up test confirmed the temperature now matched that set by the incubator.

A third observation concerned the direction of medium flow. It was originally intended

to be upwards, i.e. the medium would flow from the bottom of the column through the

microspheres and out the top. This was to allow the liquid to go against gravity and thus

ensure the flow rate would be equal to that set by the pump. To achieve this, a frit had to be

inserted from the top of the column after the microspheres were packed (and immediately

before cell loading) to ensure nomicrosphere loss oncemedium exchange had commenced.

It was a challenge to insert the frit and not accidently crush the microspheres by pushing

too far. To resolve this, attempts were also made to perfuse medium downwards, i.e. from

the top of the column. It was noted, regardless of whether medium was perfused up or
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down, that occasionally there were pockets of air within the packed-bed itself. At the low

dilution rate used, these would not pass through the column. Flicking the column sides or

manually agitating by hand was also not sufficient.

A fourth observation concerned leakage from the column itself. The bottom of these

columns ended in a male luer. It was suspected the manufacturing process for these

columns was not particularly robust, with these males often not fitting tightly with a

corresponding female luer. In practice, this meant there was occasional leaking of medium

as it entered or left the column (depending upon the direction of medium flow). In

some instances, this led to contamination if an attempt was made to stop the leakage.

Autoclaving female luers also seemed to weaken them, when used with this particular

male luer, and further made the connection prone to leakage. An initial way to rectify this

was to wash the specific female luer used in ethanol, although this was not ideal. Luer

locks, which include a thread to screw fittings together, are a special form of fitting and

help to ensure a secure connection. Standard luers, correctly called luer slips, are instead

simply pushed together and connect via a tapered end. All male luers supplied for this

system were luer lock to ensure total leak-free operation, except the male luers on the

bottom of the 1.0 mL columns. The stopcock male luer attached to the column was also a

luer lock, and as a result did not suffer from any leakage.

No trusted data could be obtained from the packed-bed perfusion attempts using the 1.0

mL columns.Whilst the issues surrounding the temperature of the primedmedium reserve

tank and the agitation of the outlet tubing were overcome, the problems arising from the

use of the specific type of column remained, i.e. leaking with occasional trapped air pock-

ets. A decision was made to retry the packed-bed system using the larger 2.5 mL columns.

The main benefit of these columns was the male luer lock on the bottom end, meaning it

could form a tighter, threaded connection with a female luer. The female luer on the top

cap could, as with the 1.0 mL columns, connect to a male luer lock fitting on the stopcock.

The circumference of these columns were also wider than the 1.0 mL version, meaning mi-

crospheres were not as tightly packed; indeed, 1 mLmicrospheres within a 2.5 mL column

would float freely, almost in close suspension, when agitated manually. This allowed the

columns to be agitated or flicked by hand to disrupt any air blockages.

An interesting question arose concerning the actual temperature of the medium immedi-

ately before it entered the column. Due to the slow dilution rate employed, the time spent

by the primed medium on the outside of the incubator as it passed through the pump was

around 20 min. This likely would cool the liquid down to ambient temperatures. A tech-

nique to reheat the medium, upon entering the incubator, was needed.
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Figure 6.11A shows a photograph of the new set up, using a 2.5 mL column, during a test

run outside of the incubator and refrigerator. It also shows coiled tubing, wrapped around

a 15 mL centrifuge tube. This was the ‘re-warmer’ unit and was positioned immediately

before the column in the incubator. The residence time of the primed medium upon enter-

ing the incubator would be extended to roughly equal the time spent outside at ambient

temperature. Any losses in temperature would thus be regained before passing through

the column. Figure 6.11B shows a 2.5 mL column, filled with 1 mL microspheres, in perfu-

sion operation. In this instance, the direction of medium was up through the column. The

top stopcock can be seen connected to a perfusate sampling tank in one of its directions.

The bottom stopcockwas added so as to allow easy priming of the column after it had been

connected, with a separate tubing (later removed) used to direct medium at a relatively fast

flow rate.

The luer lock connection at the bottom of the 2.5 mL column did not leak during operation.

figure 6.11 Photographs of the packed­bed perfusion system using 2.5 mL columns. (A) shows the entire

perfusion system connected outside of the static incubator and refrigerator (for clarity of the

process), with a close up of the ‘rewarmer’ component. (B) shows the new 2.5 mL column, with

improved luer-lock connections. Initial attempts with the larger columns once again perfused

mediumupwards, but later tried perfusing downwards after observing leakage at the top of the

column. Evidence of CHO accumulation in the effluent tank (white arrow) could be seen after

an attempt at perfusion culture, indicating severe cell peeling off the microspheres during the

process. The temperature of the CHO cells, within the cell retention device, was likely difficult

to control due to the packed-bed environment.
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Any air pockets,which tended to formduring priming of the system, could be easily flicked

or agitated by hand out of the columnswith the flow of themedium.Microspheres did float

through the column when the system was being primed, but eventually fell back down

into a loose suspension towards the bottomwhen the usual dilution rate was restored. The

frit at the top of the column could be inserted in the underside of the cap, meaning there

were no risks of crushing microspheres as was the case previously. Frustratingly, it was

soon apparent that the cap at the top of the column did sometimes leak. Unlike the 1.0 mL

column, the cap did not screw into a thread, but rather was pushed on and slightly turned

with small tabs to keep it in place. This meant, on certain 2.5 mL columns, there was some

leakage of medium as it perfused through.

A piece of laboratory cleaning roll was gently brushed against the column directly under

the cap to test for this leakage. To counter this, the direction of medium flow was once

again reversed and directed down through the column. A small air gap was left at the

top allowing liquid to drop down into the medium and microspheres below. There was a

slight disturbance to the settledmicrospheres from the dripping but this was tolerable. The

volume of the air gap could be decreased by simply turning ‘off’ the stopcock at the bottom

and allowing extra medium to fill the column for several minutes. Having two stopcocks,

one at the bottom and one at top, was found to be incredibly helpful in controlling the

liquid level within the column.

Attempts to perfuse downwards, with all the other changes implemented, proved success-

ful—at least in terms ofmedium flowswithin the physical system. Therewere no leakages,

no air pockets, no visible contamination and the medium height stayed at a constant level

within the primed media reserve tank. The last run performed using these improved tech-

niques lasted about 10 days, but was stopped upon inspection of the effluent tank. Figure

6.11B shows visible build-up of CHO cells (as indicated by the white arrow) at the bot-

tom of the effluent tank, near where the perfusate entered. At this point, the system was

stopped and the microspheres visualised under a microsphere. The cell retention device

had failed with total detachment of cells. These cells were pumped into the effluent tank

where they presumably accumulated over the course of the run.

Discussions brought up the idea that, due to the slow dilution rate, the temperature within

the column was likely hot enough to allow growth. This was despite the initial concern

that the temperature of the medium entering would be cool. The ‘rewarmer’ unit probably

did ensure medium was warmed back to 30 ∘C (the temperature used for these processes)

but the temperature within the microsphere bed may be far beyond that. Due to this and

the continual supply of nutrients, there was likely rapid overgrowth with eventually de-

224



chapter 6 – continuous bioprocessing systems

tachment.

Almost two months had been spent trying to get this design to operate correctly, with at

least 10 attempts (some of which ended in contamination) made using either the 1.0 or 2.5

mL columns. No data was recorded for the vast majority of the runs, as the aims were to

simply ensure the system would at least ‘work’ before committing to sample analysis. The

temperature of the operation, as it currently stood, could not be reliably controlled and

this may have caused the failure of the retention device in the final attempt. Increasing

the dilution rate, so as to ensure cells would receive medium at a quicker rate and thus be

cultured at the intended temperature, may have helped to overcome the suspected issue

of cell heating with associated overgrowth. If this was performed, however, the medium

usage would be too great for the work andwould lead to higher cost, with the IgG product

also being diluted. Updated criteria for the proposed perfusion system now required a

more robust process, e.g. no potential for leakage or weak connections, and one where it

would be certain the temperature of the cell retention device matched the temperature of

the incubator. Alternative designs for the perfusion system were sought.

6.2.2 spinner flask-based perfusion

Once the packed-bed design was abandoned, discussions turned to what form the next

design should take. It was suggested that Erlenmeyer flasks, retaining the microspheres

in suspension as with the pseudo-continuous process, could be used again. Reusable glass

Erlenmeyer flasks were commercially available with some having GL-style caps. These

caps could have inserts for tubing to pass through. A very simple design, consisting of an

inlet tubing formedium addition and an outlet tubing formedium exit, was suggested. The

microspheres, loaded with cells, would be exposed to this exchange within the flask itself.

This was essentially a chemostat system, whereby medium would be added and removed

at the same rate. A steady state, in regards to process parameters, would be achieved and

maintained via sufficient agitation of the incoming and outgoing medium. In this instance,

and in contrast to the packed-bed design, the microspheres would become an internal cell

retention device. Despite these differences, the principle of operation remained as detailed

in Fig. 6.9, i.e. a pump would deliver medium from a chilled tank to a culturing vessel for

eventual medium exchange. Perfusate would be directed to a waste tank or redirected as

needed for sampling.

Whilst it had been demonstrated previously that Erlenmeyer flasks could be used to retain

and agitate loaded microspheres, other vessels were explored to ensure more bioreactor-

like mixing. As already stated, spinner flasks remain the most popular vessel type for mi-

crocarrier culture in the literature. Having a central shaft and impeller, these flasks are
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capable of mixing microspheres in a similar fashion to that seen in larger-scale stirred tank

reactors. The characteristic feature of a spinner flask is its two side arms, located opposite

to one another with each possessing a threaded cap. It was proposed that one of these arms

could secure the inlet tubing, whilst the other the outlet tubing.Withmedium entering and

leaving the flask at the same rate, i.e. tubings were connected to the same pump, a chemo-

stat would effectively be formed without too much technical expertise. Sufficient mixing

provided by the impeller would ensure a homogenous environment, whilst a slow dilu-

tion rate would ensure the vessel is not exposed to cool medium too quickly, i.e. medium

would slowly drip in from the inlet tubing.

This seemed achievable. It was also robust. There were no plastic caps or luer slips, with

two access points for the inlet and outlet made using secure inserts within threaded caps.

The rest of the systemwould remain as it was with the packed-bed design, as it was known

to operate with no issues. The only concern was the potential loss of microspheres to the

outlet tubing as medium was exchanged. An easy solution would be to ensure this tubing

was touching the base of the flaskwith a sufficient agitation employed to determicrosphere

loss. However, it was reasoned for extended processes, e.g. 3 weeks or more, there would

eventually be some exiting of microspheres. Another solution looked at attaching a frit to

the end of the outlet tubing,with a pore size smaller than that of the average diameter of the

microspheres. Detached cells and medium could exit whilst microspheres are themselves

retained internally. The frits used within both the 1.0 and 2.5 mL columns were supplied

separately in packs and available in the laboratory. They had a 90 µmporosity and could be

autoclaved repeatedly. These very same frits could be used at the end of the outlet tubing.

The only way to attach these frits to the tubing would be via a bespoke frit holder, which

would have to be designed and fabricated in-house.

Figure 6.12A shows a technical drawing for a frit holder and models for the three frit hold-

ers eventually fabricated. The first two designswere for ‘small’ and ‘large’ frits; these corre-

sponded to the physically smaller and larger frits that were available to use. These designs

ended in a barb suitable for the tubing used in all the perfusion operations presented here.

Several iterations were tested regarding the tapered opening, with this required to ensure

a frit could be pushed in by hand and would stay securely in place. This frit holder, con-

taining a frit, could then be attached to the end of the outlet tubing.

The third design was to make the frit holder universal. The barbed end, specific to the

tubing here, was replaced with a female luer, meaning the frit could now be attached to

any male luer fitting. This particular holder was made to be ‘small’, as it was decided a

physically smaller frit holder may be beneficial within the flask. Figure 6.12B shows all
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figure 6.12 Computer­aided design and 3D printing of bespoke frit holders. (A) shows an example of

a technical drawing, in this instance for the luer frit holder, as well as the model for each de-

sign, and (B) shows each of the holders after being 3D printed, and again after being inserted

with polypropylene 90 µm frits. Frit holders had a tapered opening and so allowed frits to be

securely inserted. Both frit and frit holder were autoclavable.

three 3D-printed frit holders, before and after having their frits inserted. The particular

resin used was capable of being autoclaved several times without any effect on its size,

and so could be autoclaved within a spinner flask as part of a normal sterilisation protocol.

Figure 6.13A shows a spinner flask before and after modification to ready the vessel for

continuous medium exchange. The outlet tubing can be seen within the left side arm, with

the frit attached on the end. The inlet tubing can be seen within the right side arm. This

tubing could be positioned anywhere, as long as medium would drop into the suspension

below. The outlet tubing, however, had to be positioned so as to avoid the top of the im-

peller. This meant, in practice, the working volumewould always have to 100mL to ensure

the frit was entirely submerged. There was little clearance between the walls of the vessel

and the sides of the impeller. GL32 caps with three 1/4”-28 UNF(F) ports were supplied to

replace the closed GL32 caps. These female ports could connect via a threaded connection

to UNF(M), or male, fittings. UNF(M) to male luer adapters were supplied, which could
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then attach to a female luer on a 0.2 µm sterile filter. One filter was placed on each arm to

ensure sufficient gaseous exchange. UNF(M) fittings with inserts suitable for the tubings

used here were also attached to both caps. The inlet and outlet tubings could be aseptically

secured through these inserts for entry into the flask.

figure 6.13 Photographs of the modified spinner flask and the spinner flask­based perfusion system.

(A) first shows a standard 100 mL nominal glass spinner flask and then one which has been

modified with suitable components to allow the continuous addition and removal of medium.

GL caps with inserts, 0.2 µm filter units and tubings were added to the spinner flask, including

a bespoke frit on the outlet tubing. (B) shows the spinner flask-based perfusion in operation,

with a pump delivering medium from a refrigerator into a spinner flask (lower left inset: evi-

dence of microspheres sticking to inside wall of spinner flask before it was treated to render it

hydrophobic, shown by white arrow). The microspheres, loaded with cells, were kept in sus-

pension within the flask and prevented from exiting the vessel via the frit. The outlet tubing

led to both a sample tank and a waste tank, with a stopcock used to direct the flow of effluent

medium.

The use of a spinner flask, with a cell retention device that was now internal, meant the sys-

tem was simpler and quicker to set up than the previous packed-bed design. Figure 6.13B

shows the main section of the new system. A larger incubator was used, without humidifi-

cation, so as to allow electrical equipment to be placed safely inside. The peristaltic pump
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could thus be placed beside the spinner flask, meaning no exit and re-entry of tubings and

eliminating the need to passively reheat medium. The refrigerator was placed above the

incubator, with the tubing coming from the chilled media feed tank as before into the in-

cubator. This tubing, along with the power supply leads, could fit behind the door of the

incubator when closed without any effect on internal temperature or CO2.

A magnetic stirrer dedicated to spinner flask culture was sourced in the laboratory; this

could achieve a low rotational speed appropriate for microsphere work. Initial testing de-

termined 35–40 rpm to be a suitable speed for 10mLmicrospheres within 100mLmedium.

The metallic magnetic stirrer used previously was actually intended for chemical mixing

within unusual environments and would not go below 200 rpm. The tubing leading to the

perfusate sampling tankwas eliminated by simply attaching the needle directly to the stop-

cock. This meant there was no longer any dead volume to remove prior to taking a sample.

To further ensure swift sampling, a fresh, autoclaved perfusate sampling tank (with sep-

tum cap) was used each day. To switch the tanks, the needle would simply be lifted out

of the old septum and reinserted into the new one. The septum of the new tank would

be disinfected and allowed to dry prior to sampling to further minimise the risk of con-

tamination. This technique ensured each sample was delivered into a fresh tank with no

possibility of sample crossover each day.

The sole issue encountered during preliminary testing was, as with the Erlenmeyer flasks,

the sticking of microspheres to the inside walls of the vessel. The lower left inset in Fig.

6.13B shows evidence of this, indicated by thewhite arrow. Being awidely known problem

in microcarrier work, a solution was immediately found. A siliconizing reagent was sup-

plied and added to the inside of the flask for several minutes, rendering the glass extremely

hydrophobic. This coating was not affected by autoclaving and the issue was resolved.

The spinner flask, of course, could not be perfused through with a cell load as with the

columns. The intermittent agitation technique, as first demonstrated using ambr15 vessels

in § 5.2.3, was instead employed in this design. 10mLmicrospheres were dispensedwithin

20 mL medium and to this 20 mL suspension containing 400 million cells was added. 20

mLmediumwas used as it was the lowest possible volume that 10 mLmicrospheres could

be suspended in without a paste-like slurry forming. The intention was to keep the total

volume used for cell loading as low as possible to encourage increased interaction between

cells and microspheres. The spinner flask was agitated at 25 rpm for 15 min, 0 rpm for 2

min and then repeated. 1 mL samples were taken every 0.5 hr from the microsphere-cell

suspension, the microspheres decanted and the supernatant then analysed for unattached

cells. This meant, every 0.5 hr, two start-stop cycles had been completed.
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Figure 6.14A shows the number of cells (in million) adhered to each mL of microsphere,

and how this changed, during the 2 hr cell loading. These data assumed equal adherence

to the total volume of microspheres. The maximum number of cells that could be adhered

per mL of microspheres with this cell load was 40 million. There was some microsphere

aggregation upon addition of the load, but this resolved itself within a few minutes upon

agitation. As in § 5.2.3, a large proportion of cells were loaded by the first measurement at

0.5 hr, with 25 million cells adhered per mL of microspheres. The next measurement at 1.0

hr saw an increase to over 30 million cells, with the final two measurements remaining at

this level. Approximately 30 million cells per mL of microspheres were thus retained using

these conditions.
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figure 6.14 Cells retained during intermittent agitation at the beginning of an attempt at the operation

of the spinner flask­based perfusion system with visual evidence of adhered cells after 8

days. 10 mL polyHIPE microspheres adsorbed with polyethylenimine were added to CHO-S

IgG cells, prepared to a density of 20 × 106 cellmL-1, within a spinner flask, with intermittent

agitation for 2 hr. Every 0.5 hr, an aliquotwas taken, themicrospheres decanted and the cells not

yet adhered determined, with (A) showing the number of cells adhered per mL of microsphere

calculated each 0.5 hr. After this time, the unadhered cells were diluted out, and the spinner

flask attached to the perfusion system with a dilution rate of 0.38 vvd. (B) shows cells adhered

onmicrospheres after cell loading using this intermittent spinning technique and again on day

8 prior to cell pausing. Data represent n=1.

Fresh medium was added, the microspheres allowed to settle and the supernatant aspi-

rated to cleanse out the unadhered cells. This was repeated twice, before a final addition

of medium to increase the volume to 100 mL. The modified GL32 caps, with inserted tub-

ings and sterile filters, replaced the closed caps used previously. These caps were loosened

during loading to ensure gaseous exchange. The spinner flask was assembled together and
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placed immediately in the incubator. The pump was set at 25 µLmin-1, corresponding to a

dilution rate of approximately 0.38 vvd; 38 % of the working volume would be exchanged

every 24 hr. Samples were taken from the perfusate tank daily.

Figure 6.15 shows the daily glucose, l-glutamine, lactate, lactate dehydrogenase and IgG

titre for the entire 35 day culture using the spinner flask-based perfusion system. It must

be remembered the operation here was true continuous, i.e. the perfusate sample taken

each day was the medium that had been pumped out of the spinner flask an hour prior

to retrieving the sample. For the first 8 days, the temperature was kept at 30 ∘C. The con-

centrations of glucose and l-glutamine, which were present in the medium at 6 gL-1 and

8 mmolL-1, respectively, remained below these values for the first 8 days, with glucose

steadily decreasing each day. For the same period, lactate was present within the medium

and increased steadily, whilst lactate dehydrogenase was also present but its concentra-

tion remained low at under 0.5 kUL-1. This was promising, as it showed cells were indeed

present, metabolically active and generally viable within the system. A cell count of the

perfusate sample using a ViCell was also performed daily, but no cells, dead or alive, were

detected (data not shown).

As with lactate, the concentration of IgG will vary depending upon actual production and

dilution rate. If the production of IgG is greater than the rate at which medium is ex-

changed, then the concentration will increase within the vessel over time. This happened

here, between days 1 and 5, where IgG approached 100 mgL-1, with a steady increase ob-

served each day. For the titres after day 5, a separate ValitaTITER plate was used and the

data obtained was not completely trusted, appearing to jump and drop at random points,

which did not correlate with any of the process changes implemented.

Between days 8 and 9, the cell retention device was paused for 16 days (using similar prin-

ciples as first presented in Chapter 4) by sealing the spinner flask and storing it at 8 ∘C.

The first 8 days were, surprisingly, fairly successful with regards to the physical system,

with no leakages, no contamination and no observable cell detachment ormicrosphere loss.

Figure 6.14B showsmicrographs of microspheres at day 0 (immediately after the 2 hr load-

ing protocol) and again at day 8. On the final day before pausing, cells appeared visually

healthy upon the microspheres. Due to planned operator absence for 2 weeks, it was de-

cided to pause the cells. Upon return, the operator would reattach the flask to the system

and the culture would commence. This experiment was the first attempt using the spin-

ner flask-based perfusion operation. It was carried out with the intention to perform later

experiments, which explains the rationale behind the pausing here. The spinner flask was

detached from the system, the tubing carefully removed and modified caps replaced with
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closed ones. After 16 days, the tubings and tanks were autoclaved once more, the spin-

ner flask reattached and the operation continued at 30 ∘C. Upon restarting the impeller

there was evidence of microsphere aggregation, although after several hours the majority
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figure 6.15 An attempt at the operation of the spinner flask­based perfusion system using a spinner

flask and PEI­adsorbed polyHIPE microspheres for 35 days. A perfusate sample was taken

daily, with glucose, l-glutamine, lactate, lactate dehydrogenase and IgG titre determined. Tem-

perature of the culture was varied. Between day 8 and 9, the spinner flask was detached from

the system and placed in a refrigerator at 8 ∘C for 16 days to pause the cells. This was performed

due to absence of the operator for that time period. Data represent n=1.
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of microspheres had resuspended.

Analytes were determined daily, once again, starting from this point. On day 9, the con-

centration of lactate dehydrogenase had increased to over 2.5 kUL-1, indicating cell death

from the pausing. Lactate had seemingly also increased in concentration, likely as a result

of the medium not being perfused whilst the cells still remained metabolically active be-

fore the effects of pausing had occurred. Pausing for 16 days would likely never be tried in

a real bioprocessing scenario, but it was decided to keep the system going to demonstrate

the potential of this perfusion system. It was also thought it may give further insight into

how the design could be improved.

The concentration of lactate dehydrogenase steadily decreased each day, from day 9 to day

20, showing how perfusion eventually dilutes an analyte if it is not being simultaneously

produced. The same effect was seen with lactate, which after commencing medium

exchange, likewise decreased. On the other hand, the glucose concentration increased

slightly, suggesting reduced consumption and thus reduced metabolic activity, whilst

l-glutamine remained at a steady concentration. Interestingly, by day 20 the height of

the medium within the spinner flask had begun to rise. Just as with the primed medium

reserve tank in the previous packed-bed system, a consistent medium height was de-

pendent upon correct medium flow around the system. It was likely the frit itself had

become increasingly clogged with cell debris as medium was exchanged. There was some

accumulation of debris, in the effluent tank, directly under the point where the perfusate

exited the outlet tubing. This debris, of course, being a result of cell death from the pausing

between days 8 and 9. The system, unlike the packed-bed design, could be stopped easily

and items changed. In this instance, an outlet tubing with a new frit and frit holder was

inserted and the culture resumed. This solved the issue and the medium height stayed

consistent for the remainder of the process.

The switch to 25 ∘C on day 20 was simply to see if there would be any immediate cell

detachment. There was, however, little apparent effect on anymeasured parameter and the

system continued to operate largely as before. Finally, in a bid to demonstrate this system

before ending the process, on day 30 the temperature was turned up to 37 ∘C. A day after

there was a drop in glucose and an increase in lactate concentrations, with both eventually

plateauing. Lactate dehydrogenase also began to increase, but l-glutamine remained the

same. These data suggest cells were likely starting to grow once again. Figure 6.16 shows

the microspheres within the spinner flask on the final day of the culture. Discolouration

had taken place. A photograph taken of several microspheres under an optical microscope

revealed there were indeed cells still attached.
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figure 6.16 Visual evidence of cell retention on microspheres at the end of the operation of the spinner

flask­based perfusion system.Aphotograph of the spinner flask, with retainedmicrospheres,

on day 35, with evidence of some remaining adhered cells when viewed using an optical mi-

croscope.

The data presented here were obtained from the first attempt, with the system generally

working in terms of operation and no immediate issues arising from normal use. The

hypothermic storing of cells for 16 days would never usually be performed, but was at-

tempted purely to see what would happen. It clearly had an effect on the system once

perfusion operation was resumed, but the culture was kept running to check for any fur-

ther issues in the design. Apart from the need to replace the frit (as a result of cell debris

from the pausing) there was no other observable problems, demonstrating the potential

for this particular design.

6.2.3 conclusions

Thework in the second part of the chapter attempted to carry out a perfusion culture using

the cell retention device developed in the previous chapters. Perfusion is a true continuous

process, enabling cells to be exposed to continual medium exchange without the need for

operator interaction. This is in contrast to pseudo-continuous, wheremedium is exchanged

periodically by an operator, as was demonstrated in the first part of this chapter. Whilst a

perfusion system is considerablymore challenging to get working, it can be argued that the

benefits of continuous culturemay only be fully realisedwith continualmedium exchange.
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Any system here had to be assembled in-house, technically simple to operate and have the

potential to be scaled up or out in the future. Two designs were proposed. The first took

inspiration from chromatography and considered whether a set volume of loaded micro-

spheres could be employed within a column as a packed-bed and perfused through with

medium. An incubator, a pump and a refrigerator would be used to first deliver chilled

medium into a priming tank, before directing it through the columns for exchange. The

advantage of this system was its potential to scale-out, with the idea of a plate-based plat-

form containing an array of perfused columns being particularly appealing. No system in

this format has been demonstrated in the literature. Whilst the components of the system

were supplied and indeed connected together, numerous issues were quickly encountered

when the process was actually attempted. Whilst a lot of these issues were overcome, it

was likely the temperature within the packed-bed was greater than the mild hypothermic

temperature set by the incubator. Ways to overcome this, such as increasing the flow rate,

were not currently feasible with this work and so the design was abandoned.

The second design was inherently more simple, both in terms of practicality and of oper-

ation. Taking inspiration from a chemostat vessel (where medium is added and removed

simultaneously at the same rate), a spinner flask was first obtained and modified to allow

aseptic entry of two tubings. One tubing would act as the medium inlet, with the other the

medium outlet. The issue of microsphere loss over time, via the outlet tubing, was over-

come by the use of an attached frit. Using an intermittent agitation technique (typical for

microcarrier seeding) to first load the microspheres with cells, an initial attempt was per-

formed.No issues relating to the physical system arose. Due to interruption from a planned

absence of the operator, the process was stopped and the spinner flask placed within a re-

frigerator for cell pausing for 16 days. Continuing the process clearly had an effect, yet the

processwas continued to demonstrate the feasibility of the actual design. Only one attempt

could be carried out, yet the data observed was far more promising than any obtained for

the first packed-bed design. The spinner flask-based design was simple to assemble and in

terms of actual operation, appeared far more robust than the first packed-bed system. This

spinner flask-based perfusion system should be pursued in any future work.
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Chapter 7
conclusions and future work

overview

This chapter presents the main conclusions from the data obtained for this thesis, as well as

a personal evaluation of the project. It ends by listing suggested future work for each of the

results chapters, which some readers may find interesting if they wish to continue the aims of

the work.

7.1 conclusions and evaluation

The project aimed to develop a cell retention device that would be compatible with both

currently used suspension-adapted CHO cell lines and chemically defined medium. After

this was achieved, the focus was upon demonstrating this bespoke cell retention technol-

ogy within an associated pseudo-continuous and perfusion culture system. The lack of

small-scale, inexpensive commercial perfusion equipment was the general rationale be-

hind the work. The project largely achieved its aims, albeit with several compromises and

many changes in research direction along the way.

Chapter 3 focused upon the search for an inexpensive, animal origin-free adhesion sub-

strate. This substrate was destined for use as the chemical component of the in-house cell

retention device. Three animal origin-free (and thus chemically defined) cationic polymers,

namely poly-d-lysine, poly-l-ornithine and polyethylenimine, were selected and tested

with suspension-adapted CHO cells. These were compared against four animal proteins,

namely fibronectin, laminin, collagen and vitronectin, which were used as benchmark sub-

strates. Polystyrene multiwell plates (of both tissue culture-treated and untreated types),

glass plates and polystyrene T-flasks were all used as vessels for these experiments. The

ability of polyethylenimine to rapidly and effectively adhere CHO cells was quickly re-

alised early in the project. This finding was exciting; only two reports of polyethylenimine

being used as an adhesion substrate could be found in the literature. It also satisfied the

requirements for the desired adhesion substrate. For the work carried out in this chapter,

and indeed for all the work in this project, serum products were never supplemented into

the culture medium. It was thus shown that polyethylenimine, when adsorbed onto vessel

surfaces, could be used to rapidly adhere suspension-adapted CHO cells without the need

for animal origin products.
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Chapter 4 focused upon the use of severe hypothermia for the storage of cells for prolonged

periods, otherwise known as cell ‘pausing’, with an aim to complement work previously

done by Hunt et al. (2005). It was proposed that the pausing of cells may be beneficial for

any future cell retention device, or any associated technology, that may be developed in

the project. Work was carried out to first determine the optimum pausing temperature by

investigating the effect of pausing on viability when cells were stored at increasing time

periods at a range of temperatures. It was found both 4 and 8 ∘Cwere sufficient for storing

cells, i.e. with no observed growth and without any considerable drop in viability, even

when stored for 8 days.

Regrowth of cells in suspension culture post-pausing was also attempted, with a decrease

in cell growth observed when this pausing period was increased. However, a single sub-

culture appeared to return cells back to normal growth patterns. Finally, cells adhered to

fibronectin andpolyethylenimine substrateswere paused,withmorphological changes im-

aged and observed. The storage of cells at hypothermic, rather than cryogenic, tempera-

tures is widely reported in the literature— however it overwhelmingly is performed using

cell therapy products, tissues or even whole transplants for the purpose of transportation.

As far as could be found, only Hunt et al. (2005) has demonstrated the use of hypothermic

storage for an immortalised cell line. The work here thus adds to this and further shows

this technique may have some use in future bioprocesses.

Chapter 5 returned to the main objective of the project and focused upon the fabrication of

polyHIPEmicrospheres. These would become the physical component of the cell retention

device. The work in this chapter was heavily materials-based, and sought to adapt a cur-

rent in-housemicrosphere fabrication system to the specific needs of the project. An acrylic

monomer, MAES, was successfully incorporated into HIPEs and consequently cured poly-

HIPEs, with a TBO assay confirming the presence of its carboxyl groups within these ma-

terials. No literature on its use within polyHIPEs could be found. Particular carrier phases

within the fabrication systemwere explored, including water, glycerol and PVA. The HIPE

was also generated using water heated to 80 ∘C and the surfactant reduced from 10 to 1.25

%. All these modifications were attempted to ensure polyHIPE microspheres, containing

MAES, would indeed be macroporous. This part of the project was considerably challeng-

ing, with any macroporous materials fabricated eventually collapsing. A compromise was

eventually found, with 80 % glycerol carrier phase being employed to generate polyHIPE

microspheres containingMAESwith average diameters under 300 µm, however these ma-

terials had a microporous surface and were considered ‘deformed’.

Cell loading onto MAES polyHIPEs was attempted, using both 1.0 and 2.5 mL columns, to
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rapidly adhered cells onto a packed-bed ofmicrospheres. Loadingwas achieved by using a

syringe or peristaltic pump to deliver a high cell density suspension through the columns.

This forced cells and microspheres to interact and thus encouraged adherence. 1 mL of

microspheres was found to retain 100 mill cells, although this was not independently con-

firmed and should be read with caution. In addition, microspheres were seeded within

these columns before being retrieved and placed into T-25 flasks. Adherent growth upon

the microspheres in a typical batch culture was then demonstrated.

Chapter 6 focused upon the design, construction and operation of several continuous up-

stream systemswith the use of themicrosphere-based cell retention technology developed.

Attempts at pseudo-continuous were made by placing loaded microspheres within shak-

ing Erlenmeyer flasks andmanually exchangingmedium periodically. A culture process in

this style was performed for over 30 days; crucially, cells remained viable and productive

throughout. Twomain design were proposed for the perfusion system. The first, a packed-

bed system, retained microspheres within columns and perfused medium through, with

cells upon the microspheres consequently exposed to continual medium exchange. Whilst

possible in theory, this system was fraught with practicality issues. Columns often leaked,

tubings were not always secured and contaminations were frequent. When these issues

were overcome and the process allowed to run, cells were observed to eventually peel off

the microspheres, likely as a result of high temperatures within the columns. An increase

in the dilution rate could overcome this, but the increased medium usage was not feasible.

The second design, a spinner flask-based perfusion system, was considerably more robust

and involved placingmicrospheres into a spinner flask, itself with attached inlet and outlet

tubings. The operation of this system was only attempted once, but it did not experience

any leakage, tubing problems or contamination issues. The initial data from this one at-

tempt were promising. Any future work should focus upon repeating the operation of this

system.

Personal Evaluation

The project described in this thesis was extremely challenging; the practical skills that were

required, the techniques and protocols that had to be developed and the amount of time

spent in two laboratories was immense. The original aim of the work was the demonstra-

tion of an in-house perfusion system for ‘continual cell line and process development’, i.e.

to employ the system to repeatedly perform transient transfections for cells continually

maintained at a high density, and thus eliminate the need to subculture with the conse-

quent downtime. However, by the middle of the project it was apparent this was far too

ambitious and efforts changed to at least demonstrate that cells could be sustained within

239



chapter 7 – conclusions and future work

a continuous process using a novel cell retention device.

The project by its very naturewasmultidisciplinary, with cell culture,materials science and

process engineering having to be learnt, adapted and joined together for useful, trusted

data to be obtained. The collaboration between the two departments demonstrated what

can be achieved when expertise from different backgrounds come together to overcome

or investigate a particular research problem. The work here was highly unique and, when

taken together, was the ‘first of its kind’ within both laboratories. Indeed, continuous cul-

ture had certainly never been attemptedwithin the cell culture teamandmany experiments

began with no prior knowledge or experience. Despite this, the project was rewarding and

encouraged a wide degree of flexibility and creativity. Contrary to most other doctoral

projects, it did not explicitly aim to discover something or find an answer to a problem,

but rather to create a technology and a process and demonstrate their uses.

7.2 future work

Whilst it is hoped the work presented in this thesis is of an expected quantity and quality,

the project itself is by nomeans complete. Overcoming or demonstrating a particular piece

of research work will always lead to further investigation. This project is no exception with

the potential for much more data to be acquired. The final section of this thesis describes

numerous areas of suggested research for future work, with ideas which may help readers

who wish to continue the aims of the project. It is laid out using the title of each results

chapter for easy reference, with questions asked to stimulate thought and discussion.

Adhesion Substrates

Chapter 3 was successful for the early progression of the project, with a range of ani-

mal origin and chemically defined adhesion substrates employed to adhere suspension-

adapted CHO cells. The realisation that polyethylenimine, presented as an inexpensive

animal origin-free substrate, could adhere the same number of cells as costly animal origin

proteins, was a key finding. Specific research questions which could be asked include;

(i) What effect does the coating buffer have on the adsorption of particular substrates?

This relates to the fact that substrates are dispensed upon surfaces using certain buffers

so as to keep the pH at a defined value during adsorption. This helps to ensure correct

and sufficient adsorption of substrate onto the base material. HBSS or water were used to

adsorb all animal origin substrates in this work, whilst BBS orwaterwere used for the three

cationic polymers. Other buffers, or buffers kept at different pH values, could be tested to

see if this does indeed affect adsorption rate. This relatesmore to surface chemistry research
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and may not be totally relevant to the work presented here.

(ii) Does trypsinisation affect the adhesion capability of adsorbed substrates?

Exposing coated vessel surfaces to trypsin, or any other dissociation reagent, may begin to

chemically strip these surfaces of their adsorbed substrates. If a vessel, such as a multiwell

plate or T-flask, wanted to be re-used after the complete dissociation of cells, would the

coating still be as effective in encouraging attachment and adherent growth of a fresh cell

seed? Whilst the re-use of plates and flasks may seem unnecessary, given their low indi-

vidual cost, this idea of ‘recycling’ coatedmaterials came about when originally discussing

the use of microspheres within a cell retention device. Put simply, microspheres could be

packed within a column, seeded with cells and perfused for a period of time (as was at-

tempted in Chapter 6). After this culture, cells could be dissociated via trypsin, retrieved

and the column washed through with medium to retrieve the released cells. The micro-

spheres left could then be re-seeded with a fresh batch of cells and the process repeated. If

trypsin does indeed have an effect on the adsorbed coating, then there would be a limit to

the number of cycles possible.

As was discussed previously, cells attached to polyethylenimine substrates upon micro-

spheres could not be removed easily using trypsin due to severe aggregation of the micro-

spheres. This was likely due to the action of trypsin upon polyethylenimine. Covalently

linking polyethylenimine to microspheres may help rectify this issue and indeed enable

microspheres to be re-used post-dissociation. However, a simple experiment to perform

initially would be to adsorb substrates onto multiwell plate surfaces, adhere cells with

eventual trypsinisation and then repeat to see if new cells will adhere.

(iii) What other variants of polyethylenimine, or indeed other negatively-charged polymers, are avail-

able?

The success of polyethylenimine was a surprise. As noted in Chapter 3, there exists other

variants of polyethylenimine available to purchase. These variances differ in chemical

structure, including in the ratios of primary and secondary amines and in the exact number

present of each of these groups. Different molecular weights can also be purchased. What

effect each of these has on encouraging the attachment of CHO cells remains to be seen.

Cell Pausing

The data in Chapter 4 were obtained during a brief side project and as such there is plenty

of potential for future work. This is especially true now that microspheres can indeed be
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routinely used to adhere and retain CHO cells. Specific research questions which could be

asked include;

(i) Can rewarming previously paused detached cells cause them to reattach?

Hunt et al. (2005) reported that warming culture flasks that had previously been used to

pause cells resulted in cells, that had detached, to re-adhere. No other information was

given, but this effect may be beneficial for long term pausing if the rewarming of vessels—

without any immediate agitation or vigorous handling — ensures any detached cells are

not lost in any subsequent process.

(ii) What effect does pausing have on the potential regrowth of cells adhered to polyethylenimine

substrates?

This would follow the work done on the pausing of suspended cells and subsequent re-

growth back in physiological temperatures. As with this work, attempts at awakening and

regrowing paused adherent cells may not be immediately relevant to the project, but it may

give interesting data and further develop the idea of cell pausing. It can be also be argued

the pausing of adherent cells is far more beneficial for the purposes of this project, due to

the potential pausing of the cell retention device.

(iii) Can cells be loaded onto microspheres and immediately paused for defined periods without ex-

cessive cell loss?

This question relates to the main potential use of cell pausing for this project, i.e. could

operators use cell pausing as ameans to store recently loaded cell retention devices?Whilst

this would be more appropriate for the original method of cell loading (via use of a pump

and columnswithmicrospheres retainedwithin), it could also be employedwhen using the

more typical intermittent agitation technique. Spinner flasks containing microspheres that

have recently been loaded could be placed into a refrigerator for hypothermic storage. The

issue of cell detachment needs to be investigated, although rewarming before any agitation

is initiated, as described above, may help cells re-attach.

PolyHIPE Microsphere Technology

With regards to themicrospheres ultimately used, the results obtained inChapter 5 resulted

in a compromise, although the data obtained when viewed together were very interesting.

The effect of carrier phase, the orientation of the fabrication system and the conditions used

during the generation of the HIPEs clearly had an effect on the polyHIPE microspheres

fabricated. As such, the data obtained can be easily followed up, particularly by those with
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an interest in materials science. The areas listed here look at both materials science-related

questions and questions related to the loading of CHO cells. Specific research questions

which can be asked include;

(i) Is it possible to fabricate ‘true’ polyHIPE microspheres whilst still including MAES as a co-

monomer?

The rationale behind choosing polyHIPEs as a state of material to investigate was their

macroporous structures. As was described in Chapter 5, the inclusion of MAES and the

use of glycerol as a carrier phase prevented the fabrication of microspheres with these typ-

ical polyHIPE characteristics. This research question could investigate potential methods

to keep MAES as a co-monomer but still achieve sufficient macroporosity within the fab-

ricated structures. The use of polyethylenimine in combination with truly macroporous

microspheres may enhance the capability of the cell retention technology considerably.

(ii) Can the microsphere fabrication set up be altered to better control certain parameters?

The use of the bespoke system for the fabrication of microspheres has been demonstrated

in this work. This lab-scale fluidic system can be used to continuously manufacture micro-

spheres with little to no input from the operator once the process has started. However, as

reported in Chapter 5, the parameters involved in the fabrication process are not entirely

understood. The viscosity of the HIPE, the flow rates of the HIPE and carrier phase, the po-

sition of the needle, as well as how they all interact with one another resulted in a process

that was inherently complex, even when set parameters were kept constant.

The set up at present is ad hoc, and whilst it does indeed make microspheres, the construc-

tion of a microfluidic system would be highly beneficial. Such a system may have a dedi-

cated injection point where the position of the needle is fixed each time. It may also have

tubing with a much narrower internal diameter to ensure better manipulation of the HIPE

and carrier phase. The viscosity of the HIPE could also be measured to see if there is an

optimum window where microspheres with desired properties are easily fabricated.

(iii) Can cells be dissociated successfully without severe aggregation of the microspheres?

The aggregation of microspheres when exposed to trypsin was a major drawback for the

project and one that was ignored while continuous culture work was attempted. An ini-

tial experiment should look at simply incubating the microspheres with trypsin, to see if

microspheres aggregate even without cells adhered. With all that is currently known, it is

expected using the carboxyl groups on the polyHIPE microspheres to indeed covalently
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link polyethylenimine to the materials would likely rectify the issue of aggregation. It may

also enable microspheres to be used again, as described previously.

(iv) Do there exist methods, except dissociation, that can count the number of cells retained upon

microspheres?

The ability to directly count cells upon the microspheres remains the only way to truly

know the concentration of cells within a process using microspheres. The inability to de-

tach cells frommicrospheres resulted in particular parameters, such as cell-specific produc-

tivity, not being able to be determined for several experiments within this project. Possible

ideas to count adhered cells include overcoming the aggregation of microspheres during

trypsinisation and so enabling dissociation to be used for cell detachment and direct cell

counting.

Alternatively, reagents such as PrestoBlue may be employed, although the extent to which

mild hypothermia (which was used for all continuous processes in this work) affects cell

metabolism (and hence the indirect measurement of viability) has to also be determined.

The crystal violet staining method, where nuclei are first stained, extracted and then

counted could likewise be attempted. This would first need to be validated when using

polyHIPEs which, due to their porous nature, easily stain non-specifically.

Continuous Bioprocessing Systems

Chapter 6was the highlight of the project,with the data obtained the result ofmany streams

of work finally coming together. It can be argued any future work would likely focus upon

repeating, adapting or optimising the experiments that were carried out here. Specific re-

search questions which could be asked include;

(i) Can packed-bed perfusion system ever be made to work successfully?

The use of a working packed-bed perfusion system would be beneficial for research and

development purposes as it could allow multiple columns to be perfused simultaneously.

Initial solutions should look at the temperature of the medium within the actual column

as it perfuses through the cells, to ensure peeling does not occur. If a packed-bed perfu-

sion system was achieved, the creation of a small-scale, high throughput perfusion system

would finally be realised.

(ii) Can the spinner flask-based perfusion system be optimised and adapted into a routine continuous

process?

This is the most relevant and pressing question asked here. Only one attempt was made
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using the spinner flask-based perfusion system and, due to operation constraints at the

time, the use of cell pausing far beyondwhatwould normally be attemptedwas carried out.

As such, any future work should try first to replicate what was attempted here without any

hypothermic storage of cells. The advantage of the proposed spinner flask-based system

is its scalability, with larger vessels also having ports where inlet and outlet tubings for

medium renewal can be attached. These large-scale reactors would also enable dedicated

aeration, more sophisticated agitation as well as the possibility for control of other critical

parameters such as pH.

(iii) Is a small-scale multi spinner flask-based perfusion system realistic and achievable?

This is far beyond the scope of the project and would likely require a small team of re-

searchers to achieve. Operating three or more spinner flasks using the spinner flask-based

perfusion designwould require a larger refrigerator, multiple or largermediumbottles and

potentially more pumps. Although the multidrive pump, as was used in this work, may

be suitable as it allows up to 12 lines. However, investigating and comparing the effect of

different dilution rates would certainly require a dedicated pump for each flask.

(iv) Will CHO cells be transfectable whilst retained on cells at mild hypothermic temperatures?

Once routine perfusion culture is achieved, the discussion turns to potential applications.

The perfusion system was always intended to be used as a means of rapidly and serially

testing different genetic elements within vectors, without the downtime associated with

batch-wise cell line development. If this testing was performed using a system capable of

operating multiple, independent vessels in continuous culture, the data acquired, as well

as the associated time and cost savings, could be immense. Investigations into the trans-

fection of CHO cells within in-house developed continuous processes could very easily be

an entire doctoral project.
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