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“If we knew what it was we were doing, it would not be called research, would it?”

Albert Einstein



UNIVERSITY OF LEEDS

Abstract

School of Design

(in co-operation with the School of Molecular and Cellular Biology)

Doctor of Philosophy

by Birthe Agnetha Lang

The specific removal of molecules from various media is an area receiving increasing

attention. Affinity membranes, i.e. membranes containing ligands, which can specifically

capture target molecules, can meet this demand. One important area, in which the use

of affinity membranes will be beneficial, is blood filtration, specifically haemodialysis

treatments. The specific removal of toxins can reduce treatment time and/or frequency

and therefore increase patients’ quality of life as well as reduce costs for the health care

sector.

The presented research investigates the feasibility of combining a new class of non-

antibody binding proteins (AdhironTM binders), which can be specifically designed to

capture target molecules, with electrospun nanofibrous polysulphone (PSu) membranes

to create an affinity membrane for the specific removal of target molecules. Adhiron

binders against a model target protein (modified green fluorescent protein (mGFP))

were successfully produced and characterised. Suitable parameters for the electrospin-

ning of PSu into smooth bead-free fibres were identified. Two different approaches for

the functionalisation of PSu fibres were evaluated: incorporation of the Adhiron binders

within the fibre and attachment of the binders to the functionalised PSu fibre surfaces.

With the latter approach functionalisation was achieved by means of attaching Adhiron

binders to surface functionalised fibres, on which the Adhiron binders were immobilised

via a biotin-streptavidin bridge. The functionalised membrane specifically removed tar-

get molecules out of simple and complex solutions.
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Chapter 1

Introduction

The specific separation or removal of molecules from various media has become a major

requirement in many different areas of filtration technology. For several applications, the

separation based purely on sieving mechanisms is not sufficient due to the geometrical

similarity of molecules to be removed and molecules to let pass. Examples include the

removal of heavy metals from wastewater or the specific separation of biomolecules [1].

A technology widely used to specifically capture molecules whilst other molecules remain

in solution is affinity chromatography in which a ligand, a molecule with the ability to

specifically capture a target molecule, is immobilised on beads. The filtration usually

occurs through a column bed containing the functionalised beads. The disadvantages of

this technology are the associated high pressure drops and low flow rates [2]. Initiated

by the demand for the specific removal of molecules whilst providing sufficient flow rates

and pressure drops associated with membrane filtration, the research area of affinity

membranes emerged [3]. Affinity membranes can be defined as a range of membranes

that enable the selective binding or capturing of molecules, due to immobilised capturing

agents (binders) on the membrane surface [1].

Blood filtration is an area of medical intervention where the application of affinity mem-

branes can contribute to major advancements. One of the emerging areas of interest is

in the treatment of Chronic Kidney Disease (CKD), a disease resulting from inhibited

or malfunction of the kidney. Using conventional membranes, the removal of certain

toxins from the blood of patients suffering from CKD remains a challenge. To highlight

the severity this problem, more than 1.8 million people have been diagnosed between

1
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2009 and 2010 to suffer from CKD in England alone, excluding an estimated further

million people who have not yet been officially diagnosed [4]. With the exception of

kidney transplantation, there is no cure for CKD and patients experience a significantly

reduced quality of life due to the need for permanent, frequent, and long treatment

(current treatment times are three to four hours up to four times a week), other asso-

ciated diseases (including cardiovascular diseases), and high mortality rates. For health

organisations like the British National Health Service (NHS), CKD is associated with

considerable direct and indirect costs. The estimated costs for the NHS relating to renal

problems in the years 2009/10 accounted for £1.64 billion [4]. An optimised dialysis

treatment could contribute to cost reduction within the health care sector as well as im-

prove patients’ quality of life by reducing cardiovascular diseases, associated mortality

rates, and treatment time frequency.

Within a healthy organism, the kidney filters waste products from the blood (glomerular

filtration) and excretes them via the formation of urine (tubular excretion). If the

function of the kidney is inhibited or fails completely, metabolic and dietary waste

products gradually accumulate within the body [5]. The accumulated waste products

are termed uraemic toxins if their accumulation results in malfunction of cells and organs

(uraemic syndrome) [6, 7]. Over 150 different uraemic toxins have been identified by

the European Uraemic Toxin Work Group (EUTox) and grouped into three classes.

The classification was made according to the toxins’ physicochemical characteristics

(molecular weight, water solubility, and protein binding), which influence their removal

via dialysis [7–11]: Low molecular weight (< 500 Da) and water soluble molecules such as

urea and creatinine; middle molecular weight molecules (> 500 Da) like β2-microglobulin

and cytokines; and finally protein bound molecules, for example indolic and phenolic

compounds. An extensive review and list of currently known uraemic toxins and their

concentrations in the blood was published by Duranton et al. [10].

The fundamental approach for treating patients suffering from CKD is the removal of

these toxins from the blood. However, the high number and different characteristics

of the toxins renders the removal a highly complex task as not only a high selectivity

(to prevent the loss of any essential components of the blood), but also binding diver-

sity (to target a broad variety of toxins present in the blood) has to be achieved [12].

Haemodialysis is an approach that is widely used in the treatment of CKD, in which

artificial removal processes attempt to mimic the natural function of the kidney [13].
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Dialysis is generally defined as the transport of solutes/molecules via diffusion mecha-

nisms across a semi-permeable membrane [5]; the term haemodialysis is used to describe

the artificial extracorporeal filtration of the blood and the removal of toxins via diffusion

processes.

Besides haemodialysis, further modes of treatment are being used: haemofiltration,

haemodiafiltration and peritonial dialysis. Haemofiltration differs from dialysis in the

underlying physical principals of removal as it is an ultrafiltration process that relies on

convection as a mass transport mechanism. Haemodiafiltration is based on a combina-

tion of convection and diffusion processes [14]. Peritoneal dialysis does not rely on the

use of extracorporeal membranes for filtration but uses the patients’ peritoneum in the

abdomen as filter membrane [9] and is therefore beyond the scope of this work.

Despite the variety of technologies available, it is not yet possible to effectively remove

all types of toxins from the blood. Particularly the removal of mid-sized molecules (e.g.

β2-microglobulin) and protein-bound toxins (e.g. indoxyl sulfate and p-cresyl sulfate)

poses problems as their removal patterns are not yet fully understood [9, 15]. Yet, their

removal is highly desirable because previous research has suggested that these molecules

increase the risk of cardiovascular disease and the progression of kidney failure [9, 11, 16].

Thus, there is a clinical need for novel haemodialysis membranes that can specifically

remove uraemic toxins from the blood, currently not removed by diffusion or convection

based filter technologies. One step towards more efficient toxin removal could be made

through the combination of traditional haemodialysers with an additional novel filter

system, specifically targeting uraemic toxins, which are difficult to remove. An example

of a potential inline set-up of a filter equipped with a new functionalised membrane is

shown in Figure 1.1.

The aim of this research, therefore, is to investigate the feasibility of constructing a

fibrous electrospun web, which could be utilised as affinity membrane in the specific

removal of toxins via adsorption. The potential of combining novel artificial binder

proteins (AdhironTM binders) with polysulphone (PSu) electrospun nonwoven structures

shall be analysed; the former providing the specific binding component, the latter a

potential matrix for the binders as they offer a high specific surface area as well as

interconnected pores. Combining Adhiron binders and electrospun PSu fibres is highly

challenging. On the one hand, the Adhiron protein binders are characterised by a
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Conventional 
haemodialyser

New additional
filter

Figure 1.1: Potential set-up of the new filter inline with the conventional dialysis
process.

delicate nature and require specific (aqueous) buffer conditions for stability. On the other

hand, harsh conditions are needed to process PSu (e.g. the use of organic solvents to

dissolve the highly stable polymer). Additionally to the above-mentioned, the inherently

inert character of PSu minimises the functional groups available on the surface for the

attachment of active molecules.

The structure of the study is graphically represented in Figure 1.2. A range of con-

Chapter 2: Literature Review

Chapter 3

Production of
Adhiron binders

Chapter 5
Incorporation of

Adhiron binders 
into PSu fibres Chapter 4

Development of  
Electrospun membrane Chapter 6

Surface attachement of
Adhiron binders to

PSu fibres 

Experimental work

Chapter 7: Summary and Suggestions for Future Work

Chapter 1: Introduction

Figure 1.2: Graphical outline of the thesis structure.
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cepts and technologies from the fields of medical, biochemical, and material sciences

are outlined in Chapter 2. The focus lies on highlighting the most important prin-

ciples, challenges, and state of the art from various disciplines, aiming to provide a

fundamental understanding of each relevant field. The experimental part is described

in Chapters 3 - 6. Chapter 3 describes the production of model Adhiron binders and

targets and exposes challenges encountered during laboratory protein binder production.

Chapter 4 describes the development of an electrospun web, focusing on the production

of smooth defect-free submicron fibres from PSu solutions. Within Chapter 5 and 6,

two different methods for fibre functionalisation are evaluated. Chapter 5 explores the

functionalisation via an incorporation of the Adhiron binders into the fibres using three

different methods of incorporation (organic protein solution, solid dispersion, emulsifi-

cation). Within Chapter 6, a method leading to the successful functionalisation of the

fibre surface via a linker technology is reported. Chapter 7 provides a summary of the

work conducted as well as indications about future work.



Chapter 2

Literature review

The interdisciplinary character of this study requires a careful assessment of several

scientific fields, ranging from haemodialysis technology, to the area of protein binder

synthesis, electrospinning technology and protein immobilisation techniques. The first

section (section 2.1) of this chapter provides an overview of haemodialysis technology, in-

troducing fundamental principles underlying transport mechanisms across a membrane

(section 2.1.1), structural characteristics of membranes (section 2.1.2), material require-

ments such as biocompatibility (section 2.1.3), and polymeric materials commonly used

(section 2.1.4). The aim is to provide an understanding of material characteristics and

requirements to be used in blood purification. The following section (section 2.2) intro-

duces non-antibody binding proteins as specific binders, highlighting biological concepts,

namely the concept of ligand binding (section 2.2.1) and characteristics of non-antibody

binding proteins (section 2.2.3). An introduction to electrospinning technology is given

in section 2.3. The focus is set on the introduction of the two main technologies (syringe

(section 2.3.1.1) and needleless electrospinning (section 2.3.1.2)), as well as on process

parameters influencing web and fibre formation (section 2.3.2). Previous work carried

out on the immobilisation of proteins (mostly enzymes) on various materials is described

in section 2.4. The emphasis here lies on highlighting various techniques used, as well as

on the transferability of these principles to the immobilisation of non-antibody binding

proteins on electrospun nonwoven webs.

6
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2.1 Haemodialysis membranes

The development of artificial membranes for the filtration of blood was initiated in

the beginning of the twentieth century through studies by John Abel (United States)

and Georg Haas (Germany), who used collodion tubes (a cellulose based material) as

semipermeable membranes to filter blood [17]. Since these initial trials, a continuous

development in material and filter design took place and dialysis membranes became

indispensable in renal replacement therapy. As described previously (see Chapter 1),

there are different types of treatments available (haemodialysis, haemofiltration, and

haemodiafiltration), each characterised by different underlying physical principles (see

section 2.1.1).

2.1.1 Laws of transport underlying dialysis, filtration, and membrane

related parameters

This section provides a basic outline of these transport phenomena and of the parameters

used for membrane characterisation. A detailed description of the kinetics underlying

dialysis and models used to describe transport phenomena are beyond the scope of this

work and can be found in reviews of the topic [18–21].

Dialysis in general is defined as the “passage of molecules in solution by diffusion across

a semipermeable membrane” [5]. The driving force within this process is the diffusion of

molecules due to a concentration difference across the membrane. The solution-diffusion

model explains the occurring separation process due to differences in solubility in the

membrane material and different diffusion rates [22]. The movement of molecules has

been quantified by Fick’s law, which describes the solute flow across a membrane caused

by a concentration difference in the absence of temperature and pressure [23]:

− J = DA
∆C

∆d
(2.1)

with J being the solute flux, D the diffusion coefficient describing the mobility of individ-

ual molecules, A the membrane area, d the membrane thickness (∆d therefore specifies

the distance the molecule diffused), and ∆C the concentration difference. The minus

sign indicates the direction of movement from higher to lower concentration. Diffusion is
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a slow process and the molecular kinetics are solute and membrane specific [5, 24]. Rel-

evant solute characteristics include: molecular weight (the higher the molecular weight

the less diffusive the molecule), charge, shape, and lipid solubility. Membrane character-

istics impacting on solute movement comprise the average pore size, number, geometry,

and distribution, membrane surface area and thickness, as well as surface characteris-

tics. In general, diffusive transport through a thin hydrophilic membrane enables a good

clearance of low molecular weight molecules (up to 1,000 Da) [25]. This is due to the

fact that low molecular weight molecules are highly diffusive and membrane pores are

highly accessible [26].

In contrast, haemofiltration describes the passage of molecules across a membrane via

pressure-driven (hydraulic or osmotic) convection processes [5]. To characterise pressure-

driven flow in a porous or capillary medium, Darcy’s law can be applied [21]

Ju = hmA∆P (2.2)

with Ju describing the volumetric flux, hm the hydraulic permeability, A the membrane

area, and ∆P the pressure difference within a porous medium. There is no change

in concentration, but the solutes move passively with the fluid from one site of the

membrane to the other [5, 25]. Contrary to a haemodialysis process, in which the blood

is dialysed against a dialysate and no fluid substitution is required, a haemofiltration

process, in which the blood is subjected to an ultrafiltration process, removes fluid and

vital components from the blood, which need to be substituted.

To assess the clinical performance of dialysers, several parameters have been established

to quantify mass transfer of solutes and fluid across dialysis membranes, including the

overall mass transport coefficient Ko, (m/s), diffusive clearance K (ml/min), the ultra-

filtration coefficient KUF (ml/min.mm.Hg) and the sieving coefficient (SC). A detailed

description of these parameters can be found in the relevant literature (e.g. [5, 21, 27]).

2.1.2 Structural characteristics of haemodialyis membranes

In current haemodialysis treatments, only hollow fibre membranes are used due to their

superior properties (improved blood flow, low boundary layer resistance, increased mass
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transport, less costly production) over flat sheet membranes [28–30]. As their function

can be described as the one of an ‘inert sieve’ – i.e. filtering toxins occurs mainly via

size exclusion not considering any biochemical properties of the toxins [28, 29] – average

pore size and distribution are important geometric characteristics. Within this section,

a brief description of the general structure of hollow fibre dialysers shall be presented,

as well as their main characteristics influencing solute removal.

2.1.2.1 Hollow fibre geometry and surface area

Hollow fibre dialysers usually consist of 8,000 - 16,0000 fibres (typically 20 - 24 cm in

length) assembled in a housing, potted at both ends in polyurethane. The blood flow

occurs through the inner diameter of the fibre (180 - 220 µm) and the dialysate fluid

flows in the opposite direction on the outside of the fibres [27]. A schematic drawing of

a typical hollow fibre haemodialyser is shown in Figure 2.1.

Header

Tube sheet

Solution
outlet

Solution
inlet

Hollow �bres

Jacket

Blood inlet

Blood outlet

(a) Principle of haemodialysis
(Figure adopted from [27])

(b) Typical haemodialyser (Fig-
ure adopted from [31])

(c) Part of a hollow fibre cross sec-
tion (Figure adopted from [31])

Figure 2.1: Hollow fibre membrane haemodialyser.

The total surface area of a hollow fibre membrane dialyser in contact with the blood is

approximately 2 m2. It is determined by the fibre length (l), inner diameter of the fibre

(r), and the number of hollow fibres in a dialyser. The surface area of a single fibre can

be calculated using the equation for cylinder surface calculation [32]:

Afibre = 2πrl (2.3)
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Thus, increasing the total surface area can theoretically be achieved by increasing fibre

length and inner fibre diameter as well as the total number of fibres. However, there are

certain limiting factors. An increase in fibre diameter reduces diffusive mass transfer due

to an increased diffusive path length and due to increased boundary layer resistance as

shear stress is reduced. Thus, a decrease in fibre diameter is beneficial. However, due to

the underlying physical principle of liquid flow through a cylinder, the extent to which

the diameter can be reduced is limited [32]. The Hagen-Poiseuille equation describes

liquid flow in a cylinder [32]:

QB = ∆P/R (2.4)

with QB being the blood flow rate, ∆P the axial pressure drop and R the resistance to

blood flow, which is defined as

R = 8ηl/πr4 (2.5)

From equations 2.4 and 2.5 it becomes apparent that a small decrease in fibre diameter

(r) leads to a considerable increase in flow resistance. Equation 2.5 also shows, that

an increase in fibre length (l) and dynamic viscosity (η) of the blood (it is related to

the haematocrit, which describes the volume percentage of red blood cells in the blood)

leads to an increase in flow resistance. Thus, it becomes evident that the surface area

achievable with hollow fibre membranes is limited to values around 2 m2 and further

increase is not possible without reducing filtration efficiency. This surface area, however,

might not be sufficient to immobilise sufficient amounts of active chemistry [33].

2.1.2.2 Pore size, pore size distribution, and porosity

Besides surface area, pore-related membrane characteristics such as pore size, pore size

distribution, and porosity are important structural characteristics of haemodialysis mem-

branes as they influence permeability to water, solutes, and diffusive characteristics of

membranes. Mean pore size and, to a lesser extent, the number of pores [32] deter-

mine the permeability of membranes to water, which is also known as flux. Based on
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membrane flux, two categories of dialysis membranes were developed: low flux mem-

branes (water permeability ranges from 5 - 6 ml/h mm Hg m2) and high flux membranes

(permeability ranges between 30 - 40 ml/h mm Hg m2). Low flux membranes were tra-

ditionally thin hydrophilic cellulosic membranes and only effective in the removal of low

molecular weight molecules as they rely on diffusion as a transport mechanism. The dif-

fusivity of these membranes is determined by their porosity (pore density) and to some

extent by pore size. Nowadays, low flux membranes are a combination of thin synthetic

hydrophobic and hydrophilic membranes (see section 2.1.3), for which blood/dialysate

flows are between 250 - 500 ml/min or, with increased surface area, 400 - 800 ml/min

can be achieved [34].

To enhance larger molecule removal via convective transport, high flux membranes

were developed exhibiting a high hydraulic permeability and good sieving coefficients

[7, 34, 35]. High flux membranes are characterised through an increased membrane

porosity and larger pore sizes to enable higher mass transfer efficiency [28, 36]. High flux

membranes can be used in all three treatment modes (haemodialysis, haemofiltration,

haemodiafiltration). Haemofiltration was proven to be more efficient in middle molecule

removal, but during the ultrafiltration process considerable amounts of ultrafiltrate are

produced, which need to be replaced with a substituting fluid [34].

Although membranes are characterised according to their flux, water permeability is

not necessarily directly proportional to the membrane’s ability to remove molecules

out of solution. Whereas flux is predominantly determined by pore size and porosity,

sieving properties are mainly influenced by pore size distribution, i.e. by the membrane’s

sieving coefficient. A narrow pore size distribution results in a sharp molecular cut-off

(solute sieving coefficient vs molecular weight), which is similar to the native kidney and

therefore favoured. A wide pore size distribution can lead to loss of essential proteins

like albumin [32].

The most recent blood filtration techniques direct the blood parallel to the membrane

in a cross-flow configuration and do not pass it transversally through the membrane

using hydrostatic pressure. This is due to problems arising from the passage of blood

through pores, which can easily lead to haemolysis of the blood and blocking of the

filter [37–39]. Haemolysis describes the damage of red blood cells and the subsequent

release of haemoglobin into the plasma, causing detrimental effects within the body [37].
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The ability of blood components to pass through pores in a filter medium is influenced

by their size and deformability. For example, red blood cells are small (6 - 8 µm) and

extremely deformable whereas white blood cells are larger (10 - 20 µm) and more rigid.

However, deformability also renders cells susceptible to lysis, i.e. cell wall rupture, and

therefore to haemolysis, when forced through small pores under pressure. The presence

of certain anticoagulants can reduce cell deformability and therefore danger of lysis [38].

Several models have been developed to analyse the cause of haemolysis in filtration

considering membrane characteristics (such as pore size) and operating conditions (e.g.

shear stress, blood flow and hydrostatic pressure) [37, 38, 40]. It was found that pore

size and applied hydrostatic pressure determine whether or not cells can pass in an un-

interrupted flow through a porous medium. Within certain boundaries, this passage can

occur without haemolysis, e.g. in filters with a pore size larger than 1.8 µm, blood flow

can occur without lysis if the pressure drop does not exceed 20 mm Hg [40]. However,

because of problems associated with membrane fouling due to blood components block-

ing membrane pores and cell lysis, filters using cross-flow parallel to the membrane as

e.g hollow fibre membranes became the dominant filter type [39]. Synthetic membranes

today often exhibit an asymmetric structure providing a thin ‘skin’ layer in contact

with the blood responsible for separation and a thicker more porous outer layer impart-

ing mechanical strength [30, 41]. Figure 2.2 shows an example of different asymmetric

structures.

Figure 2.2: Asymmetric membrane structures of synthetic hollow fibre
haemodialysis membranes (Figure adopted from [30]).
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Within this study, it is assumed that the developed membrane will be used in a mode

in which the blood is passed parallel to the membrane. This is due to the previously de-

scribed disadvantages associated with the transversal passage of blood through a porous

medium as well as the expected small pore sizes in the electrospun web. Therefore,

particular importance will be attributed to the first layer of the web which is likely to

be in contact with the blood and rather than to the bulk its properties.

2.1.3 Biocompatibility of membranes

Materials to be used in blood filtration must provide functionality regarding the fil-

tration of toxins, but simultaneously comply with strict material requirements due to

their classification as medical devices. During purification, the patients’ blood is in

direct contact with the membranes and subsequently redirected into the body. Addi-

tionally, in consequence of the chronic character of the disease, patients are regularly

exposed to the membranes. Therefore, adverse immune reactions in the patient caused

by the membrane or the release of any substances from the membrane into the blood

must be prevented [13, 42, 43]. A major requirement is therefore the biocompatibil-

ity of membranes. Biocompatibility is defined as the absence of adverse functional or

biochemical reactions after contact of an artificial device with body fluids or organs

[44, 45]. A specific aspect of biocompatibility is blood or haemo- compatibilty, describ-

ing the interactions between between blood and artificial surfaces [29]. Thrombogenicity,

i.e the potential of a material to cause coagulation and blood clots, is an example of

an important factor determining haemocompatibility of blood contacting membranes

[44–46]. Further parameters include the propensity of materials to trigger adverse im-

mune reactions (complement or leukocyte activation) and allergic reactions, as well as

the capability to remove endotoxins or pyrogens, substances released upon the death of

gram-negative bacteria causing fever [13, 17, 21, 28, 30, 31].

Many biocompatibility issues of medical devices are initially triggered by the process of

unspecific adsorption of proteins onto the biomaterial surface. In case of haemodialysis,

proteins adsorbed onto the filter membranes can cause an adverse immune response, e.g.

the activation of the complement pathway, coagulation or the adhesion and activation

of blood cells [44, 47–49]. Additionally, unspecific protein adsorption from the blood

onto blood filter membranes reduces the filtration efficiency over time. The adsorbed
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proteins can form a secondary layer on the membrane inhibiting diffusion and causing

membrane fouling, a phenomenon which describes the reduction in membrane flux and

selectivity [13, 32, 50].

Proteins have a tendency to rapidly adsorb and deposit onto solid surfaces. Upon the

contact of a material surface with blood, an almost immediate formation of a protein

layer on the material surface occurs, predominantly formed by the proteins albumin,

fibrinogen, and immunoglobulin G (IgG) [46, 51–54]. The adsorption of proteins con-

tinues until a proteinaceous film of a certain thickness has formed. Platelets potentially

adhere to this film, which can lead to the formation of aggregates/coagulation [55]. This

process can never be entirely prevented, but a minimisation can enhance membrane bio-

compatibility and performance [48]. Several factors, which influence the adsorption of

proteins onto a surface, were identified. These include material properties such as hy-

drophobicity and surface charges, as well protein characteristics such as size, charge and

shape, and filter operation conditions including pH and applied flow rates [45, 48, 53].

As the focus of this study is set on the development of a membrane material, a more

detailed description of factors influenced by the membrane shall be given.

Surface hydrophobicity represents one important membrane characteristic, which in-

fluences unspecific protein adsorption [48, 53, 56]. Hydrophobicity leads to increased

interaction and adsorption of proteins due to thermodynamic driving forces. Proteins

may undergo conformational changes upon adsorption and unfold as they try to max-

imise the contact area of their hydrophobic residues with the hydrophobic surface. This

can lead to further undesired immune reactions as the formed protein layer is respon-

sible for the interaction of the membrane with the surrounding cells and the unfolded

proteins may trigger the activation of immune responses [51, 53, 55–58]. In contrast,

hydrophilic surfaces were shown to reduce protein adsorption and proteins bound less

tightly to the surface [47, 48, 53, 59, 60]. The interfacial tension between blood and a

hydrophilic membrane is considerably lower. Therefore, a lower thermodynamic driving

force for protein adsorption exists, resulting in reduced amounts of protein adsorption

as well as in reduced changes in protein conformation [55]. However, purely hydrophilic

surfaces can lead to other immune responses due to the presence of functional groups

on the membrane surface (see section 2.1.4.1). It was therefore found that in the case of

blood filtration, a membrane with interchanging sections of hydrophobic and hydrophilic
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domains provides good biocompatibility as the hydrophilic parts reduce unspecific pro-

tein adsorption and hydrophobic domains prevent complement activation [41]. This

domain-like structure approximates the structure of natural membranes [29].

Another important membrane characteristic influencing unspecific protein adsorption is

the surface charge of a membrane. The surface charge describes the electrical potential

difference which forms upon immersion of solid substances in a liquid phase due to

the dissociation of molecule groups on the surface or adsorption of anions or cations

from the solution [61]. The sign and density of charges present on the surface is largely

influenced by the functional groups available on the membrane surface and the properties

of the surrounding environment (e.g. pH) [62]. Membranes with a net surface charge

close to the protein charge repulse proteins by electrostatic forces, whereas proteins

are electrostatically attracted if the membrane exhibits opposite charges [50, 53, 63–

65]. Additionally, surface charge was found to influence thrombogenicity. The clotting

cascade, the mechanism in the body to trigger blood coagulation, was found to be

initiated by a negative surface charge, thus negatively charged surfaces were found to

be more thrombogenic than neutral surfaces [13, 46].

Various approaches can be found within the literature to reduce protein adsorption of

hydrophobic materials. The introduction of hydrophilic components, components that

introduce a neutral charge, or chemical grafting of anticoagulants were shown to increase

biocompatibility [46, 53]. The hydrophilic components most widely used for the modifi-

cation hydrophobic materials include polyvinylpyrrolidone (PVP) [59] and polyethylene

glycol (PEG) [66]. PEG is a hydrophilic, neutrally charged, polyether compound widely

used in medical applications as an additive to enhance haemocompatibility by reducing

unspecific protein adsorption through increasing hydrophilicity [46, 48, 67, 68, 68–70].

Besides an increase in hydrophilicity, surface grafted PEG was also shown to reduce

unspecific adsorption due to steric hindrance, by preventing contact of proteins with the

surface [46, 71].

Different techniques to modify polymeric materials with hydrophilic components can be

found throughout the literature, including direct polymer modification [72], blending of

two or more different polymers [73–76], surface modification of the produced membrane

by grafting [68, 71, 77], or exposure of the surface to radiation [54]. Each of these tech-

niques is associated with advantages and disadvantages. For example, the blending of
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additives and polymers bears the advantage of a simple, cost-effective, one step process,

but simultaneously a danger of leaking of the additive into blood exists, if no covalent

anchoring is achieved [59, 73, 74]. Leaching can be prevented when covalent attach-

ment of the additive is carried out. However, the attachment of components to inert

polymeric materials preferably used in blood purification, requires an initial surface ac-

tivation. Therefore, several process steps are necessary, which potentially require toxic

chemicals.

2.1.4 Polymeric materials for membranes

During the development of medical filtration membranes for dialysis, many different

polymeric materials have been assessed for their applicability. Generally, two classes

of polymers have been used: Cellulosic (unmodified and modified) and synthetic mem-

branes; the latter now dominating the market [17].

2.1.4.1 Cellulosic membranes

In the early stages of kidney treatment, mainly cellulosic membranes were used. Because

of the high tensile strength of cellulose, highly porous membranes can be spun with low

wall thicknesses (6 − 15 µm) suitable for diffusion-based dialysis [31, 32]. Additionally,

the hydrophilic character of cellulose allows swelling into a hydrogel-like structure when

exposed to aqueous media and diffusion can take place through the amorphous regions.

The hydrophilic character is also beneficial, as it minimises unwanted unspecific protein

adsorption (see section 2.1.3). However, several factors led to the abandonment of

cellulosic membranes, the most important one being low biocompatibility. The observed

bioincompatibility was attributed to the chemical nature of cellulose, specifically the

presence of free hydroxyl groups. The free hydroxyl groups on the membrane surface

can react with sulphhydryl groups on the C3 molecule of the complement pathway, a

part of the innate immune system by which the body reacts to foreign substances in

body/blood. Through the activation, an unwanted adverse immune reaction is caused

within the patient [28, 41, 44].

To increase biocompatibility, membranes consisting of modified cellulose were developed,

in which the hydroxyl groups were either substituted, or their accessibility was reduced
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[78]. Examples include the esterification by acetyl groups (cellulose acetate) [79] or a

tertiary amine substitution, in which the majority of the hydroxyl groups were blocked

through steric hinderance (HemophanTM), i.e. the accessibility of the hydroxyl groups

was reduced [80]. These membranes were more hydrophobic and had a higher water per-

meability due to increased pore sizes, resulting in a higher clearance of larger molecules

[31]. However, despite the substitution or blocking of hydroxyl groups, the activation

of the complement pathway was still higher than for synthetic membranes that did not

contain hydroxyl groups in their structure [28].

2.1.4.2 Synthetic membranes

Parallel to the investigation of modified cellulose, the development of synthetic mem-

branes took place [28, 32]. In general, membranes manufactured from synthetic materials

exhibit a higher wall thickness (20 µm) than cellulosic membranes and their pore struc-

ture can be designed to be symmetric or asymmetric to adjust their sieving and flow

properties [13, 31, 32]. A synthetic material that fulfils all requirements for haemodial-

ysis membranes is polysulphone (PSu). PSu membranes currently form the industrial

standard in haemodialysis treatments [13, 29]. PSu describes a group of polymers having

sulphone and alkyl or aryl groups. A typical chemical structure is shown in Figure 2.3.

Figure 2.3: Chemical structure of PSu
(Structure taken from [28]).

PSu is highly resistant against chemical and thermal influences, which allows sterilisation

via steam. Additionally, it shows a good performance in high and low flux membranes

(see section 2.1.2), and it is suitable as an endotoxin absorber (see section 2.1.3) [13].

Currently used PSu membranes can also contain an additional hydrophilic component

such as PVP or PEG [28, 78, 81] (see section 2.1.3).
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2.2 Specific molecular recognition molecules

The specific binding of target molecules has long been a major area of interest in sci-

entific research and various binding molecules and techniques have been developed and

assessed. Within this study, non-antibody binding proteins were chosen to functionalise

an electrospun nonwoven structure to achieve the specific adsorption of target molecules,

namely uraemic toxins. This section briefly introduces the basic principles of ligand bind-

ing in biological molecules (section 2.2.1) and biological recognition molecules, namely

antibodies (section 2.2.2) as they were traditionally used to achieve specific binding of

target molecules. Further, the development and characteristics of non-antibody binding

proteins (section 2.2.3), in particular the Adhiron scaffold (section 2.2.3.3) is presented.

2.2.1 Fundamentals of ligand binding

Many fundamental biological processes rely on the specific recognition and binding of

molecules and the formation of a non-covalent complex, e.g. cell signalling, recognition of

substrates by enzymes and the antibody-antigen recognition [82]. As the binding event

is usually caused by non-covalent binding forces (i.e. by ionic, hydrogen or hydrophobic

interactions) an equilibrium between associated proteins, their ligands, dissociated pro-

teins and their ligands establishes. The term ‘ligand’ is used to describe any molecule

that binds to a protein. This equilibrium between protein (M) ligand (L) and protein

ligand complex (M · L) is expressed by the following equation [83, 84]:

M + L
M · L (2.6)

This equation assumes that there is only a single binding site per molecule (1:1 binding

stochiometry) and no potential effect of any other ligands present (non-allosteric bind-

ing). The binding event can also be characterised thermodynamically in terms of the

change in Gibbs free energy (∆G)[85]:

∆G = −RTlnKD (2.7)
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with R describing the gas constant, T the temperature and KD the binding constant.

Latter is used within the field of biological sciences to quantify the affinity with which

a receptor binds to a ligand. It is a dimensionless constant and describes the reverse

of the binding reaction between receptor and ligand. It is defined as in Equation 2.8

with [M · L] representing the concentration of the bound complex and [L] and [M ] the

concentrations of free ligand and protein respectively.

KD =
[M ][L]

[M · L]
(2.8)

The KD of a binding event is used to determine the affinity or strength of a binder.

The lower the value of KD the tighter the binding between protein and ligand. A

high binding affinity ensures that ligands are bound sufficiently even when present at

low concentrations in the surrounding medium. Although KD is a dimensionless value,

it is often expressed using molar units of concentrations, i.e. a high affinity or tight

interaction lies within the picomolar to nanomolar range (10−12 M to 10−9 M), whereas

weaker affinities lie in the millimolar range (10−3 M) [83]. For example, typical values

for binding affinities between antigen and antibody complexes range from 10−4 M to

10−14 M [86]. The affinity expressed through KD is measured using different techniques

or binding assays. In these assays, the amount of protein-ligand complex is assessed and

plotted against the ligand concentration to provide a binding isotherm, from which the

value for KD can be determined.

Besides high affinity, binder proteins also need to exhibit a high specificity for a target

ligand, to prevent universal binding and ensure molecular recognition of a specific ligand.

However, often high affinity and high specificity are competing requirements, as charac-

teristics of a protein enhancing affinity (e.g. a hydrophobic surface) can simultaneously

reduce specificity [83].

2.2.2 Antibodies

For decades, the binding of specific biological target molecules has been achieved us-

ing antibodies. Antibodies (or immunoglobulins (Ig)) are large protein molecules within

physiological systems responsible for the identification of substances foreign to the organ-

ism. Antibodies specifically bind to foreign targets (antigens) through surface exposed
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loops at one end of their structure [87]. The general structure of an antibody is shown

in Figure 2.4.
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Figure 2.4: General structure of an antibody molecule
(Figure adopted from [88]).

Traditionally, antibodies are produced in vivo in lab animals via immunisation. Due to

extensive research, highly progressed techniques were developed for antibody engineer-

ing, which made antibodies available for a wide range of applications. However, several

limiting characteristics prevent their universal application: a complex composition and

therefore large molecular size (approx. 150 kDa), a complex architecture in the binding

site region, which renders engineering a difficult task, their cost-intensive production,

their low stability, and a complicated legal situation due to patents [89–93].

2.2.3 Non-antibody binding proteins

The limiting characteristics of antibodies and the increasing demand for specific binders,

led to the development of new non-antibody based proteins. The development is based on

using the architectural concept of immunoglobulins, i.e. an inert protein scaffold with

exposed variable binding sites for molecular recognition and binding, to design non-

antibody binding protein scaffolds [89]. A suitable protein scaffold is characterised by

the high tolerance of its fold to surface mutations (insertions, deletions, or substitutions

of amino acid sequences). This ensures that the scaffold can be designed to acquire new

properties (e.g. binding to a specific target, improved thermal or chemical stability)

without a change in its intrinsic physiochemical or folding properties [89, 90]. The

diversification of the binding properties towards different targets can be achieved through
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the design of a protein library using combinatorial engineering approaches or a rational

protein design [93]. A protein library contains billions of different molecules created

by randomisation of defined regions, e.g. loops, flat surfaces, combinations of loop and

helices or cavities, or random insertion of a peptide sequence into the scaffold. On the

contrary, rational protein design relies on data and knowledge about the protein structure

binding sequences. Existing binding sequences are either grafted onto a scaffold or a new

binding site is created on a novel scaffold [93]. Proteins showing specific affinity towards

a target molecule are generally identified using different screening methods (e.g. phage

display); processes mimicking the natural evolution of proteins [93–95].

2.2.3.1 Protein scaffolds

Current protein scaffolds have all been derived from natural proteins [87]. Within the

development of non-antibody binding proteins different scaffolds have been evaluated,

differing in their structure and strategies to engineer their binding sites [95], which were

reviewed in much detail within the literature [89, 91, 93, 94]. One group of scaffolds

are antibody-related scaffolds with Ig-like domains. In contrast to antibodies, they

are smaller in size and simpler in structure, based only on the variable region of an

antibody [89, 90]. Other binding proteins are based on the binding specificity of single

loops on rigid protein folds, which can be randomised as the single peptide loop is

variable in length and its amino acids can be substituted [89, 90]. Instead of a single

loop, binding can also be mediated through multiple loops in close proximity displayed

on a rigid scaffold. This binding mechanism is typical for antibody binding, however

non-antibody binding proteins are smaller and can be easily produced in bacteria or

yeast [90]. Binding can also be facilitated by amino acid residues that are positioned

within a rigid secondary structure and thus providing a rigid binding domain (key-to-lock

mechanism) [90]. Another successful concept forms the development of a rigid tertiary

structure without any binding properties as scaffolds, on which side chains or peptide

aptamers can be displayed [89–91, 96].

2.2.3.2 Design of protein scaffolds: consensus design

An important approach for the design of protein scaffolds is the consensus design. It

is based on the assumption that during protein evolution protein residues, which are
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conserved, are crucial for structure and functionality of the protein, whereas other less

important residues are dispensable. To identify essential residues, the sequences of a

family of homologous proteins are aligned and, using statistical analysis, a consensus

sequence is identified. This consensus sequence can provide information on where point-

mutations can be introduced in the structure and which residues cannot be mutated as

they are essential for protein stability and folding [97]. By using a consensus design,

properties such as stability and folding can be improved, producing an optimal protein

[93]. The consensus design has been successfully applied to engineer various protein

scaffolds [96, 98, 99].

2.2.3.3 Adhiron binders

The Adhiron binders chosen for this study are a novel family of non-antibody binders

developed at the University of Leeds, and are based on a consensus derived scaffold, based

on the globular natural protein phytocystatin, which belongs to the cystatin family [100].

Cystatins are part of the family of cysteine protease inhibitors. Proteases are enzymes,

which hydrolyse proteins by breaking peptide bonds within the protein. Figure 2.5 shows

a sketch of the x-ray crystal structure of the Adhiron scaffold.

Figure 2.5: Sketch of the x-ray crystal structure of Adhiron binder scaffold
(Figure adopted from [100]).

The scaffold consists of a single alpha helix, four anti-parallel beta strands and two

insertion sites (in black) to insert various peptides, which can be screened for specific

binding. The scaffold is characterised through a high melting temperature (101◦C), a
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small molecular size (10 kDa), a high solubility and stability and a lack of cysteines,

and thus disulphide bonds. The C-terminus is situated opposite the binding site and

thus allows the tailored introduction of a cysteine residue for chemical modification

or oriented immobilisation without sterical hinderance of the binding site. Due to its

stability, size, and ease of tailoring for chemical modification, the Adhiron scaffold is a

suitable scaffold for non-antibody binding proteins [100].

2.3 Nanofibrous nonwoven material via electrospinning

Due to their exceptional properties, nanofibrous nonwovens have gained increasing at-

tention as filter and affinity membranes [101]. A nonwoven filter medium is defined as

“a porous fabric composed of a random array of fibres or filaments and whose specific

function is to filter and/or separate phases and components of a fluid being transported

through the medium” [102]. According to the European Union Commission, nanomate-

rials are defined as “a natural, incidental or manufactured material containing particles,

in an unbound state or as an aggregate or as an agglomerate and where, for 50% or

more of the particles in the number size distribution, one or more external dimensions

is in the size range 1 nm - 100 nm” [103]. In textile science, fibres with diameters in the

range of 100 - 500 nm are usually termed nanofibres [104].

The significantly reduced diameter compared to conventional fibres results in web struc-

tures of high porosity and therefore permeability, low basis weight, interconnected pores

and micro-scale interstitial pores [1, 105]. Nanofibres are also characterised by a high

specific surface area ranging from 1 to 35 m2/g, which can be used to immobilise ad-

sorption chemistry [106]. The functionalisation of this increased surface with binders

that can specific adsorb target molecules (e.g. uraemic toxins) could overcome some

of the deficiencies associated with current hollow fibre technology in haemodialysis (see

Chapter 1).

Within this section, the fundamentals of manufacturing nanofibres via electrospinning

using the conventional syringe method and the nozzle-less free surface electrospinning

technique will be explained. Furthermore, the influence of various process parameters

on fibre morphology shall be discussed, as they determine the previously mentioned web

characteristics.
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2.3.1 Fundamentals of the electrospinning process

Electrostatic spinning or electrospinning describes the process of forming filaments from

a polymer solution or melt using electrostatic forces, which induce a self-assembly process

[107]. The process was first patented by Formhals in 1934 [108] and has been subject

of intensive research in various disciplines, including the biomedical field [109]. The

fundamental principle of electrospinning relies on the application of a high voltage to

a polymer solution to induce the formation of a liquid jet, which travels through an

electrical field towards a counter electrode, where it is randomly deposited in form of a

nonwoven web [104, 110–113].

2.3.1.1 Electrospinning via syringe method

Figure 2.6 shows the schematic of a simple, conventional electrospinning set-up: a syringe

containing the polymer solution, equipped with a needle functioning as spinneret, a

high voltage power supply and a collector of opposite polarity. Despite this simple

technical set-up, the process of fibre formation is complex and considerable amounts of

research were conducted to analyse the underlying physical principles [114–117], whose

detailed description is beyond the scope of this work. The aim is rather to provide an

understanding of the process in relation to its influence on final fibre morphology and

web structure.

Fibres

High Voltage

Collector

Syringe Polymer solution

Spinneret

Figure 2.6: Schematic of the needle electrospinning process
(Figure adopted from [112]).
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The formation of a jet from a droplet at the tip of the spinneret is the first key step

in electrospinning to achieve fibre formation [110, 118, 119]. This formation occurs as

follows: the electrical field, created through the application of a high voltage, introduces

charges, which accumulate on the free surface of the polymer. The charge repulsion on

the free surface creates a force opposing the surface tension of the fluid once a critical

electrical field strength is reached, resulting in an elongation of the fluid at the tip of

the capillary into a conical shape, termed a Taylor cone [107, 118, 120]. As the strength

of the electrical field increases, the cone becomes unstable and a jet emission occurs

[107]. If no electrical field was present, the fluid would break up into droplets due to

a phenomenon termed Raleigh instability initiated by surface tension as more liquid is

pushed through the syringe [110]. Figure 2.7 shows the deformation of a droplet (Taylor

cone) until jet emission.

Figure 2.7: Evolution of Taylor cone and jet emission, at different time points
(milliseconds (ms)). The time point zero was set when a first jet

emission was observed. (Figure adopted from [121]).

The emitted jet travels towards the grounded collector of opposite charge due to the

forces exerted onto the polymer fluid by the movement of the charges through the elec-

trical field towards the collector [104, 119, 120, 122]. The viscosity (cohesive forces)

of the jet acts as counterforce to jet elongation due to electrical forces and prevents,

to some extent, the break-up of the jet into droplets due to Raleigh instability [119].

Initially, the jet travels in a straight line, which then starts to bend and travel in spi-

ral loops [107, 110, 123]. This bending or whipping motion is caused by instabilities

due to the interaction of the charges within the jet with the surrounding electrical field

[104, 118, 124]. The bending instability has been identified as the main factor contribut-

ing to elongation and therefore thinning of the fibre [118]. Figure 2.8 depicts the looping

of the emitted jet due to bending instabilities.
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Figure 2.8: Schematic diagram of electrical bending instabilities occurring during
the electrospinning process (Figure adopted from [121]).

Besides bending instabilities during fibre formation, jet splitting or branching has also

been observed when the radial forces resulting from charge movement in the jet exceed

the cohesive forces [110, 118, 119, 124, 125]. This phenomenon offers an explanation for

extremely low fibre diameters observed in some electrospun structures [119]. Whilst the

jet moves towards the collector, solvents evaporate, resulting in the formation of solid

fibres [120]. Finally, the fibres are deposited on the collector, e.g. a metal screen or

another supporting nonwoven web such as melt blown, as nanofibrous web require an

additional support layer for strength due to their extremely low thickness [105].

2.3.1.2 Free liquid surface electrospinning

Despite its versatility and wide use in research, the application of conventional electro-

spinning set-ups within the industry is limited. One of the limiting factors constitutes

the dependency of fibre production rate on polymer flow through the needle [126, 127].

Various multi-needle spinneret set-ups have been evaluated to increase productivity.

However, these designs were not able to maintain a continuous operation or to produce

qualitatively acceptable nonwoven structures. Frequent nozzle blockages, non-uniform

electric fields, and interactions between the jets were identified as major limiting factors
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[126–130]. To overcome these limitations, fibre production from a free liquid surface,

which is not dependent on the presence of capillaries, has been evaluated. The process,

also termed needleless electrospinning, relies on the fact that during electrospinning jets

can be formed from any conductive liquid surface if a sufficient electrical field is supplied

[126, 127]. The advantages include the absence of needle clogging and a considerably

higher productivity as numerous jets are created simultaneously [126, 130].

Initially, various approaches were analysed to create raised points within the liquid

surface to initiate Taylor cone and therefore jet formation. Among these approaches, one

can mention as example the use of a two-layer system consisting of a basic ferromagnetic

layer. On interaction with a magnetic field, the magnetic layer creates spikes in the upper

polymer solution from which jets can emerge [131]. Another approach constituted the

use of gas bubbles to create surface disturbances [132]. More recently, it was shown that

fibres can be formed if a fibre generator is immersed in a polymer solution. Important

forms of fibre generators are rotating cylinders and wire electrodes. The cylinder or wire

loads a thin film of polymer solution onto its surface thereby creating conical spikes,

which deform into Taylor cones if a sufficiently high voltage is applied [133, 134]. This

technology was patented and commercialised under the brand name “NanospiderTM”

[130, 131] and it accounted considerably for making electrospinning technology available

at an industrial scale. Figure 2.9 illustrates the basic technological set-up with a wire

electrode.

As for the syringe technology, the underlying physical principles for free surface elec-

trospinning are complex, despite the simplicity of the technology. A one-dimensional

electrohydrodynamic theory based on the Euler equation for liquid surface waves was

derived to explain fibre formation on a free surface under electrostatic forces due to self

organisation of surface waves [136]. The theory enables a comprehensive analysis of the

electrospinning process as the critical field strength and the average distance between

the jets that emerge from the surface can be calculated [127, 134, 136]. Whereas a de-

tailed derivation of the underlying physical concepts is beyond the scope of this work,

the theory can be briefly summarised as follows: the ability to electrospin from a free

liquid surface without the assistance of mechanically created surface disturbances re-

sults from the exponential growth of a conductive liquid surface wave’s amplitude and

its associated instabilities, once a critical electrical field strength is reached [127, 136].
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Figure 2.9: Principle of Nanospider technology wire electrode
(Figure adopted from [135]).

Due to the instabilities, Taylor cones can form at the crests of the wave and jets start

to emerge [134].

2.3.2 Electrospinning process parameters

Carefully controlling electrospinning process parameters is necessary to be able to achieve

formation of nanofibres with defined morphology. This is crucial for filtration applica-

tions using electrospun nonwoven fabrics as the fibre morphology influences web char-

acteristics such as pore size, pore size distribution, and surface area [120]. The char-

acteristic having the largest impact on resulting nonwoven fabric characteristics and

therefore most important to control is the fibre diameter. During the electrospinning

process, fibre formation and morphology are influenced by various factors, which can be

grouped into three main areas: polymer solution properties, process parameters of the

electrospinning process, and environmental conditions [124]. Each of which shall be dis-

cussed in the following (sections 2.3.2.1 - 2.3.2.3), considering differences that apply for

the two previously described electrospinning techniques (syringe and free surface). The
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parameters discussed cannot be considered as independent variables, but their influence

on fibre morphology is considered to be synergistic [137].

2.3.2.1 Solution properties

Polymer solution properties, which influence the electrospinning process, include the

polymer concentration in the solution, the molecular weight of the polymer, the surface

tension, conductivity, and the types of solvents used.

Viscosity Polymer molecular weight and concentration are directly related to the

rheological properties of the solution, namely the viscosity [137, 138]. Viscosity is defined

as the measure of resistance of a liquid to applied flow or shear and thereby characterises

its frictional properties [139]. Dynamic or absolute viscosity (η) specifies the force needed

to slide two plates with the fluid contained between them. Mathematically, it is described

as [139]:

η = τ
x

v
(2.9)

with τ being the shear stress (N/m2), x (cm) the distance separating the plate and

v (cm/sec) the velocity difference between the plates. The ratio of velocity difference

and distance is termed shear rate γ̇ (sec−1). When measuring viscosity, it is necessary

to distinguish between substances whose viscosity is independent of the applied shear

stress (Newtonian fluids, e.g. water and honey) and substances whose viscosity depends

on the applied shear stress (Non-Newtonian fluids, e.g. toothpaste or paint). Further

factors affecting viscosity are the temperature of the solution and atmospheric pressure

[140].

Solution viscosity was identified as one of the main factors influencing the spinnability

of a polymer solution in both syringe and needleless electrospinning [104, 134, 141,

142]. To be able to spin a polymer solution, a minimum viscosity is necessary. It is

determined by a minimum molecular weight and/or polymer concentration, to ensure

sufficient molecular interactions, also termed entanglement, between the polymer chains

[143]. Solutions of low molecular weight or concentration form droplets during the

spinning process. This is caused by the fact that the intermolecular forces between the
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polymer chains are low and the surface tension of the solution dominates. This causes a

capillary breakup (Raleigh instability) resulting in the formation of droplets rather than

fibres [144, 145]. Polymers of higher molecular weight and/or concentration can be spun

due to the alignment and entanglement of their long coiled macromolecules caused by

the jet flow [144]. But, if the resulting solution viscosity exceeds a certain value, no fibre

formation occurs, as polymer flow is inhibited and the cohesive nature of the solution

prevents elongation into a continuous jet [104, 141, 142].

For each polymer solution there is an ‘operating window’ in which chosen concentra-

tion and polymer weight result in a viscosity high enough to prevent jet breakage, and

simultaneously low enough to allow fibre formation [141]. However, due to the heteroge-

neous nature of polymer-solvent-systems, no linear relationship exists between polymer

concentration and viscosity [143]. Spinning at the lower viscosity boundaries of the win-

dow may result in irregular morphology and structural defects. An example of typical

structural fibre defects, also termed beads, occurring in electrospinning can be found

in Figure 2.10. Spinning at the upper viscosity boundaries can produce more regular

fibres without any defects as increasing the viscosity of a solution was shown to assist

in decreasing structural defects [118]. It was found that bead diameter and distance be-

tween the beads increased as viscosity rose until bead formation was completely reduced

[124]. An increase in viscosity also often causes a change in defect shape from spherical

to spindle-like beads [144]. However, as viscosity is increased there is also an increase in

fibre diameter [143, 144].

(a) Fibre defects in electrospinning (b) Spindle-like defects in electrospinning

Figure 2.10: Fibre defects in electrospinning
(Figures adopted from [144]).
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In order to be able to predict fibre formation, a semi-empirical theory was established,

introducing a critical value, the solution entanglement number (ne)soln, which can indi-

cate whether fibre formation or bead formation will take place [137]:

(ne)soln =
Mw

(Me)soln
=
φMw

Me
(2.10)

Thus, (ne)soln describes the ratio of the polymer molecular weight (Mw) to its solution

entanglement weight ((Me)soln). ((Me)soln) is defined as the ratio of the polymer molec-

ular weight (Mw) to the entanglement molecular weight in the melt (Me) including a

factor φ representing the polymer volume fraction to account for the dilution caused by

the solvent [113, 137, 146]. Using this theory, it could be established that fibre forma-

tion is initiated at (ne)soln ≈ 2, which approximates to one entanglement per molecular

chain. At values of around 3.5, complete fibre formation can be expected [146]. However,

some limitations of this theory apply, as it assumes that there is no interaction between

polymer chains (e.g. due to hydrogen bonding), and that increases in viscosity are due

to chain entanglements only.

Viscosity requirements for solutions electrospun via free surface technology and via the

syringe technique are different due to the nature of the spinning process [134]. In syringe

electrospinning, electrical forces act on a pendant drop and polymer flow is provided

through a syringe pump. In free surface electrospinning, the jet formation occurs as

liquid is forced upwards from the liquid surface. Strong interactions between the polymer

chains are necessary to stabilise the Taylor cone formation. The cohesive forces of the

fluid have to ensure that a continuous jet can be formed as the liquid is pulled upwards

towards the electrode [147].

Surface tension and conductivity Surface tension and conductivity have also been

identified as factors influencing fibre formation and morphology. To initiate jet emission

from a Taylor cone, the electrical energy has to overcome the surface tension of the

polymer solution [137]. It was shown that there exists a linear relationship between

surface tension of the solution and the voltage which needs to be applied to initiate

jet formation from a Taylor cone [142]. If the solution is characterised through a high

surface tension, bead formation is likely to be promoted. This is due to the fact that

surface tension is a force which acts to reduce the free surface area in contact with
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a surrounding medium. Therefore, a high surface tension results in the formation of

beads as a change in morphology, from a linear jet to spherical beads, reduces the free

surface area (Rayleigh instability) [144, 148]. Reducing the surface tension can assist in

obtaining defect-free fibres. This is often achieved through the addition of surfactants

[149].

The use of surfactants not only reduces surface tension, but also increases the conduc-

tivity of the solution. A solution with increased conductivity can carry more net charges

on the jet surface. This enhances stretching of the jet as, due to charge interaction with

the electrical field and mutual charge repulsion, it is increasingly subjected to bending

instabilities. Uniform fibres can be rapidly produced and bead formation is avoided

[143, 148, 150–152]. Besides the addition of surfactants, salts have been widely used to

enhance the conductivity of an electrospinning polymer solution [153, 154]. The influ-

ence of enhanced conductivity on fibre diameter is discussed controversially. Whereas

some studies report a reduction in fibre diameter as solution conductivity is increased

[155, 156], others report no considerable change in fibre diameter [147]. Two possi-

ble explanations can be mentioned for this controversy. Firstly, most studies do not

have comparable features as they differ in the polymers, additives and electrospinning

conditions used. Secondly, the electrospinning process is characterised by the interde-

pendency of variables. The addition of the same surfactant may have different effects

due to interactions with polymers, solvents or other process variables.

Solvent The quality and the characteristics (volatility, conductivity, surface tension)

of a solvent chosen for the preparation of a polymer solution influence the electrospin-

ning process [107, 112, 157]. The quality of a solvent, i.e. whether it fully or partially

dissolves a polymer, was found to have an influence on spinnability: high solubilities

only led to electrospraying, whereas solvents that partially dissolved the polymer con-

tributed to stable electrospinning processes [158]. This contradicts findings postulating

that polymers should be fully dissolved to ensure that all molecular chains are available

for entanglement [147]. A quantitative assessment of the solubility of polymers in various

solvents can be made using the so-called solubility parameter. Hansen solubility param-

eters are parameters widely applied in this context. The underlying concept suggests

that the cohesive energy of a liquid, which has to be overcome to achieve evaporation,
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consists of three different parts: (atomic) dispersion forces (δD), (molecular) permanent

dipole dipole forces (δP ), and (molecular) hydrogen bonding (δH) [159]:

δ2 = δ2
D + δ2

P + δ2
H (2.11)

δ2 describes the square of the total (Hildebrandt) solubility parameter and is defined as:

δ = (E/V )1/2 (2.12)

with E describing the total cohesion energy and V the molar volume of the pure solvent

[159]. The difference in the parameters of solution compounds indicates the solubility

of the system.

The type of solvent used also contributes to the surface tension and conductivity of a

polymer solution, and thereby facilitates or aggravates smooth fibre formation [112, 160].

The dielectric constant of a solvent influences the conductivity of the polymer solution

and thus the extent to which the solution interacts with the applied electrical field. The

dielectric constant has been defined as indicating “the ability of a material to become

electrically polarised and store electrical energy” [161].

Solvent volatility and therefore evaporation rate can have an influence on fibre shape.

Ribbon-like structures can appear if volatile solvents that evaporate quickly are used.

Due to the rapid evaporation a skin-like layer forms on the fibre surface as the solvent

evaporates, which then collapses and thereby forms a ribbon-like structure [125]. It

could also be shown that by using different types of solvents the surface morphology of

nanofibres can be tailored e.g. to exhibit a porous structure. Porous morphologies are

observed if highly volatile solvents are used, which cause phase separation or condensa-

tion processes on the surface, resulting in surface pores [113, 162].

2.3.2.2 Process parameters

Several process parameters have been identified to influence the electrospinning of poly-

mers. Parameters that influence both processes (syringe and free surface electrospinning)

are the applied voltage, the spinning distance, and the collector substrate. Parameters



Chapter 2. Literature review 34

which are specific to needle electrospinning are the applied volume flow rate provided

by the syringe pump and the needle diameter. Spinneret geometry and its rotational

speed are parameters unique to free liquid surface electrospinning. As for solution prop-

erties, synergistic effects between the parameters exist. They should always be analysed

considering the influence of other parameters and not be evaluated in isolation.

Applied voltage The applied voltage forms one important process parameter influ-

encing fibre formation and morphology in electrospinning. A critical voltage has to be

applied in order to overcome the surface tension and to initiate fibre formation [110]. In

terms of needle electrospinning, increasing the voltage changes the shape of the Taylor

cone. This happens because an increased amount of charge is present on the surface from

which jet formation occurs. The increased amount of charge causes a fast acceleration

of the jet towards the collector as well as a destabilisation of the Taylor cone [111]. For

example, in polyethylene oxide (PEO)/water systems, this led to increased fibre bead

formation [141]. However, as the applied voltage influences the net charge carried by

the polymer jet, increasing the spinning voltage has also been associated with reduced

bead formation and formation of thinner fibres [144, 163]. It is also widely accepted that

an increase in voltage results in an increased mass flow from the needle to the collector

[104, 138].

The initiation of fibre formation in free surface electrospinning requires a higher critical

voltage than needle electrospinning as the concentration of charges on the surface needed

to initiate Taylor cone formation is not facilitated through a physical structure (e.g.

needle tip) [134]. The critical voltage needed for fibre formation increases as the polymer

concentration increases, due to the higher forces needed to create Taylor cones from more

viscous solutions [134, 164]. However, the critical voltage needed does not only depend on

the viscosity of the solution, but also on the geometry of the spinneret, as it considerably

influences the intensity of the electrical field [130]. A more detailed description of the

influence of spinneret geometry can be found below. Similar to syringe electrospinning, it

was found that the voltage influences fibre production rate in free surface electrospinning;

however, no considerable influence on fibre diameter could be found [130].

Spinning distance In syringe electrospinning, the spinning distance specifies the

distance between needle tip and collector, in free surface electrospinning the distance
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between polymer surface and collector. The spinning distance influences fibre formation

and morphology as it determines the space available for bending instabilities to occur,

the amount of time for solvent evaporation, and the electrical field strength [104, 111].

A decrease in the spinning distance increases the electrical field strength, shortens the

bending instability process, which is responsible for stretching the fibre, and shortens

the time for solvent evaporation [150]. This can result in bead formation, increased fibre

diameters due to insufficient elongation, and the deposition of wet fibres [111, 112]. To

which extent spinning distance influences the process depends on the particular solvent-

polymer system used. Shorter spinning distances are needed for highly volatile organic

solvents than for aqueous systems [163]. The same principle applies for free surface elec-

trospinning. Additionally, the spinning distance in free surface electrospinning impacts

on the critical voltage needed to initiate fibre formation: decreasing the distances results

in a higher electrical field strength, whereas increasing the distance reduces the strength

and a higher voltage needs to be applied [134]. However, this is also highly influenced

by the geometry of the spinneret.

Spinneret geometry In needle electrospinning, the spinneret geometry can be varied

by using different needle orifices and differently shaped needle tips (pointed or blunt).

The effect of needle orifice has not been extensively investigated, but it was found that

reducing the inner diameter of the needle led to a reduction in final fibre diameter

[165]. In free surface electrospinning various types of spinnerets can be used, which are

classed into two different groups: rotary and stationary spinnerets. The later commonly

requires an additional force (e.g. gas bubbles) to initiate spikes on the surface necessary

to start the spinning process. The mechanical vibration caused by the rotary spinnerets

is sufficient to initiate jet formation [166]. Stationary spinnerets are therefore excluded

from further considerations.

An overview of different rotary spinneret shapes is provided in Figure 2.11. The shape of

the spinneret used influences the distribution and intensity of the surrounding electrical

field and has therefore a considerable effect on fibre formation. Using finite element

methods it was found that a rotating disk could create a narrowly distributed electrical

field on the surface of the spinneret, resulting in highly stretched fibre jets. In compari-

son, a rotating cylinder offers a higher surface area for fibre formation, but the electrical
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Figure 2.11: Schematic illustration of various rotating spinneret geometries. The
electrospinning direction is indicated by the orange arrow.

(Figure adopted and modified from [166])

field on the surface is less uniform [166]. Further shapes, which have been used for

needleless electrospinning include balls, conical wires, cones, and beaded chains.

Volume flow rate The volume flow rate is an important factor determining process

productivity, but can also have an influence on fibre formation. In needle electrospin-

ning the syringe pump determines the feed rate of the polymer solution to the tip of

the needle, the amount of polymer solution available for electrospinning and therefore

fibre production rate. The amount of polymer solution delivered to the tip of the needle

determines the magnitude of the elongational force the jet is subjected to [150]. Exper-

iments showed that increasing the flow rate resulted in larger fibre diameter following a

power law [107].

The polymer feed rate in needleless electrospinning is less controllable than in con-

ventional electrospinning as it can only be influenced to some extent by adjusting the

rotating speed of the spinneret [166]. The speed with which the spinneret moves through
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the polymer solution determines the thickness of the polymer film on the spinneret sur-

face. A sufficient coverage of the spinneret is needed in order to facilitate jet initiation

[164]. It was also reported that a decrease in the rotating speed of the spinneret resulted

in decreased fibre diameter [167], because increasing speed is assumed to reduce the life

span of the Taylor cone [134, 166].

Collector substrate Irrespective of the spinning technology a collector substrate has

to be placed in front of the opposite (collecting) electrode in order to collect charged

fibres. Often, metallic collector substrates such as aluminium foil are used as their

conductive character allows an effective collection of the spun fibres. For many final

applications aluminium substrates are undesirable, but a transfer of the spun webs onto

different substrates is challenging and often impractical [168]. This is partly due to

the accumulation of charges during the spinning process, preventing an easy handling

of the web. It is also partly caused by the fibre web’s inherently weak nature [169].

Electrospun nanofibrous or submicron webs do not provide sufficient strength to be

handled or applied as single membranes, particularly in liquid filtration [106, 170, 171].

A mechanically stable and processable electrospun nonwoven can be obtained using two

methods. Either by applying a post heat treatment, which causes the fibres to melt

and to adhere at their crossover points thus imparting mechanical strength. Or the

fibres can be directly collected onto a more rigid support [172]. The former approach

is not suitable for substances containing heat sensitive components and the amount of

mechanical strength that can be achieved is limited. Spinning directly onto a supporting

substrate potentially circumvents problems associated with heat treatments and provides

the mechanical support needed. In the context of filtration, the supporting layers can

simultaneously act as a coarse filter layer and enhance durability [106].

The material characteristics of the collector substrate play an important role for web

characteristics as well as in ensuring a defect-free electrospinning process. Any material

used as collector substrate must not act as insulator and thereby prevent the formation

of an electrical field. Most textile substrates are dielectric materials, i.e. they can be po-

larised when placed in an electrical field. Placed in front of the collecting electrode, they

often alter the electrospinning process in comparison to a conductive collector substrate

[173–175]. A collector substrate has to be able to sufficiently dissipate the remaining
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charge accumulated in the fibres during the spinning process to allow an even fibre de-

position. If residual charges are not dissipated, fibres are likely to repulse each other

and thus prevent an even fibre deposition [176, 177]. The mechanisms of residual charge

distribution and dissipation have not yet been well characterised and require further

investigation [178]. Different textile substrates such as woven and knitted structures

[179] were evaluated regarding their suitability as collector substrates, but due to their

low thickness and surface density, which allows the formation of an electrical field, non-

woven fabrics were identified as most suitable collector material for many applications

[173, 174].

The major challenge in spinning onto a textile substrate and thereby creating a com-

posite membrane consists in ensuring a homogeneous, defect-free fibre deposition and

preventing delamination and rupture of the nanofibre layer [180]. Several physical and

chemical methods were assessed regarding their capacity to prevent delamination and

to strengthen the electrospun layer. Heat treatments offer one possibility to achieve ad-

hesion by melting the fibre surfaces and causing adherence between the fibres [106, 169].

This technique is not suitable for fibrous webs containing heat sensitive additives or for

non-thermoplastic substrates. Another physical pretreatment, which has gained atten-

tion since the beginning of the 1980s, is plasma treatment, a dry process widely used in

the textile industry to pre-treat as well as coat fabrics [181]. By exposing textile surfaces

to partially ionized gas, in which electrons have a considerably higher temperature than

the ions (called plasma), the surface is activated through the introduction of (temporary)

functional groups [182]. Plasma treatments can also enhance the surface roughness of

a substrate (plasma etching). Thus, a plasma treated substrate can enhance adhesion

between nanofibre web and substrate in two ways. Firstly, by creating a more active

surface (functional surface groups), which can interact with the electrospun fibres. Sec-

ondly, by surface etching, providing a rougher surface, which allows better adhesion of

the fibres to the textile surface [180]. Similarly, the hairiness of fabrics was suggested to

have a positive effect on adhesion when using woven fabrics made off staple fibre yarns

[179]. Besides physical pre-treatment, chemical pre-treatments have been assessed. One

example for the application of chemical pre-treatments is the use of an anionic antistatic

agent to enable the spinning of homogeneous polyvinyl alcohol nanofibre webs. The

antistatic agent was shown to reduce surface resistivity and to provide negative charges

on the surface of the collecting substrate [174].
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Recent work has focused on the functionalisation of polypropylene webs and spinning

of polymers such as polyvinyl alcohol [173, 174], polyethylene oxide [170, 175], and

polyamide [170, 179, 180]. No data appears to be available regarding PSu nanofibres and

PSu substrates. Additionally, no work could be identified evaluating the compatibility

of processes to achieve adhesion, with the final application in blood purification, i.e.

assessing haemocompatibilty and toxicity of the composite membranes. The increased

surface roughness for example could reduce haemocompatibility increasing the danger

of blood clotting (see section 2.1.3).

2.3.2.3 Ambient conditions

Ambient conditions such as temperature and relative humidity considerably influence

spinnability of a polymer solution and the resulting fibre morphology. Yet, few funda-

mental investigations on this topic are currently available, although some noteworthy

exceptions exist [104, 111, 157, 183, 184]. Research mainly focuses on the influence of

ambient conditions on needle electrospinning. Note, however, that some findings could

also be applicable to free surface electrospinning. In general it was found that there

are two main effects caused by an increase in temperature during the electrospinning

process: firstly, solvent evaporation rate is accelerated; secondly, the solution viscosity is

decreased due to polymer chains being able to move more freely at elevated temperatures

[183]. The lower viscosity has often been reported to result in smaller fibre diameters,

as there is reduced resistance against forces exerted through the charges (Coulombic

forces). This allows for an increased stretching of the fibre [184, 185]. For polyurethane

an elevated solution temperature led to more uniform fibres [186].

If the temperature causes the solvent to evaporate too rapidly, the solution solidifies

quickly and can cause blocking of the needle or in case of free surface electrospinning

prevent fibre formation. A fast solvent evaporation also reduces the amount of time

for polymer chains to align, resulting in less crystalline fibres [184]. If the ambient

temperature is too low, solvent evaporation is inhibited and the fibres cannot sufficiently

solidify during the flight time to the collector [183]. The optimum temperature for the

spinning process highly depends on the polymer/solvent system used, i.e. on the solvent’s

boiling point, which can be used as an indicator of volatility.
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The extent to which relative humidity influences fibre formation and morphology de-

pends on the hydrophobicity of the polymer and characteristics of the solvent system

used [145]. Pore formation on the fibre surface represents one phenomenon which has

been attributed to relative humidity [145]. It has been hypothesised that in a highly

humid environment water condenses on the jet surface, which cools down due to rapid

solvent evaporation. Once the fibres solidify and the water evaporates, imprints in the

shape of the water droplets are left on the fibre surface creating a porous structure

[162, 187]. Depending on the polymer-solvent system used, the ambient relative humid-

ity impacts on the amount of water absorbed during spinning. If a substantial amount

of water is absorbed, the drying process of the jet cannot be fully completed during

the flight time towards the collector. The solvent evaporation is inhibited resulting in

fused fibres present in the web [183]. If the relative humidity is too low, the solvent

evaporation can occur too rapidly resulting in needle blockages [112]. Relative humidity

was also found to affect the amount of charge present in the jet, suggesting that a high

humidity can contribute to enhanced electrical discharge [111].

2.3.3 Electrospinning of PSu

Due to its exceptional thermal and chemical properties (see section 2.1.4.2), there

has been considerable interest in the electrospinning of PSu for filtration applications

[172, 188, 189], but not specifically for blood filtration. Different solvent systems have

been used to electrospin PSu, including pure solvents such as N,N-dimethylacetamide

(DMAc), dimethylformamide (DMF), dichloromethane (DCM) or pyridine and binary

or ternary solvent systems, namely DMAc/acetone. Table 2.1 provides an overview of

solvents mentioned in the literature. The high chemical stability of PSu aggravates its

dissolution, which often requires elevated temperatures or prolonged dissolving times.

Dissolution methods requiring elevated temperatures are excluded from further consid-

eration due to the temperature sensitivity of Adhiron binders. Techniques commonly

used for identification of solvents include the creation of a two-dimensional Hansen’s

solubility parameter diagram [190] or the use of polymer precipitation curves [191].

Within the literature, DMAc was identified as one suitable solvent for the spinning of PSu

hollow fibres due to its effectiveness and high boiling point [190]. The various molecular

weights, solvent systems, and ambient conditions used throughout the literature do not
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allow an identification of universal processing parameters and solution properties (e.g.

polymer concentration) for the spinning of smooth, defect-free PSu nanofibres. An

empirical evaluation to identify suitable parameters is necessary.

Table 2.1: Solvent systems used for electrospinning of PSu

solvent molecular
weight PSu

[g/mol]

temperature
[◦C]

dissolving time
[h]

reference

DMF

26,000 not disclosed not disclosed [172, 192]

52,000 room
temperature

7 [189]

70,000 not disclosed not disclosed [193]

DMAc
47,000 120 not disclosed [194]

54,000 60 2 [195]

pyridine 26,000 not disclosed not disclosed [192, 196]

DCM 26,000 room
temperature

overnight [192]

DMAc/acetone not disclosed room
temperature

not disclosed [197]

2.4 Functionalisation of nanofibre webs with proteins

Functionality of a nanofibrous web cannot only be determined through geometric charac-

teristics, but also by applying functional chemistry. As previously explained (see section

2.3), the large specific surface area of nanofibrous structures allows for the attachment

of considerable amounts of functional chemistry such as selective adsorptive binders to

create affinity membranes. So far, the applicability of these membranes has mainly been

assessed for use in the purification of biomolecules [65, 196, 198], to enhance functional-

ity in tissue engineering applications [69], or as biosensors [199, 200]; their applicability

for haemodialysis filter structures appears to have not been explored yet. Additionally,

research so far focuses mainly on using non-biological molecules as binder molecules

[198, 201] or antibodies [199], whereas the aim of this work is to incorporate biological

non-antibody protein binders. Due to their biological nature, some challenges emerge

within the immobilisation process namely a limited protein stability upon exposure to

non-physiological media (see section 2.4.1).
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Although the immobilisation of Adhiron binders on an electrospun structure represents

a novel approach, some insight into existing challenges can be gained from the process

of enzyme immobilisation on nanofibres, which has been extensively investigated over

the past fifteen years. Enzymes are proteins, which catalyse specific chemical reac-

tions. Both, Adhiron binders and enzymes are proteins, whose functionality depends

on an active site (see section 2.2.3). Several aspects of enzyme immobilisation can thus

be transferred to the immobilisation of Adhiron binders. This section explores funda-

mental concepts of protein stability and provides a review on the functionalisation of

nanofibres with enzymes and proteins. It highlights applicability and transferability to

a functionalisation of nanofibrous electrospun nonwovens with Adhiron binders for an

application in dialysis treatments.

2.4.1 Protein stability

The biological function and solubility of a protein depends on its three-dimensional (ter-

tiary) structure. Proteins are designed by nature to change and adapt their conformation

according to the environmental conditions they are exposed to. Removing proteins from

their aqueous physiological medium can therefore result in unfolding of the protein lead-

ing to aggregation, precipitation, and loss of biological activity [202–204]. Extensive

work has been carried out to analyse stress factors and stabilising mechanisms in order

to design more stable proteins and allow their broader application in different media and

in their dried state [202, 204–208]. Special attention has been paid to the design of pro-

tein drugs for pharmaceutical applications [203, 208–211], however no studies focusing

on stabilising proteins for the use in electrospinning applications could be identified.

This sub-section outlines some of the fundamental principles of protein stability and

highlights stabilising mechanisms and additives relevant to a potential application in

electrospinning. The focus is set on protein stability in organic solvents (due to the

intended application in polymer solutions) and stability during freeze-drying (lyophili-

sation) as means to increase protein concentration and to remove aqueous media from

the protein. The aim is to provide a basic understanding of the problems arising from

protein stability as well as of the complexity of the topic, particularly in the context of

electrospinning. An in-depth and complete review of the concepts of protein stability is

beyond the scope of this work.
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2.4.1.1 Fundamental concepts

Fundamental to explaining protein stability is the application of thermodynamic princi-

ples and the consideration of the difference in free energy between the functional native

state of a protein and its denatured state. Proteins are stable, soluble, and functional if

they are subjected to conditions that favour their native state. In this state, the peptide

chains are folded in a functional three-dimensional structure that allows the protein to

carry out its biological function [212]. Characteristically, large proportions of peptide

groups, non-polar, polar, and charged side chains are tightly packed and buried within

the core of the protein to minimise their contact area with an aqueous environment,

thus holding the protein in its folded state. Additionally, intramolecular hydrogen and

disulphide bonds ensure the maintenance of the native tertiary structure [203, 207, 212].

The solubility of the protein in this state within a particular solvent depends on the

amount of charged side chains present on the surface and on solvent characteristics such

as ionic strength [208, 213].

Even in natural physiological conditions, the forces stabilising the protein in its native

state (such as the tight packing of the hydrophobic core) are only marginally stronger

than destabilising forces (such as conformational entropy) causing the protein to assume

its (non-functional) denatured state. In this state, the protein unfolds (reversibly or

irreversibly) as stabilising bonds break and a random structure is assumed (e.g. a

random coil structure) [207, 209, 214–216]. Due to the small difference in free energy,

a transition from the native to the denatured state might occur not only upon the

exposure to stress factors such as high temperatures, denaturing agents (e.g. guanidine

hydrochloride), or different organic solvents, but also with the introduction of subtle

changes within the physiological environment [207, 208]. The ability of the protein to

resist unfolding is defined as thermodynamic stability or conformational or structural

stability [203, 215]. It is important to notice that neither native nor denatured state

describe a single protein conformation, but a range of possible conformations [208, 214].

Besides conformational stability, a protein is also characterised by its ability to remain

soluble in its monomeric form in a given environment. This is referred to as the colloidal

stability of a protein [208]. Colloidal stability is influenced by the attraction forces

between folded and/or (partially) unfolded proteins in the solvent and by the protein-

solvent interaction. If the forces between the proteins are repulsive and protein-solvent
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interactions are favoured, then the proteins are colloidally stable. If attractive forces

between the proteins dominate, then aggregation occurs [208]. Often, information of a

protein’s conformational stability can be derived from its colloidal stability [203]. As

aggregation is often related to time, it is also used to assess the kinetic stability of

proteins. Kinetic stability assess the amount of time a protein remains functional before

it is denatured; a typical measure would be the loss of activity over time. Kinetic

stability is a concern for the long term storage of a protein [206, 217].

Proteins can be subjected to two types of instabilities leading to denaturation and ag-

gregation and thus reduction of conformational and colloidal stability [208, 209, 218].

Firstly, chemical instabilities including the creation or breakage of covalent bonds (e.g.

caused by hydrolysis or oxidation and reduction). Secondly, physical instabilities with

no alteration of the chemical composition, but changes in the tertiary structure caused

by temperature, moisture, agitation, and pH changes. The structural changes can lead

to aggregation, adsorption on surfaces, and precipitation.

2.4.1.2 Stabilising mechanisms and additives

When stabilising proteins, the major goal is to achieve stabilisation without inhibiting

biological function. In order to understand factors stabilising proteins, extensive ther-

modynamic [205, 214, 219] and kinetic models [220] have been developed, whose detailed

analysis goes beyond the scope of this work. However, the concepts underlying these

theories are important to understand the fundamental problems and can be described

as follows. To prevent unfolding, the (thermodynamic and kinetic) stability of a pro-

tein can be improved by increasing the free energy between the native and denatured

state. To achieve this, it is necessary to stabilise the native state, i.e. to increase the

forces that keep the protein in a folded state. Two different methods have been followed

[202, 209, 218]: modification of the primary structure (e.g. by means of site-directed

mutagenesis to increase intramolecular bonds in the folded state) or modification of the

environment through the addition of co-solutes or stabilising additives. A modification

of the environment through additives can increase conformational and colloidal stability

[203, 209, 221]. In addition to a stabilisation of the native state, stability can also be

increased by destabilising the denatured state (e.g. by reducing chain flexibility) [221].
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Within this work, the focus is set on providing a stabilising environment for existing

proteins and not on enhancing stability via protein modification.

It is assumed that additives or co-solvents can stabilise proteins via various different

mechanisms. One of the most analysed in the scientific literature is the preferential ex-

clusion of co-solvents from the surface area of the protein [222, 223]. The stabilising effect

of preferential exclusion from the protein surface relies on the fact that a thermodynami-

cally unfavourable situation is created as co-solutes are excluded from the protein surface

and the area around the protein becomes preferentially hydrated [205, 224]. Because

of the increase of the chemical potential, the free energy difference between the native

protein state and the denatured state is increased. In the presence of co-solutes, the

protein is forced to assume a form in which the smallest possible surface area is exposed

(its folded native form) and substantially more energy is needed to unfold the protein.

Another proposed mechanism for stabilisation are intra-solvent interactions, stating that

the nature of the interaction between solution additives will influence their interaction

with the protein surface [222]. The interaction of the additives with the protein can

arise form either specific (e.g. due to interactions with specific amino acids, domains,

or peptide backbones) or nonspecific interaction with the protein [205, 222]. Depending

on the occurring interactions, the additives can either stabilise the native state of the

protein or enhance colloidal stability as they prevent aggregation and precipitation of

partially unfolded protein molecules [203, 209, 221].

Many different substances have been used as stabilisers to promote conformational and

colloidal protein stability. Amongst them sugars and polyols, amino acids, salts, poly-

mers, and surfactants, all of which cannot be discussed in detail here, but reviews are

available elsewhere [208, 222]. One of the most important class of stabilisers are sugar

and polyols, which are preferentially excluded from the surface. This class is discussed

in more detail further below (see 2.4.1.4). The stabilising effect of amino acids also

presumably results from preferential exclusion from the protein surface [223]. Within

this class, specific attention has been paid to arginine as it interacts with the protein in

numerous ways [222]. The stabilising effect of salts is concentration-dependent: at low

concentration ions shield charges on the protein surface by binding to residues, but at

high concentration this effect can be diminished as ions preferentially bind to the surface

and therefore denature the native state [208].
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A major challenge is posed by the fact that there is no universal formulation to stabilise

proteins for general purpose. In order to be stable, each protein requires a tailored

environment, which has often to be determined empirically as some mechanism are still

not fully understood [222]. Additionally, there are often synergistic effects between

different stabilising additives [223]. The broad use of proteins for industrial purposes

is therefore a challenging goal as their stability is much dependent on their unique

physiological environments. However, with increasing research carried out to gain an

understanding of protein stability in physiological and non-physiological environments

such as organic solvents, their wide-spread use might become feasible in the near future.

2.4.1.3 Protein stability in organic solvents

When transferring proteins out of their (aqueous) physiological environment into a dif-

ferent medium, one critical condition needs to be met: the new environment must still

favour the native state of the protein. Additionally to this, and in ideal conditions, the

native and denatured state should both be soluble in the solvent medium [207]. When

transferring proteins into an organic solvent, the following problem arises. The natural

physiological environment of proteins is aqueous. Within this environment, hydrophobic

side chains are packed tightly within the core of the protein to minimise their contact

area with water and thus stabilising the protein (see 2.4.1.1). In order for the protein to

be soluble in aqueous solvents, the residues on the surface have to be polar [202]. Once

a protein is exposed to a non aqueous solvent, it is likely to unfold, as its non-polar

groups are no longer preferentially buried in the core of the protein, and to lose its

functionality and/or solubility. Thus, there is the conventional perception that proteins,

once in contact with organic reagents will denature and lose functionality [225, 226].

Due to an increasing interest in the pharmaceutical industry for enzymatic reactions

in solvents other than water, research was conducted showing that proteins degrade in

mixtures of aqueous and organic solvents, but are likely to be stable and functional in

pure organic solvents [225–227]. This does not apply for all organic solvents as these

differ widely in their characteristics. The protein’s behaviour in the solvent depends

on whether the solvent is hydrophobic or hydrophilic [207, 217, 227]: hydrophobic sol-

vents are supposed to protect the native state of the protein, as hydrogen bonding

between chains is enforced and the structure is more rigid due to missing water. In
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comparison, polar solvents compete with the protein for any remaining water/hydrogen

bonds and can penetrate into the protein structure. The protein therefore unfolds and

can potentially refold into non-functional rod-like structures (alpha helices) in order to

avoid unfavourable contact of the peptide groups with the solvent to leave the non-polar

residues exposed to the solvent.

Although stability in pure organic solvents can be achieved for some proteins, one major

drawback that remains is the fact that most proteins are insoluble in the majority of

organic solvents [207, 217, 225, 228]. A potential way to overcome insolubility is the

formation of suspensions which requires the initial removal of water (e.g. via lyophili-

sation) and subsequent re-suspension in organic solvents. As some water molecules are

usually retained on the protein surface a suspension can be formed [207, 225, 228]. How-

ever, some proteins can unfold during lyophilisation. Whereas upon re-suspension in an

aqueous medium refolding often readily occurs, this might not be the case in organic

media. The efficacy of refolding in organic solvents can be influenced by adjusting the

pH of the original aqueous solution (“pH memory effect”) or by adding stabilisers to the

lyophilisation process (see section 2.4.1.4). Additional complications arise in processing

and analysis techniques of enzyme suspensions as most processes are designed to handle

solutions rather than suspensions [225].

2.4.1.4 Protein stability during lyophilisation

Most proteins are susceptible to chemical and physical degradation when kept in aque-

ous solutions over a prolonged time. Lyophilisation or freeze-drying describes a process

used to stabilise proteins for long term storage by removing water from a frozen pro-

tein solution under vacuum conditions. It is characterised by the physical processes of

sublimation and desorption [206, 229–231]. Lyophilisation is usually divided into two

steps: the removal of bulk water (primary drying) and the removal of water bound to

the protein (secondary drying) [218]. Lyophilisation is a process of particular interest for

the pharmaceutical industry in order to design storable protein drugs [232], but it can

also be used to concentrate proteins or to remove unwanted volatile buffer components

[229]. The particular interest in lyophilisation for the present study lies in manufactur-

ing dehydrated proteins to potentially avoid introduction of (aqueous) buffer solutions

into the spinning system.
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Lyophilisation can stabilise proteins for longterm storage, but the process itself subjects

the protein to various stress factors during freezing and drying stages. These include cold

denaturation, increase in concentration of solutes and protein itself, a pH shift, ice crystal

formation, which offers hydrophobic surface for protein adsorption, and dehydration.

The loss of water from the protein’s environment can lead to destruction of its structure

if hydrogen bonds with water are essential to preserve the native structure of the protein.

[218, 222, 223, 229, 233]. Therefore, cyro- (protection from freezing) and lyoprotectants

(protection from dehydration) should be present during the process. Additives may

also be needed to provide stabilisation in the dry state as stabilisation mechanisms

fundamentally differ for liquid and dry formulations [222].

Several theories on the principles of protein stabilisation have been developed. Even

though different stabilising additives were considered in these theories, it is important

to mention that none has managed yet to entirely explain the observed ability of the

additives to protect the protein from denaturing. A schematic representation of these

theories is presented in Figure 2.12. The vitrification theory or glass dynamics hypothesis

[232, 234] assumes that, due to the co-solutes present, an inert glassy matrix is formed

that shields the protein and simultaneously reduces its mobility. The reduced mobility

provides kinetic stabilisation against chemical degradation or aggregation. The higher

the glass transition temperature (Tg) of the additive, i.e. the temperature which denotes

the change in amorphous materials from a hard/glassy state to a rubber-like state, the

higher its ability to protect the protein in a glassy matrix. The water substitute or

replacement theory [232, 234] states that additives specifically interact with the protein

molecule and thereby substitute hydrogen bonding that would usually occur with water.

Thus, the tertiary structure is stabilised, but the mobility of the protein is reduced. This

mechanism is said to cause a thermodynamic stabilisation as the free energy needed for

protein unfolding is increased. The previously explained preferential exclusion theory

(2.4.1.1) has also been applied to describe protection during lyophilisation.

In natural conditions, proteins are shielded from extreme conditions by substances gen-

erally referred to as osmolytes. These are composed of sugars, polyols, and amino acids.

They protect cells and proteins during extreme conditions, such as dehydration [234]. To

mimic their effect, many different classes of additives have been evaluated as stabilisers

for lyophilisation. Amongst these, disacharides such as trehalose, mannitol, and sucrose

take on a special role as they can act as both cyro- and lyoprotectant [206, 223, 235].
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(A) (B) (C)

STABILISED PROTEIN

Protein

Water

Additive

Figure 2.12: Schematic illustration of various stabilising theories: (A) vitrification
theory: protection of the protein through a glassy matrix; (B)

preferential exclusion theory: the additive preferentially excludes water
from the protein surface, thereby increasing the compactness and

stability of the protein; (C) water replacement theory: substitution of
structurally important hydrogen bonds by the additive (Figure

adopted and modified from [234]).

Although the exact protection mechanisms are still not fully understood, it is believed

that the protection mechanism of sugars can be attributed to a combination of all three

theories previously presented (vitrification, water replacement, preferential exclusion)

[232]. The effectiveness of a sugar in protecting proteins depends on factors like the

glass transition temperature of the sugar, its concentration in the solution, and its ten-

dency to absorb moisture.

A special role amongst protective sugars has been attributed to trehalose. Trehalose is

a non-reducing (no free aldehyde group to undergo a reaction with an amino group of

the protein) homodisaccharide that has many beneficial properties for protein protec-

tion during lyophilisation [218, 234]. Among these properties one can mention: a very

high glass transition temperature; its existence in a number of different polymorphs to

maintain its structural integrity; its kosmotropic character, i.e. it orders water molecules

around itself preventing the formation of ice crystals; its capability to absorb moisture
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and to thereby protect proteins in the dry state; and its ability to form hydrogen bonds

with the protein and thereby replace water molecules responsible for maintaining the

tertiary structure. As trehalose is expensive to manufacture, sucrose has often been used

as a more cost-effective alternative, although it is slightly inferior in its properties (e.g.

lower Tg and fewer polymorphic forms) [234, 236]. Mannitol, although not efficient as a

protective additive on its own, has been successfully added as a bulking agent to sucrose

or trehalose [210, 229, 237, 238].

2.4.2 Protein immobilisation

The immobilisation of proteins, particularly enzymes, on suitable matrixes emerged as

a research area of increasing interest. The motivation for this area of research originates

from potential applications of immobilised proteins in biocatalysis (e.g. as green cata-

lysts in a variety of (industrial) processes), in biological sensors, and in protein delivery

systems [239, 240]. Generally, an immobilisation on solid substrates is highly desirable

to enhance protein reusability and stability. This significantly reduces maintenance costs

and facilitates handling [241, 242].

Matrixes for protein immobilisation (e.g. beads or fibres) have to fulfil several require-

ments such as showing biocompatibility with the protein, allowing attachment of proteins

via functional groups for stabilisation and prevention of leakage, and ensuring accessi-

bility of the proteins for substrates. They also have to be free from toxic or denaturing

substances during the immobilisation process [240]. Nanofibrous structures have been

identified as ideal scaffolds for enzyme immobilisation. They can be manufactured from

a variety of different polymers; their large specific surface area allows for the immobili-

sation of high concentrations of enzymes on the fibre surface; they offer a low restriction

to diffusion processes of substrates and good accessibility of the enzymes due to their

high porosity and interconnected pores [241, 243–246].

All of these advantages can be exploited for the development of affinity membranes for

blood filtration applications. However, avoiding structural, steric, or chemical modifi-

cation of the enzyme upon immobilisation as well as maintaing enzyme activity over an

extended period of time form major challenges. As mentioned previously, ensuring the

accessibility of the enzyme’s active site, responsible for functionality, is essential to al-

low interactions with substrates or toxins [240]. Furthermore, the immobilisation process
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must not denature or unfold the complex protein structure and thereby damage its func-

tionality. At the same time, the fibre surface should provide a bio-friendly environment,

in which functionality can be maintained [239, 240, 244, 247, 248]. For enzymes, the

effect of immobilisation is assessed and quantified by assaying enzyme activity, however

for Adhiron binders different assessment methods will have to be considered.

To achieve immobilisation, two different methods have been evaluated throughout the

literature: incorporation and surface attachment [1, 241, 247]. The following sections

2.4.2.1 and 2.4.2.2 provide an overview over these methods, highlighting factors that

impact on enzyme/protein immobilisation including the nature of the protein, the nature

of the material surface, and the nature of the interface between protein and material

[248].

2.4.2.1 Incorporation

Immobilisation via incorporation describes the physical entrapment of enzymes and pro-

teins within the fibre, as the enzyme is added to a polymer solution and spun subse-

quently [1, 241, 243, 247]. The immobilisation is achieved via physical entrapment of the

protein; typically no covalent attachment between fibre and protein occurs [247]. The

process of co-electrospinning enzymes alongside a dissolved polymer offers several ad-

vantages: no additional post-treatment steps are necessary to attach the enzyme; a high

loading capacity can be achieved; enzymes are protected from surrounding conditions,

which can have a detrimental effect on the enzyme activity [1, 243]. However, there are

several limiting disadvantages associated with this immobilisation method. Firstly, the

enzyme or protein is directly added to the polymer solution, which renders the process

suitable for water-soluble polymers such as polyvinyl alcohol (PVA), but is problematic

with organo-soluble polymers. The sensitivity of proteins accounts for a high risk of de-

naturation in harsh, bio-unfriendly environments caused by organic solvents [241, 249].

Simultaneously, the addition of enzymes might inhibit the formation of a homogeneous

spinning solution necessary for electrospinning [1]. Secondly, access to the enzyme (i.e.

the diffusion process of the substrate) is limited due to their distribution within the fibre

[1, 241]. Thirdly, some enzymes are not entrapped within the fibre, but remain on the

surface where they can easily desorb as no covalent binding occurs between fibre and

enzyme [241, 243].
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To encapsulate enzymes in organo-soluble polymers, different methods have been inves-

tigated, aiming either to stabilise the enzyme, or to protect the enzyme through the

creation of a bio-friendly microenvironment. These include: co-axial electrospinning to

create core-shell structures [241, 243, 250], stabilisation of the enzyme prior to its addi-

tion to the spinning solution such as conjugation to a polymer [241, 243, 248], and ion

complex formation with a surfactant [246]. A more recent approach forms the entrap-

ment of the protein in a hydrophilic polymer such as PVA, which is cross-linked either

during the electrospinning process [251] or after [252] and thus encapsulates the protein

within the fibre.

Co-axial electrospinning represents a technique using a spinneret made of two coaxial

capillaries, which allows spinning of two different polymers in different solvent systems

into a core-shell structure [249, 253]. Figure 2.13 shows the basic principle of the co-

axial spinning process. By using two different polymer solutions it is possible to spin

the enzyme alongside a water-soluble biocompatible polymer (e.g. PEG) and thereby

protect it from organic solvents used in the second spinning solution. The enzyme can

be incorporated into the shell or the core of the fibre. The later approach has been

widely used for controlled release, where the protein is slowly liberated from the core

through a biodegradable shell [249, 253]. Core-shell structures can also be used to refine

the enzyme to the outer layer of the fibre and to thereby ensure accessibility as well as

a reduction in the amounts of enzyme to be used [241, 250].

Shell polymer

Core polymer

Active agents

Power supply

Figure 2.13: Schematic illustration of the co-axial electrospinning process for the
incorporation of active chemistry (Figure adopted from [250]).
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Although using co-axial spinning can prevent contact of the enzyme with organic sol-

vents, its applicability for haemodialysis filter membranes is believed to be limited.

Confining the protein binder to the core of the fibre would considerably reduce its ac-

cessibility and adsorption of toxins would then depend on the efficacy of the diffusion

processes. Additionally, a porous shell structure that prevents leakage but allows diffu-

sion of toxins into the fibre would have to be designed. Incorporating the protein into

the shell is also assumed to show limited success as a water-soluble shell would, upon

the contact with the blood, presumably swell and partially disintegrate. This is likely to

result in leaching of the protein into the blood, which is not acceptable for an application

in blood filtration.

Another possibility to protect enzymes from harsh conditions caused by the use of or-

ganic solvents, is the stabilisation of the enzyme prior to the spinning process to prevent

or reduce conformational changes. One method for stabilisation is the conjugation of the

enzyme to PEG, a process known as PEGylation [248]. Using this method, enzymes were

successfully protected from harsh conditions present in microsphere incorporation pro-

cesses (organic media, shear stress, and freeze-drying) [254]. Surfactants have also been

used to stabilise enzymes through a formation of an ion-pair complex with the surfactant

[246]. Emulsification of enzymes constitutes another approach for enzyme protection.

For example, emulsified laccase was successfully spun in polylactic acid (PLA) [255].

Compared to core-shell structures, stabilisation prior to the spinning process might form

a better approach for the incorporation of Adhiron binders into electrospun nonwoven

webs. The conjugation of the enzyme to a larger polymeric substance might potentially

prevent leakage from the fibre due to its increase in size. Additionally, cross-linking

enzymes or their conjugated molecules within the fibre could also prevent leaking [247].

Influencing protein distribution within the fibre is another challenging task in protein

immobilisation via incorporation. As mentioned above, some influence can be exercised

by choosing core-shell structures. However, this is not always desirable. The pH of the

spinning solution has been identified as one of the main factors contributing towards

protein distribution within the fibre, i.e. whether the protein is mainly concentrated

on the fibre surface or in the core of the fibre [243, 256]. This phenomenon has been

attributed to the interaction of the protein within the electrical field applied during

electrospinning. Proteins carry an overall charge, which is influenced by the pH of the

surrounding medium. At a pH equal to the isoelectric point (pI) of the protein, there
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is no overall charge on proteins. If the pH drops below or raises above the pI of the

protein, it carries a charge and therefore interacts with the electrical field. It was found

that a migration towards the fibre surface can be achieved with proteins carrying a net

charge, whereas spinning at the pI of the protein caused aggregation inside the core of

the fibre [256]. By carefully selecting the pH of the spinning solution, it is to some extent

possible to tailor protein distribution within the fibre. However, this is only applicable

for aqueous polymer solutions.

2.4.2.2 Surface attachment

Besides incorporation into the spinning solution, enzymes can also be attached to the

final electrospun fibrous structure via post-treatment. The attachment can occur via

physical adsorption, affinity anchors, or covalent bonding. A schematic representation

of these three attachment strategies can be found in Figure 2.14.

Physical adsorption Affinity immobilisation Covalent attachment

functionalised surfacepristine surface functionalised surface

affinity
anchors

protein with 
affinity tag

adsorbed protein

functional
group

protein

covalent
bond

Figure 2.14: Schematic representation of surface attachment strategies
(Figure adopted and modified from [240]).

Physical adsorption occurs through interaction between the enzyme and the polymer:

the surface amino acids form hydrogen bonds or polar interactions with functional groups

of the polymer [247]. The enzyme lipase has been successfully immobilised on electrospun

PSu nanofibres via physical adsorption [194]. However, physical adsorption is susceptible

to leaching. Desorption can easily occur as the enzyme is only attached via weak van

der Waals forces, ionic binding or hydrophobic interactions [240, 247]. This bonding

mechanism shall therefore be excluded from further consideration, as leaching of any

substances from membranes to the blood must not occur.
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(Bio)affinity anchors provide a more stable method of immobilisation. This approach

requires a specifically activated surface containing one part of the affinity group whereas

the protein provides the corresponding binding partner (affinity tag) [240, 257, 258].

The affinity tags on the protein can either be inherently present in the sequence or

tailored through genetic engineering methods such as site-directed mutagenesis [258].

As the immobilisation occurs through the affinity bond between the binding partners,

an oriented immobilisation requiring no harsh coupling conditions can be achieved [257,

258].

Two classic examples for affinity bonds are the biotin-streptavidin bridge [259–261] and

the affinity of histidine (his) containing proteins for metal ions [262]. Streptavidin is a

highly stable protein, which can withstand high temperatures, extreme pH changes, and

the presence of organic solvent. It forms a tight bond with up to four biotin molecules,

a natural occurring vitamin [257, 263]. With a dissociation constant of approximately

10−15 M it is one of the strongest non-covalent interactions known between proteins

and ligands. Yet, it does not provide a covalent bond and is therefore susceptible to

disruption [263]. Immobilisation via the biotin-streptavidin bridge has been achieved by

the creation of biotinylated fibres [259, 260] or the use of a biotinylated co-polymer [261].

The second example for affinity bonds, is the reversible interaction between electron

donating groups on a protein surface (namely histidine, cysteine, and tryptophane) with

metal ions to form a complex. The bond between metal and protein is reversible and

can be broken using a competitive displacer such as imidazole [264]. In comparison to

the biotin-streptavidin bridge, the affinity is lower and the danger of metal ion leakage

has been reported as a major drawback [265]. The use of histidine anchors has been

reported in the application of biosensors [266].

Covalent attachment of enzymes to the surface of a nanofibrous nonwoven structure

produces the most stable conjugation between enzyme and surface [240, 257, 258, 267]. In

general, the covalent attachment occurs between reactive side chains within the protein

and polar functional groups on the nanofibre surface and is mediated through a cross-

linking molecule [241, 248]. Functional groups of the nanofibre surface are either inherent

to the polymer (e.g. amino acid residues in silk fibroin) or introduced through surface

activation (e.g. plasma activation) [247, 267]. The major challenge in covalent surface

attachment of enzymes is the creation of an optimum enzyme-material interface, in

which there is no steric hindrance of the enzyme’s active site and no changes in its
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conformation (e.g. due to hydrophobic interactions with the polymer surface) [248, 268].

It is therefore necessary to tailor the chemistry of the nanofibre surface, the type of cross-

linking chemistry applied, and the reactive groups present on the protein molecule.

The influence of all these factors renders enzyme immobilisation a highly complex pro-

cess. Some of the methods that have been evaluated to attach enzymes (e.g. non-specific

attachment directly to the surface, site-specific enzyme immobilisation, the use of spacer

molecules, and enzyme aggregate coatings) shall be discussed below. An in-depth review

covering all aspects of enzyme immobilisation is beyond the scope of this work and can

be found in detailed reviews of the topic [241, 247, 248, 257, 269, 270].

Non-specific attachment of enzymes to material surfaces comprises the cross-linking of

functional groups on a polymer surface to a general group of molecules within the protein,

often using the ε-amino function of the amino acid lysine [248, 268]. The drawbacks of

this method are that lysine residues (or other amino acid residues used) are present in

various places on the enzyme surface. This results in a random orientation of the enzyme

or multi-point binding sites causing blocking of the active site or denaturation of the

enzyme. Additionally, this direct attachment of the enzyme to the fibre surface can lead

to undesired interactions between the protein and the fibre. This can be caused by, for

example, the hydrophobic interactions and surface charges or any remaining reactive

groups on the nanofibre surface. The process can either change the conformation of the

protein or lead to steric hindrance of the active site [248, 268].

A deliberate orientation of the active site can be achieved through a site-specific attach-

ment, in which a particular part of the enzyme is used for immobilisation [248]. This

can be achieved by two possible methods. One comprises tailoring the surface chemistry

to bind to specific amino acids within the protein, which are limited in quantity or reac-

tivity. The other consists in using protein engineering techniques to introduce a specific

reactive group into the protein structure (using e.g. site-directed mutagenesis), which is

not abundantly present in the protein [248]. The introduction of specific reactive amino

acid residues, such as cysteine residues providing thiol groups in the protein, allows for

an oriented covalent attachment to the surface [262, 268]. It is also possible to introduce

multiple cysteine residues to achieve a multi-point bonding between the enzyme and the

support and thereby increase enzyme stability [271].
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The nature of the functional groups determining the surface characteristics of the poly-

mer serves two purposes. Firstly, for the covalent attachment. Secondly it plays a crucial

role in creating a protein friendly microenvironment (e.g. through a hydrophilic char-

acter) to ensure optimal protein functionality and accessibility. This applies for both

specific and non-specific immobilisation.

To reduce unwanted interactions between the protein and the polymer and to increase

accessibility of active sites for specific as well as non-specific attachment, the introduc-

tion of spacer molecules to the nanofibre surface has been evaluated [1, 241, 272]. The

primary purpose of spacer molecules is to increase the distance between the enzyme and

the surface and to thereby enhance the enzyme’s freedom of movement and accessibility

of its active site. The introduction of these molecules also minimises steric hindrance

resulting in a microenvironment that resembles that of free enzymes [1, 241, 248]. Differ-

ent molecules have been used as spacer molecules including PEG [267], dextrans [273],

amino acids, glutaraldehyde [248], ethylenediamine, and hexamethylene diamine [274].

In general, spacer molecules can improve enzyme activity between 10 - 30 times com-

pared to enzymes immobilised directly on the surface [272]. It was also shown that

increasing the chain length of the spacer molecule can further improve enzyme activ-

ity approaching values of free enzymes [274]. Figure 2.15 demonstrates the concept of

enhanced enzyme mobility through the introduction of spacer molecules.

(a) (b)

Figure 2.15: Principle of enhanced enzyme mobility through spacer molecules: (a)
directly immobilised enzyme; (b) enzyme immobilised via spacer

molecule
(Figure adopted from [241]).

Irrespective of the use of surface attachment presented so far, the number of enzymes per

unit area that can be immobilised is lower than the number achieved by means of enzyme

incorporation within the fibre. As enzymes are usually immobilised as a monolayer, the

maximum amount of immobilised enzymes is limited by the available surface area of

the fibre. The use of submicron fibres offering a considerably increased surface area in
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comparison to conventional fibres for enzyme immobilisation brings a major advantage

in this context.

So far, in order to increase protein loading, the concept of enzyme aggregate coatings has

been developed. This method consists of the covalent attachment of one anchor or seed

enzyme to which further enzymes or enzyme aggregates can adsorb onto or be cross-

linked to [1, 247]. Figure 2.16 shows the principle of enzyme aggregation coatings. The

optimum amount of immobilised protein depends on the specific protein characteristics:

for some proteins, there is an increase in functionality if substantial amounts are loaded

per unit area, for others, a high load can reduce functionality as active sites are blocked

or protein denaturation takes place [248]. Even though enzyme aggregation coatings

have these shortcomings, they seem to perform better than monolayer coatings: not

only a vast number of enzymes present higher activity, but also the coatings became

more stable as less enzyme leaching has been reported [244, 247].

Enzyme

Glutaraldehyde

(a) (b)

Figure 2.16: Principle of enzyme aggregate coating: (a) Monolayer of immobilised
enzymes; (b) enzyme aggregate coating

(Figure adopted from [241]).

The surface immobilisation of enzymes is fundamental for the aim of the present re-

search. The understanding of this concept is necessary to facilitate the immobilisation

of Adhiron binders for specific toxin removal. Several aspects of enzyme immobilisation

will be transferable to Adhiron binders due to similarities, particularly the dependence

of functionality on a specific active site. Therefore, the control of Adhiron orientation

via different methods (as highlighted above) will form a crucial step to ensure toxin

adsorption.
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2.5 Research aim and objectives

As previously described (see Chapter 1 and section 2.1), the future in haemodialysis re-

search lies in the development of new affinity membranes for improved filtration devices

to be added inline after the ones currently in use. These new elements will not exclu-

sively rely on diffusion and convection mechanisms, but will enable specific adsorption

of certain uraemic toxins from the group of middle-sized or protein-bound molecules.

The aim of the proposed research is to analyse the feasibility of combining novel Adhi-

ron binder proteins with electrospun (nano)fibrous PSu structures to create an affinity

membrane for specific adsorption of toxins from the blood. The objectives of this study

are:

• The production of Adhiron binders against a model target molecule.

• The development of a PSu electrospun nonwoven structure using conventional nee-

dle electrospinning technique as well as free liquid surface electrospinning (Nanospi-

der technology) focusing on the identification of suitable process parameters to

create smooth, bead-free fibres.

• The incorporation of Adhiron binders within the electrospun fibre structure assess-

ing the feasibility of incorporating them within the fibre. This assessment includes

testing protein presence and functionality.

• The surface attachment of Adhiron binders onto the electrospun fibre surfaces,

identifying a suitable linker technology and assessing protein presence and func-

tionality.
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Adhiron Binder Production

3.1 Introduction

The aim of this part of the study was to produce Adhiron binders to be used as model

non-antibody binding proteins to functionalise an electrospun nonwoven web and to

confirm their binding specificity to a selected model target. Adhiron binders against

green fluorescent protein (GFP) were selected. GFP is a stable, intrinsically fluorescent

protein. Wild type GFP consists of 238 amino acids and was originally extracted from

the jellyfish Aequorea victoria [275]. To establish a proof of concept, GFP has been

chosen as model target protein instead of uraemic toxins due to its inherent fluorescence

and availability as it can be easily produced. Additionally, it was assumed that the

fluorescence of GFP would allow tracing within the fibres and provide information about

its location and distribution. The presence or absence of fluorescence was thought to

indicate, whether or not the protein was denatured during the electrospinning process.

Two different types of GFP were used within this study: enhanced GFP (eGFP) and

modified green fluorescent protein (mGFP). In comparison to wild-type GFP, eGFP is

characterised by a higher fluorescent intensity and can therefore be more easily detected

[276]. mGFP consists of 258 amnio acids and has a molecular mass of 28 kDa. It emits

a green fluorescence at 509 nm when exposed to UV light [277].

The use of two different types of GFP was due to the following reason. Initially, three

different Adhiron binders against eGFP and eGFP itself were produced and binding

affinities were characterised. However, binding affinities were found to be weak (micro

60
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molar range). Therefore, two Adhiron binders against mGFP were produced instead. In

this study, the used binders will be referred to as Adhiron binder 18 and Adhiron binder

21 following the nomenclature adopted by the McPherson research group (University of

Leeds). The binders will be characterised in more detail in the forthcoming sections.

Selected Adhiron binders were modified to contain a cysteine for site specific labelling

and/or immobilisation of the mGFP binders. Additionally, two Adhiron binders with

no affinity towards mGFP were used as negative controls to prove the specificity of

the binding event. For Adhiron binders containing no cysteine, an Adhiron binder

against yeast small ubiquitin-like modifier (SUMO) (provided as purified protein by

Janice Robottom) was used as negative control. For Adhiron binders containing cys-

teines, an Adhiron binder (EGFR H9-C) against the epidermal growth factor receptor

(EFGR) was produced to be used as negative control.

3.2 Materials and method

Due to the interdisciplinary character of the study, a short introduction to general con-

cepts of protein engineering and production will be given. The formation of proteins from

information contained in the deoxyribonucleic acid (DNA) occurs according to the cen-

tral dogma of molecular biology: information contained in the DNA is transcribed into

ribonucleic acid (RNA), which translates the information into an amino acid sequence

forming the protein [278]. Amino acid sequences constitute the primary structure of

proteins, which fold into a secondary structure (e.g. so-called α-helical and β-sheet

structures) and finally into a three dimensional tertiary and quaternary structure [279].

The fundamental process of recombinant protein production (the production of a protein

engineered via molecular cloning) relies on the principle of inserting a gene for the

desired protein into a so-called cloning vector to create a recombinant DNA molecule,

transforming it into a host cell (usually bacteria) (section 3.2.2), which is grown to a

specific cell density, and inducing production of the desired protein (see section 3.2.3)

[280]. Figure 3.1 illustrates the principle. Once the protein is expressed in the bacterium,

the cell culture is harvested via centrifugation. The cells are then lysed to release

the expressed protein, which is subsequently purified (section 3.2.3) and characterised

(section 3.2.5.4). Despite this simple fundamental principle, the actual production of
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proteins is complex. There are several factors which determine a successful protein

production, ranging from the choice of cloning vector to the choice of host cell and

purification approach [281].

Expression vector

unique 
restriction site

P
R

T

E. coli expression signals:
P = promoter
R = ribosome binding site
T = terminator

P R

foreign gene

T

insert a foreign gene coding the 
desired protein into the restriction site 

transform into E. coli

foreign gene is expressed in E. coli

mRNA Protein

Figure 3.1: Schematic of using expression vectors for foreign protein expression in
E. coli (Figure adopted from [281]).

If not stated otherwise, all described methods were conducted according to best practices

followed at the McPherson research laboratory (University of Leeds).

3.2.1 Growth media

Within this study, various nutrient rich growth media were used for the production of

proteins in E. coli.

3.2.1.1 Luria-Bertani broth (LB)

Tryptone (10 g/L), yeast extract (5 g/L) and NaCl (5 g/L) were dissolved in deionised

water. The solution was sterilised by autoclaving at 120◦C for 20 min.
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3.2.1.2 2TY broth

Tryptone (16 g/L), yeast extract (10 g/L) and NaCl (5 g/L) were dissolved in deionised

water. The solution was sterilised by autoclaving at 120◦C for 20 min.

3.2.1.3 Luria-Bertani agar

Tryptone (10 g/L), yeast extract (5 g/L) and NaCl (5 g/L) were dissolved in deionised

water. After the addition of agar (15 g/L) the solution was autoclaved at 120◦C for

20 min. To pour selective plates, the solution was cooled down to approximately 50◦C

and antibiotics were added at appropriate concentrations (see section 3.2.1.6). Approx-

imately 25 mL LB agar were poured into a petri dish.

3.2.1.4 ZYP-0.8G broth

ZY-0.8G broth for the preparation of a starter culture for auto-induction was prepared

by dissolving tryptone (10 g/L) and yeast extract (5 g/L) in deionised water. After

sterilisation by autoclaving (120◦C for 20 min), 93 mL solution were supplemented

with the following previously filter sterilised components; 200 µL 1 M MgSO4 (final

concentration 1 mM), 2 mL 40% (w/v) glucose (final concentration 0.8%) and 5 mL 20x

NPSC stock (final concentrations 50 mM NH4Cl, 5 mM Na2SO4, 25 mM KH2PO4, 25

mM Na2HPO4).

3.2.1.5 Pre-formulated auto-induction media

For 400 mL auto-induction cultures, the pre-formulated auto-induction medium terrific

broth (TB) (ForMediumTM) without trace elements was used. 55.85 g powdered medium

were dissolved in 1 L deionised water according to the manufacturer’s instructions and

autoclaved at 120◦C for 20 min.
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3.2.1.6 Antibiotics

Carbenicillin and kanamycin stock solutions (1000x) were prepared in deionised water,

filter sterilised (0.2 µm pore size) and stored in aliquots at -20◦C. The antibiotics were

used at a final concentration of 60 µg/mL for carbenicillin and 50 µg/mL for kanamycin.

3.2.2 Recombinant DNA

All proteins to be expressed were kindly provided in suitable expression vectors (see

3.2.2.1) by members of the McPherson research group. In the following, a brief de-

scription of the expression vectors as well as common techniques used in the work with

recombinant DNA shall be given.

3.2.2.1 Plasmids

Bacterial plasmids are small circular bacterial DNA molecules and are the most com-

monly used expression vectors (circular DNA molecules containing the fragment of DNA

to be cloned) for recombinant protein production from cloned DNA. They have to ex-

hibit certain characteristics to be applicable as cloning vectors. These include an origin

of replication (needed in order to replicate independently of the bacterial chromosome),

unique restriction enzyme sites (to allow the insertion of DNA fragments coding for

proteins that should be expressed), a promoter sequence (necessary for transcription of

the protein encoding mRNA), a transcription terminator sequence (necessary to mark

the end the gene and to stop the transcription), a ribosome binding site (for translation

initiation), and the presence of genes encoding antibiotic resistance (for selection and

maintenance of the plasmid) [280]. The antibiotic resistance allows the selective growth

of bacteria. In a medium containing the appropriate antibiotics, bacterial cell growth

only occurs for the cells carrying the marker for antibiotic resistance. Cell growth of

cells which do not carry the resistance marker and the gene of interested is suppressed

[282].

Within this study, the expression vectors pET11a and pET9 were used for Adhiron

binders [100] and mGFP [277] respectively. Figure 3.2 shows pET11a and pET9 with

the coding region of the Adhiron binder and mGFP highlighted.
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(a) mGFP Adhiron binder 21 in pET11a

(b) mGFP in pET9

Figure 3.2: Vector map of mGFP Adhiron binder 21 and mGFP (Figures provided
by Janice Robottom, Astbury Centre for Structural Molecular Biology

(University of Leeds)).

The pET system is characterised by the use of a T7 promoter (a promoter that allows

gene transcription only in the presence of T7 RNA polymerase1) and a lac operator

(a cluster of coding sequences whose transcription depends on the presence or absence

1Polymerases are a group of DNA manipulative enzymes that make new strands of DNA complemen-
tary to a DNA or RNA template [283].
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of lactose) to control the expression of the protein. The gene to be expressed is only

transcribed if the T7 RNA polymerase is produced, as the RNA polymerase of bacterium

cannot recognise the T7 promoter. If the T7 RNA polymerase production is repressed,

the desired protein will not be expressed [284]. The availability of the T7 polymerase

in the cell is under the control of the lac operator (see also section 3.2.3). A detailed

description of the system has been given by Studier and Moffatt [285] and the company

Novagen [286].

3.2.2.2 E. coli transformation

Transformation describes the process of introducing foreign plasmid DNA (e.g. con-

tained in an expression vector) into E. coli bacteria such that the cells will produce

recombinant protein [282]. In order to take up foreign plasmid DNA, the E. coli bac-

teria are rendered susceptible (competent) for the uptake using either chemical (e.g.

treatment with calcium or rubidium chloride at 4◦C) or electrical methods. In order for

chemically competent cells to take up the foreign plasmid DNA, a brief heat shock step

at 42◦C is necessary. The exact mechanisms underlying this cell transformation method

are not well understood [287].

Transformation by heatshock into different types of E. coli strains was carried out as

follows: 50 µL of competent cells were thawed on ice for at least 10 min. 10 to 50 ng

DNA plasmid mix in no more than a total volume of 5 µL were added subsequently,

gently mixed, and incubated on ice for 15 min. The cells were heat-shocked for 45 sec

using a water bath at 42◦C, immediately returned on ice, and left to chill for 2 min.

To allow recovery of the cells, 250 µL of LB broth were added to the microcentrifuge

tube, which was then transferred to a shaking incubator (37◦C, 200 rpm) and left to

incubate for 1 h. 50 µL of culture were plated out on LB agar plates containing suitable

antibiotics. The inverted plates were incubated for 12 – 16 h at 37◦C.

3.2.2.3 Purification of DNA from E. coli by miniprep

Miniprep describes a method used to isolate plasmids from a few millilitres of culture for

analytical purposes or to obtain more DNA stock. The DNA provided was transformed

into XL10 Gold cells (see section 3.2.2.2). From the transformation plates, 4 to 6 colonies
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were picked and each used to separately inoculate 10 mL of LB supplemented with

appropriate antibiotics. 50 mL Falcon tubes were used to ensure sufficient aeration

of the cultures. The cultures were grown overnight in a shaking incubator at 37◦C

at 225 rpm. Miniprep was carried out using a commercially available kit (QIAPrep R©

Spin miniprep kit; Qiagen) following the manufacturer’s protocol. The obtained plasmid

DNA was analysed on an agarose gel (see section 3.2.2.4) to check whether appropriately

pure plasmid DNA was obtained. DNA concentration was measured using a NanoDrop

Lite spectrophotometer (ThermoScientific) and, if applicable, sent for DNA sequencing.

3.2.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis is a method used to separate and identify DNA fragments

according to their movement through a porous agarose gel structure under the influence

of an electrical field [288]. Within this work, it has been applied to monitor miniprep

DNA quality (see 3.2.2.3), and also to check DNA size after modification (e.g. via site-

directed mutagenesis) or to extract and purify DNA fragments. Agarose is a long chain

polysaccharide that forms a gel with relatively large pores. If an electrical field is applied

to the gel in the presence of a buffer solution, negatively charged DNA fragments move

through the gel towards the positive electrode. The rate of movement depends on the size

and shape of the DNA fragments: small and linear fragments move quickly through the

gel, whereas the movement of long linear fragments is hindered through entanglement

with the gel [288, 289]. To achieve an optimum resolution of fragments in different size

ranges, the concentration of the gel is adjusted. The DNA samples are placed in wells

in the gel surface along with a loading dye, which allows the user to follow the progress

of electrophoresis. With each electrophoresis a DNA sample containing linear fragments

of known size, a DNA ladder, is added for reference. The agarose gel also contains a

fluorescent dye that allows later visualisation of DNA bands [288–290].

Within this study, a 1% (w/v) agarose gel was prepared by combining appropriate

amounts of agarose and Tris-acetate ethylenediaminetetraacetic acid (TAE) buffer (40

mM Tris-acetate, 1 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0) in a 250 mL

Duran bottle. The agarose was dissolved in a microwave oven for approximately 2

min. After cooling the temperature of the mixture down to approximately 50◦C, 12 µL

SybrSafe DNA gel stain (Invitrogen) per 100 mL agarose mixture were added to visualise
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DNA bands. The gel was cast and left to set at room temperature. To run the gel, 5

µL of DNA ladder (Mass ruler DNA ladder mix (Fermentas)) containing fragments of

known sizes were loaded into the first well. Gel-loading buffer (1/10 of sample) was

added to the DNA samples and the mixture was loaded into the remaining wells (5 µL).

The electrophoresis was carried out at a constant voltage (100 V) until the dye front

had travelled 3/4 of the gel. The gel was examined and photographed under UV light

(GeneSnap).

3.2.3 Protein expression

The expression of foreign proteins in E. coli bacteria is highly dependent and regulated

by the choice of the expression vector (see section 3.2.2.1). An immediate onset of protein

expression before the bacterial culture has grown to an optimum density is undesirable.

It can impact negatively on protein yield and cell growth, if the produced protein is

toxic for the bacterium. Therefore, protein expression has to be regulated. There are

different methods available to repress or induce protein expression by adding different

chemicals to the growth medium. Within this study, protein expression was regulated us-

ing auto-induction as well as by using an inducer (isopropyl β-D-1-thiogalactopyranoside

(IPTG)). In brief, the transcription and translation of the T7 promoter responsible for

the expression of the gene of interest is controlled by the lac operator. In the absence

of an inducer, a lac repressor protein binds to the lac operator and sterically prevents

RNA polymerase from initiating transcription from the promoter. When added to the

growth medium, IPTG binds to the repressor protein and thereby changes its confor-

mation. Thus, the affinity of the repressor protein for the operator is reduced and the

transcription by RNA polymerase enabled. Alternatively, auto-induction strategies do

not need manual induction by addition of a chemical during growth phase as expression

is induced automatically. A detailed description of this concept can be found in a study

by Studier et al. [291].

For the expression of larger amounts of protein, plasmid DNA of Adhiron binders as well

as of mGFP was transformed into a specific strain of E. coli bacteria (BL21*DE3), which

has been optimised for large scale protein expression. This particular bacterial strain

does not contain proteases or the enzyme RNAse E, which degrade messenger RNA.

The transformation was carried out using the same protocol given in section 3.2.2.2.
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3.2.3.1 Expression by auto-induction

To express Adhiron binders and mGFP via auto-induction method, a single colony was

picked from the agar plate and used to inoculate 2 mL of ZYP-0.8G starter culture (see

section 3.2.1.4) containing appropriate antibiotics (see section 3.2.1.6). The inoculated

starter culture was incubated for 6 h at 37◦C in a shaking incubator (250 rpm). 200

µL starter culture were then used to inoculate 400 mL autoclaved auto-induction media

(see section 3.2.1.5) containing appropriate antibiotics. To ensure optimal aeration for

highly dense bacterial cultures that typically occur using auto induction, 2 L baffled

flasks were used. The cell cultures were grown for 48 h at 25◦C at 225 rpm. During

the grow-up, 1 mL samples were taken at 18, 24, 40, and 48 h time points for Adhiron

binder 18 and mGFP to observe protein expression. These samples were analysed using

Western blotting technique (see section 3.2.5.2) in order to assess protein expression over

time, to identify the optimum expression time, and to analyse whether the majority of

the protein was expressed in the soluble or insoluble fraction. After 48 h the cells were

harvested via centrifugation (7500 x g for 10 min) and cell pellets were stored at -20◦C

until purification.

3.2.3.2 Expression by IPTG induction

For the alternative method of expression via IPTG induction, a single colony was used

to inoculate 10 mL 2TY media containing 1% (w/v) glucose, to repress so-called leaky

expression, and appropriate antibiotics. The culture was grown overnight at 37◦C at

220 rpm and 8 mL were used to inoculate 400 mL pre-warmed LB media contained in 2

L non-baffled flasks. After the culture reached an OD600 of 0.6, expression was induced

through the addition of IPTG to a final concentration of 0.1 mM. The incubation to

allow protein expression was carried out for 6 - 7 h, after which the cells were harvested

via centrifugation at 7,500 x g for 10 min.

3.2.4 Protein purification

After the expression within the bacterial culture, the protein has to be purified from the

bacterium. This is conducted by lysing the cell, i.e. the cell walls are ruptured. The

expressed protein is released from the cell along with other cellular contents and any cell
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debris is removed via centrifugation to obtain a clear cell lysate. The soluble recombinant

protein is then purified from the cleared lysate via affinity chromatography. The proteins

to be purified are tagged, i.e. they have been modified with a special recognition tag.

This allows purification via specific binding of this tag to an immobilised target (e.g.

beads). Affinity chromatography thereby enables separating the protein of interest from

any unwanted proteins contained in the lysate.

Several washing steps of the immobilised protein remove any unbound protein and im-

purities. The bound proteins can be eluted of the matrix in a second step to obtain

pure protein solution. For certain applications this affinity purification yields protein of

sufficient purity so that a final dialysis step is sufficient. Dialysis is a process to remove

the elution buffer, particularly its component imidazole, from the protein. The removal

of the imidazole is necessary as it is an organic compound that absorbs UV radiation at

280 nm and can therefore interfere with the accurate quantification of protein concen-

trations at 280 nm (see section 3.2.5.3) as well as subsequent use of the protein in some

assays.

To remove the protein from the cells, each auto-induction cell pellet obtained from a 400

mL cell culture was lysed using 20 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl,

20 mM imidazole, 25% (w/v) sucrose, 1% Triton X-100, 5 mM MgCl2, pH 7.4) sup-

plemented with 10 U/mL OmniCleaveTM Endonuclease (Epicentre, USA), 0.1 mg/mL

lysozyme (Sigma Aldrich, Cat. No. L6876), 1x Halt Protease Inhibitor Cocktail, EDTA-

Free (100X) (Thermo Scientific, Cat. No. 78439). For 400 mL or 50 mL IPTG induction

pellets, 8 mL or 1 mL lysis buffer were used respectively. The cell pellets were resus-

pended in the lysis buffer and incubated for 20 min at room temperature to lyse the

cells. Subsequently, a heat denaturing step was carried out using a water bath set to

50◦C to heat denature any non-specific proteins. The thermostability of Adhiron binders

is high and they can therefore withstand this process. The lysed cells were centrifuged

at 18,000 rpm in a Sorvall RC-5B centrifuge and Fibrelite F21 8x50 rotor for 20 min to

the separate soluble fraction (supernatant) from the insoluble fraction (cell pellet). A

sample of the lysate was taken for analysis on a sodium dodecyl sulphate polyacrylamide

gel electrophoresis (SDS PAGE) gel (section 3.2.5.1).
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The Adhiron binders were purified at room temperature using nickel-charged nitrilotri-

acetic acid chelate (Ni-NTA) column purification (HisPurTM Ni-NTA resin, ThermoSci-

entific). All Adhiron binders as well as mGFP contained a hexahistidine-tag (His-tag),

which binds specifically to divalent metal ions and thereby enables specific purification.

400 mL and 50 mL auto-induction cell pellets were purified using 4 mL and 0.5 mL

Ni-NTA slurry respectively; for 400 mL and 50 mL IPTG induced cell pellets 2.4 mL

and 300 µL slurry were used. In preparation, the resin was washed in 5x its volume

in lysis buffer. After removal of the buffer by centrifugation at 100 x g for 1 min in a

Hermle Z400 K centrifuge using a 220 97 VO2 rotor, the resin was incubated for 1 h

with the clear lysate on a roller to ensure binding of the protein to the resin. After 1 h,

the lysate was removed via centrifugation (100 x g for 5 min). A sample for analysis on

SDS PAGE gel was taken. To wash off any unbound protein, appropriate amounts of

wash buffer (50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, pH 7.4) were added

to the resin and it was washed for 15 min on a roller. Finally, the resin was decanted into

the column and let to settle. To further remove unbound protein and impurities, the

resin was continuously washed and monitored by measuring the absorbance at 280 nm of

each wash using a NanoDrop Lite spectrophotometer (ThermoScientific). Once readings

of less than 0.09 were obtained, protein elution was initiated. The protein was eluted

usually in 12 x 1 mL fractions of elution buffer (50 mM NaH2PO4, 500 mM NaCl, 300

mM imidazole, (10% (v/v) glycerol only for Adhiron binders), pH 7.4). Prior to the first

three elution fractions, the column was incubated for 8 min at room temperature with

the elution buffer to ensure homogeneous distribution of the elution buffer throughout

the resin. The lysate, flow-through, wash, and eluted fractions were analysed on a SDS

PAGE gel (see section 3.2.5.1).

After the fraction analysis on SDS PAGE gels, the fractions containing pure protein

were identified and pooled together in a dialysis tube (Fisher Scientific BID-050-0107

BioDesign Dialysis Tubing 3500 MWCO). Prior to pooling of the protein, the dialysis

tubing was soaked in deionised water for 10 min. The pooled fractions were dialysed

into 5 L of 1x phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 2 mM KH2PO4, pH 7.4) containing 10% (v/v) glycerol in a two step dialysis

process (3 h and overnight) at 4◦C. Any precipitation that occurred during dialysis was

removed via centrifugation at 20,000 x g for 10 min in a Sorvall RC-5B centrifuge and
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Fibrelite F21 8x50 rotor. The dialysed samples were analysed for purity using SDS-

PAGE.

3.2.5 Protein analysis

The expression and purification of the Adhiron binders was analysed for protein pu-

rity (section 3.2.5.1), expression efficiency (section 3.2.5.2), and yield (i.e. concentra-

tion) (section 3.2.5.3). Additionally, the binding affinity and specificity of the produced

binders was assessed (section 3.2.5.4).

3.2.5.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)

SDS-PAGE is a technique used to separate proteins based on their electrophoretic mobil-

ity. Electrophoretic mobility, i.e. the ability to move through an electrical field, is deter-

mined by the molecular mass and length of polypeptide chains [290]. The protein samples

are heated in the presence of SDS and a reducing agent (e.g. β-mercaptoethanol), which

reduces any disulphide bridges that hold the tertiary structure of the protein and thereby

linearises it. SDS helps to denature the protein and introduces a uniform negative charge

as it binds to the protein. Upon exposure to an electrical field, the SDS-protein com-

plexes migrate to the anode and are separated by the molecular sieving properties of

the gel. Larger molecules are retarded by frictional resistance or entanglement in the

gel, whereas smaller molecules travel quickly. To determine the molecular mass of the

protein samples, marker proteins of known mass (to estimate the mass of the protein in

question) and protein samples are loaded simultaneously [292].

Samples for SDS PAGE were generally prepared by mixing the samples with 4x SDS

loading buffer (200 mM Tris-HCl, pH 6.8, 20% (v/v) glycerol, 8% (w/v) SDS, 0.4%

(w/v) bromophenol blue, 20% (v/v) β-mercaptoethanol) and heating the samples at

95◦C for 3 min. Samples for protein expression analysis were prepared as follows. 1

mL pellets obtained from protein expression were resuspended in 400 µL lysis buffer

containing omnicleave, lysozyme, and protease inhibitor and incubated on a roller for

1 h at room temperature. The mixture was centrifuged at 13,000 rpm in a benchtop

microcentrifuge (GenFuge 24D (Progen)) for 5 min. The supernatant was collected as
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soluble fraction and the insoluble pellet was resuspended again in 400 µL lysis buffer and

incubated for further 20 min on a roller. After centrifuging the mixture, as previously

described, the supernatant was discarded and the pellet washed by resuspension in 400

µL deionised water. The mixture was centrifuged again and resuspended in 400 µL 8 M

urea; this was used as insoluble sample. Soluble and insoluble sample were mixed with

4x SDS loading buffer and heated at 95◦C for 3 min.

The gels were prepared using a Bio-Rad PROTEAN casting system. A 15% resolving

gel (15% (v/v) acrylamide (Severn Biotech Ltd.), 375 mM Tris-HCl, pH 8.8, 0.1% (w/v)

SDS, 0.1% (w/v) ammonium persulphate (APS), 0.04% (v/v) N,N,N,N,-tetramethyl-

ethylenediamine (TEMED)), which separates the proteins was poured, overlaid with

ethanol, and left to polymerise for approximately 30 min. After the resolving gel had

set, the ethanol was fully removed by carrying out a thorough rinsing step with deionised

water. A 5% stacking gel (5% (v/v) acrylamide, 125 mM Tris-HCl, pH 6.8, 0.1% (w/v)

SDS, 0.1% (w/v) APS, 0.1% (v/v) TEMED) was poured on top of the resolving gel and

a 10 or 15 well comb was inserted. The stacking gel ensures that the protein sample is

concentrated and forms a sharp band before entering the resolving gel. The denatured

protein samples were loaded onto the gel along side a pre-stained (PageRulerTM Thermo

Scientific, Cat. No. 26616) or unstained protein marker (PageRuler, Thermo Scientific,

Cat. No. 26614) to estimate the size of the proteins (see Figure 3.3).

(a) PageRuler Prestained Protein Ladder (b) PageRuler Unstained Protein Ladder

Figure 3.3: PageRuler Protein Ladders (Thermo Scientific) used in SDS-PAGE.
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Proteins were separated in 1x Tris-glycine running buffer (25 mM Tris, 250 mM glycine,

0.1% (w/v) SDS, pH 8.3) and the voltage was applied until the proteins were adequately

resolved, i.e. usually for 60 – 70 min at 150 V. The protein bands were visualised using

InstantBlue (Expedeon) stain. Bands would appear after approximately 10 min and gels

were photographed using the software GeneSnap.

3.2.5.2 Western blotting

Western blotting describes an analytical technique which uses antibodies or other bind-

ing proteins to specifically detect proteins in a protein mixture after separation on a

polyacrylamide gel [293, 294]. The technique involves a three step process: in a first

step the protein mixture is separated using SDS PAGE. Subsequently, the proteins are

transferred from the gel onto a nitrocellulose or polyvinylidene fluoride membrane via

a process called electroblotting, in which gel and membrane are immersed in a buffer

and placed between two parallel electrodes. The applied current causes the proteins to

transfer onto the membrane, now referred to as blot. In a third step, the protein of in-

terest is detected using antibodies, which bind specifically to the protein. The antibody

binding to the protein is either directly labelled (e.g. with an enzyme whose substrate

can be detected (primary antibody)), or a secondary labelled antibody is used, which

detects the primary antibody [293, 294].

A SDS PAGE was performed as described previously (see section 3.2.5.1). For each SDS

PAGE gel to be used for Western blotting, six pieces of blot paper and one blotting

membrane (Protran BA 85 (0.45 µm cut-off)) were cut to the size of the gel. Gels,

membrane, and blot paper were soaked separately for 10 min in transfer buffer (0.1 M

Tris, 0.192 M glycine, 20% (v/v) methanol) and stacked as follows in the electroblotting

tray: three sheets of blot paper, membrane, SDS PAGE gel, three sheets of blot paper.

The electroblotting was carried out for 1 h at 48 mA. Subsequently, each blot was blocked

overnight on a platform rocker at 4◦C in 25 mL Tris-buffered saline (TBST) (50 mM

Tris, 150 mM NaCl, 0.1% (v/v) Tween R© 20) containing 3% (w/v) bovine serum albumin

(BSA) (Sigma Aldrich, Cat. No. 9048468) to prevent any non-specific adsorption of

the antibody onto the membrane. After blocking, the membranes were incubated for

1 h at room temperature in 20 mL TBST + 3% (w/v) BSA containing an anti-His

antibody (anti 6 His HRP labelled mouse monoclonal antibody IgG1, RD Systems)
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(1:5,000 dilution) that will detect the hexahistidine tag of the Adhiron binder and mGFP.

After incubation with the antibody, the membranes were washed 3x for 10 min in TBST

and rinsed 2 – 3x with deionised water. Finally, the antibody bound to protein on

the membrane was visualised using a chemiluminescent substrate (LuminataTM forte

Western HRP Substrate). The antibody is visualised due to the fact that it is labelled

with horseradish peroxidase (HRP). This enzyme can catalyse the oxidation of luminol

in the presence of peroxide. In this process photons are released (chemiluminescence),

which can be detected on a photographic film [295].

3.2.5.3 Protein concentration

Protein concentration was determined by measuring the absorbance at 280 nm using a

NanoDrop Lite spectrophotometer (ThermoScientific) and using the bicinchoninic acid

assay (BCA).

Absorbance at 280 nm In proteins, the aromatic residues tryptophan and tyrosine

and, to a minor extent, disulphide bonds absorb at 280 nm. Different proteins have

different numbers of absorbing amino acids. Therefore, the absorption intensity can

be related to the number of residues in the protein and thus to its concentration. A

major disadvantage of this method is its low sensitivity. For accurate measurements

the protein can be denatured to exclude any interference of the secondary and tertiary

structure (disulphide bonds) on the absorption [296, 297].

Bicinchoninic acid assay The bicinchoninic acid assay is one of various colorimetric

methods to determine protein concentration. All colorimetric assays are based on the

fact that a coloured product is formed as the assay reagent reacts with the protein.

The colour formation can be measured spectrophotometrically and its intensity can be

related to the amount of protein present in the solution using a standard calibration

curve. A major drawback in using colorimetric assays is that the presence of various

compounds (e.g. surfactants) can easily interfere with the assay [296].

The BCA assay is a copper based assay using the fact that in alkaline conditions proteins

reduce Cu2+ to Cu1+ in a process known as biuret reaction. In this reaction, a light

blue complex is formed, which in a second step reacts with two molecules of BCA to
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form a purple coloured water soluble complex. This colour change can be measured

spectrophotometrically at 562 nm and the intensity of the colour can be related to

amount protein present in solution [298]. Within this study a Micro BCATM Protein

Assay Kit (Cat. No. 23235, ThermoScientific) was used. The assay was conducted

following the manufacturer’s protocol. BSA was used as protein standard to establish a

calibration curve.

3.2.5.4 Binding characterisation

An initial binding characterisation to confirm the specificity of Adhiron binders 18 and

21 for mGFP was carried out using microscale thermophoresis (MST) and biolayer inter-

ferometry (BLI), two techniques with different underlying principles. MST assesses the

binding affinity of the protein binders in free solution while BLI requires immobilisation

of the binders on a biosensor.

Microscale thermophoresis is a quantitative method used to analyse binding events

in solution and uses the directed movement of molecules in microscopic temperature gra-

dients [299]. Its fundamental principle relies on the fact that the movement of molecules

in microscopic temperature gradients is affected by changes in the size, charge, and

hydration shell of molecules. As changes of these parameters occur in the event of

binding, thermophoresis can be used to measure biomolecular interactions [299, 300].

The movement of the molecules is detected by fluorescence, i.e. one of the potential

binding partners is fluorescently labelled or inherently fluorescent. Compared to other

techniques used to analyse binding events (e.g. isothermal titration calorimetry (ITC)

or surface plasmon resonance (SPR)), MST offers several advantages, such as low sample

consumption, the opportunity to measure affinities over a wide KD range, no need for

immobilisation on a surface, and the possibility to measure binding in various buffers or

in more complex environments, such as blood serum [299, 301].

Figure 3.4 illustrates the experimental set-up of MST (left-hand side) and a typical

MST signal (right-hand side). An infrared (IR) laser is focused on the glass capillary

containing the sample (binder and binding partner) to locally heat the sample and in-

duce thermophoresis. Simultaneously, the same optics are used to detect fluorescence

[299, 301, 302]. The different stages of a MST signal can be described as follows. In
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the beginning of each measurement, the laser is switched off and no temperature gra-

dient is applied to the solution, resulting in an equal distribution of the fluorescent

molecules (steady state). Once the laser is switched on, the sudden increase in temper-

ature leads to a strong change in fluorescence (temperature jump); however no molecule

flow is observed. The following slow decrease in fluorescence can be attributed to the

thermophoretic motion of the fluorescent molecules (thermophoresis). The molecular

motion will reach a steady state in which thermophoresis is counterbalanced by mass

diffusion (steady state). The steady state is followed by an inverted temperature jump

due to the rapid cooling of the sample, once the laser is switched off. Eventually, a

steady state is achieved again as the molecules diffuse back by mass diffusion as there

is no longer a temperature gradient applied [299, 301, 302].
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Figure 3.4: Principle of microscale thermophoresis: experimental set-up (left-hand
side) and typical MST signal (right-hand side)

(Figure adopted from [299]).

Measurements are usually carried out using a titration of the unlabelled binding partner,

whereas the concentration of the fluorescent molecule is held constant. The titration

series should cover concentrations at least 10x higher than the expected KD. To detect

binding and determine KD values, the amplitude of the MST signal, i.e. the change

in normalised fluorescence Fnorm between bound and unbound state of the labelled

molecules, is quantified [299]. This is described by the following equation

Fnorm = (1 − x)Fnorm(unbound) + Fnorm(bound) (3.1)
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with x denoting the fraction of labelled molecules bound to targets [299]. A sigmoidal

binding curve is obtained by plotting Fnorm with the ligand concentration on a logarith-

mic scale.

MST measurements to assess the binding of Adhiron binder 18 and 21 to mGFP were

carried out using a Monolith NT.115 instrument (NanoTemper GmbH, Munich, Ger-

many). Binding characterisation was carried out on Adhiron binders containing no

cysteines due to the increased aggregation tendency in the presence of cysteines. As

mGFP is an inherently fluorescent molecule, no labelling step was necessary. A control

Adhiron binder with no affinity for mGFP was used to assess specificity of the binding

event. All buffers contained 0.05% (v/v) Tween20 to prevent sticking of the proteins to

the capillary walls. A serial dilution of the Adhiron binder was prepared (10 µL) in 16

x 0.2 mL micro reaction tubes and 10 µL mGFP in PBS (480 nM) were added to the

binder dilutions. Samples were loaded using capillary forces (approximately 4 µL) into

standard treated Monolith NTTM capillaries (NanoTemper GmbH, Munich, Germany),

inserted into the instrument, and analysis was started. A LED power of 20% and MST

power of 20% and subsequently 40% were set as experimental parameters. Data analysis

and curve fitting was carried out using the Nanotemper Analysis Software, graphs were

plotted using the data analysis software Origin ProTM (Origin Lab).

Biolayer interferometry is a quantitative technique relying on the detection of a

shift in interference of white light waves caused by ligands adsorbing onto biomolecules,

which are immobilised at the end of optical fibres. Figure 3.5 illustrates the fundamental

principle. The interference that is generated by the reflection at two different surfaces

(fibre and biomolecule; biomolecule and buffer) of white light traveling through an optical

fibre can be measured and related to the concentration of molecules adsorbed onto the

fibre [303, 304]. If a molecule (ligand) adsorbs onto the biomolecule layer, the change

in optical thickness causes a shift in the interference pattern of the reflected light [305].

The measurement of this shift over time is used to analyse the binding event [303, 304].

Measurements were conducted using using BLitzTM technology from FortéBio.

Several different types of biosensors are available to immobilise binder molecules (Adhi-

ron binders) and to measure binding affinity (for mGFP). In this study, Dip and ReadTM

Amine Reactive Second Generation (AR2G) sensors were used. In order to immobilise
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Figure 3.5: Principle of biolayer interferometry
(Figure adopted from [304]).

the Adhiron binder, the carboxylic acid groups on the sensor surface need to be acti-

vated using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDAC) and

N-hydroxysulfosuccinimde (s-NHS). The generated NHS-esters are highly reactive and

can form stable amine bonds with primary amines of the protein. Figure 3.6 illustrates

the reaction steps necessary for Adhiron binder immobilisation on AR2G sensors. For

the immobilisation, all Adhiron binders were kept in sodium acetate buffer (pH 6) at

a concentration of 40 µg (66 µM). For each binder approximately 50 µM mGFP were

added to evaluate binding, additionally a blank reference sample with just PBS was

run for each binder. Table 3.1 shows the run settings for the binding experiments. All

experiments were carried out in duplicate. Binding data was exported and fitted using

the software GraphPad.
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Figure 3.6: Principle of Dip and Read Amine Reactive Second Generation (AR2G)
biosensor chips (Figure adopted and modified from [306]).
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Table 3.1: Run settings for BLitz measurements using AR2G chips

Step Type Buffer Duration [sec]

1 Equilibration PBS 60

2 Activation NHS-EDAC 300

3 Binder immobilisation Binder (40 µg/mL) 600

4 Quenching 1 M Ethanolamine pH 8.5 300

5 Baseline Kinetics Buffer 120

6 Binding (Association) mGFP (50 µM) or PBS 300

7 Dissociation Kinetics Buffer 120

3.3 Results and discussion

Recombinant plasmid DNA for binders and mGFP was successfully prepared and se-

quenced (section 3.3.1). The target protein mGFP (section 3.3.2) as well as Adhiron

binders (section 3.3.3) were successfully expressed and purified and binding specificity

to the target mGFP was shown (section 3.3.5).

3.3.1 Recombinant DNA

Figure 3.7 shows an agarose gel analysis of mGFP and different Adhiron binder DNA

obtained by miniprep. The bands representing the minipreps of mGFP migrated further

through the gel than those for the Adhiron binder constructs. For both constructs, the

observed bands are smaller than the expected sizes (for mGFP in pET9 approximately

5111 bp, for Adhiron binder in pET11a approximately 6009 bp). Additionally, faint

bands are visible as slower migrating species.

The observed size difference between the two constructs was expected as the calculated

size of the mGFP pET9 construct is smaller than that of the Adhiron binder construct

in pET11a. The overall smaller sizes of both constructs can be explained by the fact that

the observed bands correspond to supercoiled DNA. This smaller supercoiled plasmid

travels faster through the gel than linearised DNA. As the DNA markers used represent

sizes of linearised DNA, an accurate determination of the size of the supercoiled plasmid

DNA is not possible. The slower migrating species above the main bands correspond

to open-circular DNA (one strand is nicked). Due to their different conformation, these

plasmids travel more slowly through the gel. To obtain a single band at the expected
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size, a restriction digestion using enzymes prior to electrophoresis can be carried out.

The enzymes cut the plasmid at a defined location and thus linearise the DNA.
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Figure 3.7: 1% (w/v) agarose gel of pET9 and pET11a containing inserts for mGFP
and selected Adhiron binders respectively.

The sequences of the coding regions of the Adhiron binders were confirmed. The amino

acid sequences are shown in Figure 3.8.

Loop 1 

Loop 2 His-tag 

cysteine  
insertion 

Figure 3.8: Sequence alignment of selected Adhiron binders (for visualisation the
different amino acids are colour coded) with highlighted binding loop 1

and 2, his-tag (the amino acid histidine is highlighted in blue) and
cysteine (yellow) insertion.

The alignment of the DNA sequence illustrates the Adhiron binder structure, identical

scaffolds, but different amino acid sequences in the binding loop region. All binders have

been designed to contain a his-tag to allow purification via affinity chromatography (see
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3.2.4). Cysteines for site-specific labelling or immobilisation could be introduced into

Adhiron binder 18 before the his-tag. The difference in length between Adhiron binder

18 with and without cysteine is caused by a change to a shorter scaffold lacking part

of the N-terminal region. As both scaffolds showed similar characteristics regarding

their temperature and pH stability (experimental findings from Janice Robottom), this

change is not likely to affect the results of this study.

3.3.2 Expression and purification of mGFP

mGFP was successfully expressed using auto-induction. Figure 3.9 shows the results of

SDS PAGE and Western blot, graphically depicting expression over time and whether

expression occurred in the soluble (left-hand side of the gel image) or insoluble fraction

(right-hand side of the gel image). The SDS PAGE (left image) shows all proteins

present in the sample. The Western blot (right image) only identifies the presence of

mGFP as the antibody used exclusively detects his-tagged proteins.
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Figure 3.9: SDS PAGE (left) and Western blot (right) of soluble and insoluble
fractions at different time points of mGFP auto-induction (red arrows

highlighting bands of interest).

The bands visible at a size of approximately 28 kDa on the SDS PAGE gel as well as

on the image of the Western blot (both highlighted by red arrows) show clearly that

mGFP was expressed mainly in the soluble fraction. The Western blot indicates that

some protein was also present in the insoluble fraction (highlighted by red arrow), but to

a lesser extent. After a time period of 24 h, no obvious increase in the size of the protein
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bands associated with mGFP can be detected. This indicates that the maximum amount

of protein was expressed after 24 h. The smaller size bands below mGFP visible on the

Western blot suggest that some protein degradation occurs. As these bands intensify

over time, this process is most likely time-related.

mGFP was successfully purified. The results of the purification analysis by SDS PAGE

are shown in Figure 3.10. In an ideal purification, the elution fractions only contain

bands in the size of the protein of interest. Additional bands indicate contamination

by other proteins. If any contamination is present in the elution, it should be removed

through dialysis (or other more stringent purification methods such as size exclusion

chromatography), i.e. only one band for the protein of interest should be visible on the

SDS PAGE gel of the dialysed sample.
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Figure 3.10: SDS PAGE gel of samples and fractions from mGFP protein
purification (1:10 sample dilution) (left) and purified dialysed mGFP

(1:20 sample dilution) (right).

During the purification of mGFP, all protein eluted of the column within the first three

fractions. The elution of the column was also visible by eye (colour change of the bead

from green to blue) due to the protein’s inherent fluorescence. As can be seen from the

size of the bands, mGFP was over-expressed. The distinct bands migrating at 28 kDa

in the flow-through and the wash sample indicate that the amount of protein present in

solution exceeded the immobilisation capacity of the resin. Thus, the amount of resin

used for 400 mL auto-induction cultures should be increased in future purifications.



Chapter 3. Adhiron Binder Production 84

The SDS PAGE image of the dialysed sample (Figure 3.10 right image) shows that

pure protein was obtained; no additional bands suggesting impurities are visible. The

faint band visible at approximately 14 kDa is likely to be caused by mGFP degradation

products in accordance with results from Western blot analysis (see Figure 3.9).

3.3.3 Expression and purification of Adhiron binders

3.3.3.1 Adhiron binders without cysteines

Adhiron binders 18 and 21 without cysteines were successfully expressed in the soluble

fraction using auto-induction. Figure 3.11 shows the results of SDS PAGE and Western

blot analysis, analysing exemplary expression of mGFP Adhiron binder 18 over time

during auto-induction.
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Figure 3.11: SDS PAGE gel (left) and Western blot (right) of soluble and insoluble
fractions at different time points of mGFP Adhiron 18 auto-induction

(red arrows highlighting bands of interest).

The distinct bands at approximately 12 kDa show that sufficient amounts of proteins

were expressed. No detectable increase in protein expression is visible after an expression

time of 18 h, suggesting that a time period of this length is sufficient for expression in the

bacterial strain used. The Western blot shows that the Adhiron binder is almost entirely

expressed in the soluble fraction. Only faint bands are visible at the corresponding size

on the right-hand side of the image showing the insoluble samples. The faint bands

visible in the soluble sample at a size of approximately 24 kDa are likely to be caused
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by the non-covalent complex formation of two Adhiron binder proteins into so-called

dimers.

Figure 3.12 shows the results of the purification of mGFP Adhiron binders without

cysteines. For both mGFP Adhiron binders, elution fractions 2 to 5 contained most of

the eluted protein. Adhiron binder 18 appears to have expressed at higher levels. Higher

intensity bands are visible on the gel image and a distinct band corresponding to the

size of the Adhiron binder can be identified in the flow-through sample. This indicates

that the expressed protein could only be partly captured on the resin suggesting that the

amount of expressed protein exceeded the binding capacity of the resin. Comparing the

purification of both binders, a tendency of mGFP Adhiron binder 21 can be observed to

form dimers (faint bands visible at approximately 24 kDa), which cannot be observed

for Adhiron binder 18.
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(a) Adhiron binder 18 without cysteine
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(b) Adhiron binder 21 without cysteine

Figure 3.12: Purification results of Ni-NTA purification of mGFP Adhiron binders
18 and 21 containing no cysteines (1:2 dilution of samples) (red arrows

highlighting bands of interest).

Pure protein was obtained for both Adhiron binders after pooling and dialysing the

eluted fractions, as no bands are visible that indicate a contamination by other proteins

(see Figure 3.13). However, it was observed that during the dialysis process strong

precipitation occurred, visible as white precipitate in the dialysis tubing. It is likely that

during this purification step a considerable amount of protein was lost due to aggregation.

10% (v/v) glycerol were already added to the elution and dialysis buffer, however this

did not prevent precipitation. Precipitation can be caused by several factors, ranging
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from the change in ionic strength (this can be caused by the removal of the imidazole and

a reduction in NaCl concentration) to concentration related aggregation [284]. Further

work will be necessary to analyse the causes of precipitation to determine whether or not

it is reversible and to optimise the purification step (e.g. buffer conditions) to minimise

the loss of protein.
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Figure 3.13: SDS PAGE gel showing pooled and dialysed Adhiron binder 18 and 21
(10 µg sample).

3.3.3.2 Adhiron binders with cysteines

Adhiron binders containing a free cysteine to allow specific labelling or immobilisation

were successfully expressed and purified. Only Adhiron binder 18 was modified to con-

tain a free cysteine to be used in further experiments. For Adhiron binder 21 increased

dimer formation (confirmed by analysis via size exclusion chromatography by Janice

Robottom) and precipitation (see section 3.3.5) were already observed for species con-

taining no free cysteines. It was anticipated that the presence of cysteines increases the

aggregation tendency of the Adhiron binders and protein loss via precipitation. There-

fore, the modification was only carried out for Adhiron binder 18.

Figure 3.14 shows the SDS PAGE gels of the mGFP Adhiron binder 18 purification and

Figure 3.15 shows the SDS PAGE results of the control EGFR Adhiron binder H9-C.

For both proteins distinct bands in the size of 12 kDa are visible, indicating that a high

expression level was obtained for both binders. For Adhiron binder 18 the majority of

the expressed protein was captured on the resin; no band was visible in the flow through
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sample. The distinct band visible at 12 kDa in the flow through sample for the EGFR

Adhiron binder proposes that only a fraction of the expressed protein was bound on the

resin. The binder concentration exceeded the immobilisation capacity of the resin. The

smaller bands at approximately 24 kDa visible for both binders imply the formation of

dimers (in case of Adhiron binder 18 also trimers at a size of approximately 36 kDa).

For the EGFR Adhiron pure protein was obtained (Figure 3.15 left-hand side image).

For Adhiron binder 18 some impurities were observed (see Figure 3.14), however no

additional dialysis step was carried out to minimise protein loss via precipitation.
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Figure 3.14: Purification results of mGFP Adhiron binder 18 containing cysteine
(1:2 dilution of samples)(red arrows highlighting bands of interest).
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Figure 3.15: Purification results of EGFR Adhiron binder H9-C (1:2 dilution of
samples) (red arrows highlighting bands of interest).
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For both binders containing cysteines a tendency for precipitation was observed. For

Adhiron binder 18 only minimal dimer formation was detected when no cysteines were

present. Therefore, increased precipitation could be attributed to the cysteine pres-

ence. Intermolecular disulphide bonds may form between the cysteine residues resulting

in dimer or oligomer formation. This increases the propensity for interaction and can

thereby cause aggregation and precipitation [307–309]. The addition of reducing agents,

such as dithiothreitol (DTT) or mercaptoethanol may prevent precipitation caused by

disulphide oxidation [307]. However, the presence of these substances may cause inter-

ference with subsequent characterisation or immobilisation steps and was therefore not

carried out. Additionally, a high binder concentration can further aggravate precipita-

tion.

3.3.4 Protein concentration and yield

Table 3.2 presents the protein concentration and yield from a 400 mL auto-induction

culture measured for all produced Adhiron binders and mGFP. Values obtained for

absorbance at A280 and from the BCA assay are presented.

Table 3.2: Protein concentrations and yield for purified proteins

Sample Abs. 0.1% conc. [mg/mL] yield*

[= 1g/L] A280 ** BCA [mg]

mGFP Adhiron binder 18 0.848 8.1 8.8 88

mGFP Adhiron binder 18 + cys 0.918 2.5 3.5 35

mGFP Adhiron binder 21 1.572 7.5 11.6 116

EGFR Adhiron binder H9-C 1.246 4.3 6.3 63

mGFP n/a n/a 28.2 140

* mg of purified protein obtained from 400 mL auto-induction culture

** measured using NanodropLite technology

For all proteins produced in this study reasonable amounts of purified protein were

obtained. In general, protein concentrations were found to be higher when measured

using the BCA assay. Determining protein concentration using A280 is generally less

sensitive due to the interference of the secondary structure with the absorption. Proteins

were not denatured prior to measurements, thus inaccuracies were increased. It is likely

that more accurate results were obtained using the BCA assay, thus, calculations in

further experiments were based on concentrations based on the BCA assay.
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The target protein mGFP was expressed achieving the highest protein concentration

(28 mg/mL). mGFP is a highly soluble protein, therefore protein loss due to precip-

itation was minimal. Due to its fluorescent properties, protein concentration could

only be measured using the BCA assay. For Adhiron binders containing no cysteines,

higher final protein concentrations were observed than for cysteine modified binders.

The lowest concentration was observed for cysteine modified mGFP Adhiron binder

18 (3.5 mg/mL). One possible explanation could be the previously described effect of

intermolecular disulphide bond formation (see section 3.3.3.2).

3.3.5 Binding analysis

Both techniques used to analyse the binding characteristics of mGFP Adhiron binder

18 and 21 showed that the proteins bound specifically to mGFP. A ranking of the two

binders according to their affinity was achieved, however neither technique could provide

absolute KD values to characterise the binding affinity.

3.3.5.1 Microscale thermophoresis

The analysis of the binding characteristics of mGFP Adhiron binder 18 and 21 using

MST showed that both proteins specifically bind to mGFP. For both Adhiron binders a

binding signal was obtained, whereas no signal was detected for control binders used at

the same concentration (see Figure 3.16). However, the binding curves of both Adhiron

binders do not follow the sigmoidal shape, typically obtained from MST experiments,

as no plateau is reached at higher binder concentrations. For mGFP Adhiron binder

18 the binding curve decreases at higher concentrations; for mGFP Adhiron binder 21

no measurements at higher concentrations could be conducted as the required protein

concentration exceeded the highest available protein concentration. The deviating shape

of the binding curve might be explained by the formation of dimers or the occurrence of

a second binding event, rather than a 1:1 binding stochiometry (see 2.2.1). Additionally,

the binding of mGFP to the Adhiron binder could cause a shift in the fluorescence of

the mGFP and therefore cause different results. Normally, one of the binding partners

in MST measurements is fluorescently labelled and its fluorescence is not influenced by

the binding event. Due to the deviating binding curve shape, no absolute KD values

were determined, but measurements suggest affinities in the high nanomolar range. A
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lower protein concentration of Adhiron binder 18 was needed to obtain a binding signal

than for Adhiron binder 21. This suggests that Adhiron binder 18 has a higher affinity

for mGFP than mGFP Adhiron binder 21.

Analysing the amplitude of both binding curves as seen in Figure 3.16, it is evident that

a considerably higher amplitude is observed for mGFP Adhiron binder 21. The ther-

mophoresis effect (migration along a temperature gradient) is influenced by the surface

charge and hydrophobicity of the molecules [300]. Molecules with different character-

istics will therefore show different amplitudes of the thermophoresis effect. However,

as the influence of these characteristics is not yet well understood, no prediction or

calculation of the amplitude is possible [300].
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Figure 3.16: Binding curves obtained from MST for mGFP Adhiron binder 18 and
21 including a control Adhiron binder with no affinity for mGFP (20%
MST power, mGFP concentration (214 nM)). Blue data points mark

points excluded from the curve fitting. The curves represent the mean
of values of triplicate measurements.

3.3.5.2 Biolayer interferometry

The binding specificity of Adhiron binder 18 and 21 was also shown using BLI. A binding

signal was obtained for the mGFP binders 18 and 21, but no signal was obtained when

a control binder with no affinity for mGFP was used (see Figure 3.17).

For both binders KD values in the higher nanomolar range were obtained, with Adhiron

binder 21 showing slightly higher affinities than Adhiron binder 18 (see Table 3.3). This

result contradicts results previously obtained from MST measurements (section 3.3.5.1),
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Figure 3.17: Binding curves obtained from biolayer interferometry using Dip and
Read Amine Reactive Second Generation (AR2G) chips for mGFP

Adhiron binders 18 and 21 including a control Adhiron binder with no
affinity for mGFP (mGFP concentration 50 µM, Adhiron

concentration 66 µM). The black curves represent the binding curves,
the red ones the fitted data.

however, the techniques used rely on different principles: MST measures binding in free

solution, BLI with one binding partner immobilised on a surface. The immobilisation on

amine reactive sensors does not result in a specific orientation, but rather leads to random

orientation; any free lysine on the protein can react and therefore steric hindrance of the

binding sites is possible. Thus, no true comparison of the results obtained via MST and

BLI is possible. In order to avoid steric hindrance in future measurements, the target

mGFP could be immobilised on the sensor using a different immobilisation technique,

e.g. streptavidin activated sensors to immobilise biotinylated protein.

Although the obtained KD values can confirm binding specificity and indicate affinity,

they do not represent absolute values capable of characterising binding affinity. This
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Table 3.3: KD values obtained for 1:1 fitting of biolayer interferometry binding
curves of mGFP Adhiron binders

Adhiron binder KD [M]

x1 x2

18 8.106 · 10−6 6.685 · 10−6

21 2.889 · 10−6 2.884 · 10−6

control – –

limitation is due to several reasons. Firstly, by evaluating the fit of the binding curves

in Figure 3.17 it becomes evident that the experimental data does not entirely match

the fitted curves. Whereas a good fit is obtained for dissociation, association data,

particularly for binder 18 does not match. One reason might be the fact that the 1:1

binding stochiometry used to fit the data, does not adequately represent the binding

event. This observation was already made with MST measurements. Secondly, the

formation of dimers and/or aggregates can cause a mismatch between binding model and

experimental data. Thirdly, KD values were determined from binding measurements at

a single concentration. To obtain statistically significant KD values, it is recommended

to measure the binding at different binder concentrations [305]. However, absolute KD

values were not crucial for this study, therefore, no further optimisation in the analysis

of the binding characteristics was carried out.

3.4 Summary and conclusion

mGFP Adhiron binders 18 and 21 (with and without cysteines), a control binder, and the

target protein mGFP were successfully purified at high yields. Additionally, the specific

binding of the Adhiron binders to mGFP could be shown using two different binding

characterisation techniques. Although Adhiron binders were expressed at high yields,

substantial amounts of binder were lost during purification, particularly for proteins

containing cysteines. The exact mechanism by which proteins were lost could not be

determined, possible reasons can be aggregation due to changes in buffer conditions or

concentration related aggregation. For proteins containing a cysteine, aggregation due

to intermolecular disulphide bond formation is likely. In order to minimise aggregation

caused by disulphide bond formations between cysteines, an immediate modification of
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the cysteine residue (e.g. labelling or biotinylation) after the last purification step might

stabilise the protein and prevent excessive aggregation.

However, maintaining a high protein concentration during Adhiron binder purification

will remain a future challenge in order to provide sufficient amounts of protein for im-

mobilisation. Particularly for an immobilisation approach via incorporation in fibres,

high concentrations of protein are necessary (see Chapter 5). Further work will therefore

be necessary to determine optimal buffer conditions to prevent aggregation. However,

as aggregation is also influenced by additional residues, each Adhiron might show dif-

ferent propensities for interaction due to its specific sequence. Thus, no general buffer

optimisation is possible as different Adhiron binders will require different conditions.

Specific binding of the Adhiron proteins to mGFP was successfully confirmed measuring

binding in free solution (MST) and with one binding partner immobilised on a surface

(BLI). Both binders show a binding affinity for mGFP in the higher nanomolar range.

Ideally, binders of higher affinity should be used to assess the full potential of electrospun

affinity membranes. Thus, future work relating to binders against uraemic toxins has

to focus on identifying high affinity binders. No absolute KD values to quantify the

affinity of Adhiron binders to mGFP were obtained using the techniques described.

Further optimisation or the use of different techniques such as SPR or ITC will be

necessary to collect further information about the binding event (binding mechanism

and stochiometry).

In conclusion, the bottom-up production of Adhiron binders was successfully completed.

Despite the need for further optimisation of the protein purification process, sufficient

amounts of pure Adhiron binders were produced for further experiments evaluating

their incorporation and surface attachment to electrospun webs. Due to the fact that

an increased aggregation propensity was observed for Adhiron binder 21, the main focus

in further experiments was set on binder 18. Additionally, a higher binding affinity

was observed for binder 18 using MST. Although low binding affinities were observed

for both binders, affinities were thought to be sufficient to establish an initial proof of

concept.
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Electrospinning of Polysulphone

4.1 Introduction

In order to produce a functional electrospun fibre web or membrane suitable for use as a

filter medium, it is necessary to establish a spinning platform capable of producing fibres

of the correct dimensions and morphology. Accordingly, the aim of this part of the study

was to identify a spinning solution composition and electrospinning technology that al-

lows the formation of smooth, bead-free PSu submicron fibres. The fibres had to exhibit

characteristics applicable to the use of membranes in the purification of whole blood

and/or plasma. PSu was selected as a suitable material for the spinning experiments

as this material is commonly employed in the manufacture of current blood filter media

because of its stability and low toxicity (see section 2.1.4.2). Experiments carried out

here focused on i) spinning pure PSu spinning solutions and solutions containing PEG

as an additive and identifying a suitable spinning technique (needle or free surface), ii)

the evaluation of the effect of spinning parameters on fibre formation and morphology

and iii) conducting a first characterisation of webs in terms of the properties required

for blood filtration.

PEG was selected as a spinning solution additive because it can be used to alter the

viscosity of a spinning solution [190] as well as to increase hydrophilicity of the material

and therefore its haemocompatibility (see section 2.1.3). The approach of blending

a hydrophilic polymer into the spinning solution as opposed to a physical coating or

chemical modification was chosen due to its simplicity as no additional coating step is

94
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required. Furthermore, the functionalisation is not restricted to the external surface and

physical web properties are not altered. As first indicator for the blood compatibility

of the electrospun webs, their resistance to unspecific protein adsorption was assessed.

The way this assessment was conducted is presented below.

4.2 Materials and method

PSu (MW 35,000) was purchased from Sigma Aldrich and used as fibre forming ma-

terial. The two solvents dimethyl acetamide (DMAc) (CHROMASOLV R© Plus, for

HPLC, 99.9%, Sigma Aldrich, Cat. No. 270555) and dimethylformamide (DMF)

(CHROMASOLV R© Plus, for HPLC, 99.9%, Sigma Aldrich, Cat. No. 270547) com-

monly used to dissolve PSu (see section 2.3.3) were evaluated. They were assessed in

terms of their ability to fully dissolve PSu and to provide an electrospinnable solution

processable into smooth and bead-free fibres. PEG 300 (i.e. Mw = 300) (Sigma Aldrich,

Cat. No. 81160) was used as solution additive. Several studies, evaluating the effect

of the molecular weight of PEG on phase exchange membrane formation [76, 310, 311],

use molecular weights around 400 to analyse the effects of low molecular weight PEG.

The advantage of low molecular weight PEG is that it is available in liquid form and is

easily miscible with polymer and solvent.

For the assessment of unspecific protein adsorption (section 4.2.6.4) onto electrospun

membranes the following proteins were used: BSA (Sigma Aldrich), lysozyme (Sigma

Aldrich, Cat. No. L6876) and donkey serum (Abcam 7475 Lot. GR 190655-1) dissolved

in PBS. BSA and lysozyme were chosen to assess the effect of charge on unspecific protein

adsorption as they possess different isoelectric points (pI) (see section 2.4.2.1). BSA has

a pI of 4.8 and is therefore negatively charged in PBS (pH 7.4), whereas lysozyme (pI

of 11.4) will be positively charged [68]. The proteins also differ in their resistance to

denaturation upon adsorption onto solid surfaces; lysozyme shows a good resistance to

denaturation, whereas BSA denatures more readily [316, 317]. Donkey serum was used

to assess the adsorption of a protein mixture similar to the one present in blood. To

desorb the proteins from the membrane surface the detergent Tween20 (Sigma Aldrich)

was used.
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4.2.1 Electrospinning solution preparation

Electrospinning solutions for both syringe and free surface electrospinning were prepared

by drying PSu pellets overnight at 90◦C in a laboratory oven (GP10, Genlab) to ensure

the removal of any residual water. Prior to solvent addition, the polymer was left to

cool in a desiccator to prevent any absorption of ambient moisture. Solvents were dried

prior to solution preparation using molecular sieves (size 3Å Fluka, Cat. No. 02573).

If the spinning solution contained PEG, it was mixed with the solvent prior to polymer

addition. The polymer was added to the stirring solvent (or solvent/ PEG mixture) to

ensure thorough wetting of the polymer pellets in order to prevent polymer coalescence.

Solutions were stirred rapidly for approximately 6 h using a magnetic stirrer plate and

then left to shake overnight in a ES-20 Grant shaker incubator (25◦C, 250 rpm) to ensure

a consistent temperature for further solution characterisation and electrospinning.

4.2.2 Needle electrospinning

Needle electrospinning was carried out using a high voltage power supply (EH series 100

watt, Glassman High Voltage INC.) connected to a syringe pump (KDS Model 100, KD

Scientific). The spinning solutions were contained in a 10 mL glass syringe (Fortuna R©

Optima R© Poulten & Graf) fitted with a 22 gauge stainless steel blunt needle (Sigma

Aldrich). Aluminium foil was used as a stationary collecting electrode. After initial

trials, the spinning distance, i.e. the distance between collector and needle tip, was set

to 13 cm, the applied voltage to 15 kV and the volume feed rate to 0.5 mL/h. The

electrospun webs were dried overnight on the collector material in a vacuum oven at

50◦C to remove all remaining solvents from the fibre.

4.2.3 Free liquid surface electrospinning

Free liquid surface electrospinning was carried out using Nanospider technology (NS

LAB 200, Elmarco). The spinnability of different polymer solutions was assessed using

a ‘spike’ electrode (150 µL spinning solution droplets) as well as a small ‘wire’ electrode

(four wires, 20 mL polymer solution). The two types of electrodes were chosen to i)

process small amounts of spinning solution to test spinnability explicitly for solutions
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containing biological components and ii) to evaluate a more industrially scalable tech-

nique to manufacture a matrix for protein immobilisation. For the spike electrode, the

spinning solution was placed onto the electrode using a positive displacement pipette

(MICROMAN R© M1000, Gilson) to ensure the accurate placement of 150 µL spinning

solution droplets. If not stated otherwise, 3 x 150 µL were spun for each sample produced

using the spike electrode.

Based on preliminary experiments, the spinning distance was set to 13 cm and in accor-

dance with the settings used for syringe electrospinning. In addition, for the four wire

electrode, three different spinning distances (10, 13, and 18 cm) and electrode speeds

(6, 8, and 10 rpm) were evaluated. The focus was not on the optimisation of spinning

conditions, but rather to gain a fundamental understanding of the effect of electrode ge-

ometry, and for the four wire electrode specifically, spinning distance and speed. From

preliminary experiments the critical voltage to achieve fibre formation was found to lie

between 30 and 40 kV for the spike electrode and 40 to 60 kV for the four wire electrode.

These voltage ranges appeared to achieve fibre formation and homogeneous fibre collec-

tion. The difference in the required voltages is likely to be attributed to the difference

in electrical field strength caused by the electrode shapes and the amount of spinning

solution to be processed. The webs were collected on a stationary collector using differ-

ent collector materials (see section 4.2.4) and dried overnight in a vacuum oven at 50◦C

to remove all remaining solvents from the fibre.

4.2.4 Collector substrate

The majority of the experiments was carried out using conventional aluminium foil

or a 100% spunbond polypropylene fabric supplied by the company Elmarco as col-

lector material. Additionally, the potential of three other nonwoven fabrics as collec-

tor/base substrates to assist in the formation of a filter membrane were assessed. Non-

woven substrates with different characteristics (hydrophobic/hydrophilic) and structures

(spunbond-meltblown-spunbond/wetlaid) were chosen to determine their potential influ-

ence on fibre formation and geometry. Table 4.1 provides an overview of the substrates

studied.
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Table 4.1: Characterisation of substrates used as collector material

substrate material bonding mechanism weight [g/m2]

1 aluminium foil - -

2 polypropylene
(antistatic finish)

spunbond (Elmarco
fabric)

30

3 polypropylene
(hydrophobic finish)

spunbond-meltblown-
spunbond

13

4 polypropylene
(hydrophilic finish)

spunbond-meltblown-
spunbond

17

5 cellulose wetlaid 36

4.2.5 Solution characterisation

Spinning solutions were characterised by measuring the dynamic viscosity using a Brook-

field viscometer (DV-E), equipped with a small sample adapter. To ensure comparability

of the results, all samples were measured with a fixed spindle size (34) and speed settings

(60 rpm). Each viscosity measurement was run in triplicate.

4.2.6 Characterisation of electrospun webs

The characterisation of the electrospun webs was focused on properties relevant for

application as blood filtration membrane. Important properties include morphological

characteristics such as fibre diameter and chemical characteristics namely surface chem-

istry (hydrophobic or hydrophilic surface) and the tendency to cause unspecific protein

adsorption.

4.2.6.1 Scanning electron microscopy

The submicron scale of the electrospun fibres limited the use of optical microscopy within

this study and therefore scanning electron microscopy (SEM) was used. SEM has several

advantages compared to optical microscopy including a wide range of magnification [312]

and a large depth of focus, which allows sharp images of objects with high variations in

depth (e.g. fibres or nonwoven structures) [313]. The principles of electron microscopy

include the use of short wave length beams of electrons instead of visible light. Elec-

trons posses a wavelike character, and short wave length beams can be produced by
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accelerating electrons across large voltages within a vacuum. Due to the charged nature

of the electrons, they can be easily focused and scanned using an electric or a magnetic

field. The short wavelengths allow for a high spatial resolution and high magnifications

of objects [314]. In electron microscopy, the electrons penetrate the surface (up to a

few microns) of a bulk object and interact with its atoms. These interactions may lead

to the creation of different signals. Among these, the most important ones are low

energy secondary electrons, which are released due to inelastic scattering, high energy

backscattered electrons that have been reflected, and electromagnetic radiation [314].

All of these signals can be detected using special units and deliver different information

about the object [313].

Within this study, electrospun webs were analysed using a Zeiss EVO MA 15 and a

JEOL JSM-6610 scanning electron microscope. Secondary electron images were acquired

to collect topographical information to assess fibre and electrospun web morphology. In

order to obtain SEM images, a conductive surface had to be provided for electrons to be

able to interact with the specimen surface. This was achieved by applying a gold coating

using a gold sputter coater (EMscope Biorad SC500). Fibre and web morphology were

assessed qualitatively and for selected samples quantitatively. Qualitative assessment

was performed visually based on SEM images, e.g. whether or not bead formation and

a smooth fibre surface could be observed.

4.2.6.2 Fibre diameter and fibre diameter distribution

Quantitative assessment of electrospun fibres involved measuring fibre diameter at an

appropriate magnification (5,000x or 10,000x) using the Software ImageJ (NIH) and

analysing mean fibre diameter and distribution. Both characteristics are important for

filtration applications as they influence web features such as pore size and pore size

distribution [315]. For each sample three different randomly selected areas were imaged

to avoid bias and within each image 50 measurements were taken, thus the overall sample

size was n = 150. To standardise the measurement, two straight lines were drawn across

the diagonal of the image and only fibres intersecting these lines were measured to avoid

duplicate measurements of the same fibres [315]. An example of the method is shown

in Figure 4.1. Fibre distribution plots were created and fitted with log normal fits using

the data analysis software Origin Pro (Origin Lab).
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Figure 4.1: Example of method applied for fibre diameter measurements.

4.2.6.3 Surface characterisation

Static contact angle measurements were carried out using a KSV Modular CAM200

Optical Angle and Surface Tension meter with a Sensirion sensor and a Firewire camera

to assess the surface hydrophilicity/hydrophobicity of the electrospun webs. The elec-

trospun webs (without collector material) were cut to ca. 3 x 3 cm sample pieces and

mounted on a microscope glass slide to provide a plane sample surface. For each sample

the measurement was conducted in triplicate and for each measurement five images were

taken. The contact angle was measured from the image using the CAM200 software.

4.2.6.4 Unspecific protein adsorption

Unspecific protein adsorption onto the electrospun PSu webs was assessed both quan-

titatively (measuring the amount of protein adsorbed onto the electrospun web) and

qualitatively (visualising the adsorbed protein on the fibres) for plain PSu webs and

webs containing 6% (v/v) PEG (four wire electrode, 40 kV, 8 rpm, 13 cm) in order to

obtain preliminary information about blood compatibility. The detailed methods of the

assessments are described below.

To assess quantitatively, three different protein solutions of BSA, lysozyme and donkey

serum at a concentration 0.1 mg/mL were prepared using PBS. As negative control,

samples were incubated with PBS containing no protein. The electrospun webs were

cut to 1.5 x 1.5 cm pieces, weighed, and rinsed thoroughly with deionised water. All

samples were run in duplicate and incubated for 60 min under slight agitation (110

rpm) at room temperature in deionised water to ensure full wetting. The electrospun
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webs were then incubated for 20 min in 2 mL of the three different protein solutions.

Subsequently, thorough rinsing in PBS, a washing step (2x for 30 min in 5 mL PBS),

and a final rinse in deionised water were carried out to remove any loosely bound protein

from the electrospun web surface. In a final step, the electrospun webs were incubated

with 1 mL 0.1% Tween20 for 60 min to detach protein bound to the surface. Samples

were collected and a BCA assay was run to assess the amount of protein adsorbed onto

the electrospun web.

For the qualitative assessment, the adsorbed protein was visualised using fluorescein

isothiocyanate (FITC) conjugated BSA (Sigma Aldrich, A9771), rhodamine-labelled

BSA (Life Technologies, BSA, Alexa Fluor R© 647 conjugate, A34785) and laser scanning

confocal fluorescence microscopy (see section 5.2.5.1). The electrospun webs (without

collector material) were cut into 1 x 1 cm pieces. The same rinsing and washing steps

were applied prior to incubation as for the quantitative assessment and samples were run

in duplicate. All samples were incubated for 20 min in 1 mL 0.1 mg/mL protein solution.

As negative control, electrospun webs were incubated with just PBS. After incubation, 2

x 10 min wash steps with deionised water were carried out and the samples were imaged

immediately in a wet state. For each sample three images from different areas were

taken.

4.3 Results and discussion

Various parameters were found to impact on the formation of bead-free PSu electrospun

webs via various electrospinning techniques, including the solvent system used (section

4.3.1), polymer and polymer additive concentration (section 4.3.2), the electrospinning

technique applied (section 4.3.3), including electrospinning parameters (section 4.3.4),

and the collector material (section 4.3.4.3). A first evaluation of the spun web regarding

its susceptibility for unspecific protein adsorption showed its potential and drawbacks

for an application in blood filtration (section 4.3.6).

4.3.1 Solvent

The type of solvent employed to dissolve PSu pellets was found to have an effect on

the processability of spinning solutions in both syringe and free surface electrospinning
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and on the resulting web characteristics. At room temperature, different concentrations

of PSu could successfully be dissolved overnight in both 100% DMAc and 100% DMF.

This is in accordance with findings from the literature as both solvents have been placed

within the soluble region on a solubility map created according to Hansen’s solubility

parameters [190]. Table 4.2 presents some of the solvent characteristics, namely the

difference in boiling point of the two solvents indicating the higher volatility of DMF.

For both polymer solutions (DMAc and DMF) a rapid precipitation out of solution could

be observed upon a prolonged exposure to air, on contact with water, or when stored

for a prolonged period of time (> 1 week).

Table 4.2: Solvent properties (values taken from [318])

Solvent Boiling
point

Vapour
pressure

Viscosity Dielectric
constant

Surface
tension

[◦C] [mmHg] [cP] [dyne/cm]
at 20◦C at 25◦C at 20◦C at 20◦C

DMAc 166 1.00 0.92 37.8 34
DMF 153 3.80 0.82 36.7 35

The viscosities measured for various PSu concentrations dissolved in 100% DMAc and

100% DMF are shown in Figure 4.2. With increasing polymer concentration, an increase
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Figure 4.2: Spinning solution viscosity of various PSu concentration dissolved in
DMAc and DMF. The error bars indicate the standard deviation of

three measurements.

in viscosity is observed for both solvent systems. PSu/DMAc solutions viscosities were

found to be higher than for PSu/DMF solutions. This suggests that in DMF solutions

the polymer chains are more open and solvated than in DMAc solutions. Once opened

and solvated, polymer chains are able to move more freely in solution, resulting in a
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reduced viscosity. Findings from the literature suggesting that DMAc forms a stronger

solvent for PSu than DMF contradict this observation [190].

After preliminary experiments assessing the spinnability of different PSu concentrations

(20 - 26% (w/v)) dissolved in DMAc and DMF via syringe and Nanospider technology

(spike electrode), it was found that PSu solutions with 20 and 22% (w/v) dissolved in

DMAc or DMF could be successfully spun. No needle blockages during syringe elec-

trospinning or rapid solidification preventing free surface electrospinning was observed.

No free surface electrospinning could be achieved for DMF solutions in which the PSu

concentration exceeded 22% (w/v) PSu. Therefore, 20 and 22% (w/v) PSu were chosen

as concentrations for a detailed comparison of the solvents. Although the chosen con-

centrations could be successfully spun using both techniques, the processability of DMF

dissolved solutions via Nanospider technology was found to be lower when compared

with DMAc solutions. Rapid solidification of DMF spinning solutions on the electrode

could be observed. This appeared to prevent smooth fibre formation, which may be

attributed to two factors. First, the volatility of the solvent system (DMF has a lower

boiling point than DMAc). Second, the exposure of the entire spinning solution to air

rather than being contained within a syringe during processing.

Figure 4.3 shows representative fibre morphologies obtained for spinning PSu using the

two different solvent systems and spinning technologies. None of the chosen conditions

led to bead-free fibres. Predominantly round bead shapes were observed in all samples.

No immediate effect of the solvent choice on bead formation or shape was detected. The

resulting mean fibre diameters are graphically depicted in Figure 4.4. Irrespective of

the solvent, webs spun using the Nanospider technology exhibited larger fibre diameters

than webs spun via the syringe technology. This has been previously observed within the

literature [319]. The larger diameters may be related to an increase in the viscosity of

the polymer solution during free surface spinning. As the polymer solution’s free surface

is exposed to air, partial solvent evaporation may occur resulting in higher viscosities

and therefore higher opposing forces to fibre elongation. Increasing the polymer con-

centration tended to produce larger fibre diameters, yet no immediate effect of solvent

selection on fibre diameter could be noted. Based on the obtained results, DMAc was

identified as the more suitable solvent for future experiments due to its better perfor-

mance in the Nanospider technology. All further experiments were therefore carried out

using DMAc as polymer solvent.
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(a) 22% (w/v) PSu/ DMAc - syringe (b) 22% (w/v) PSu/ DMF - syringe

(c) 22% (w/v) PSu/ DMAc - Nanospider (d) 22% (w/v) PSu/ DMF - Nanospider

Figure 4.3: SEM micrographs of observed fibre morphologies for different solvents
and spinning technologies collected on aluminium foil (syringe (15 kV,
12 cm, 0.5 mL/h, environmental conditions: temp.: 27.5◦C, r.H.: 22%)
and Nanospider (spike electrode, 50 kV, 13 cm, 150 µL, environmental

conditions: temp.: 25.5◦C, r.H.: 52.7%)) at 5,000x magnification.
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Figure 4.4: Mean fibre diameters for different PSu solution concentrations dissolved
in 100% DMAc and 100% DMF using syringe and Nanospider

technology.
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4.3.2 Polymer and polymer additive concentration

Polymer and additive concentration were found to influence fibre formation, morphol-

ogy, and fibre diameter. The spinnability and resulting fibre morphology of different PSu

concentrations was assessed by using the spike electrode of the Nanospider technology.

Using this technique allowed the rapid identification of a suitable polymer concentration

for fibre formation. Figure 4.5 shows SEM micrographs of the resulting fibre morpholo-

gies from different polymer concentrations.

(a) 18% (w/v) PSu (b) 20% (w/v) PSu (c) 22% (w/v) PSu

(d) 24% (w/v) PSu (e) 26% (w/v) PSu (f) 28% (w/v) PSu

Figure 4.5: SEM micrographs of electrospun PSu webs dissolved in 100% DMAc
spun via the Nanospider technology at different polymer concentrations

collected on aluminium foil (spike electrode, 30 kV, 13 cm, 150 µL,
environmental conditions: temp.: 24.6◦C, r.H.: 64.8%) at 1,000 x

magnification.

As the polymer concentration increased, fibres are formed and fibre defects became

less prevalent, but simultaneously fibre diameters increased; an effect widely reported

within the literature (see section 2.3.2.1). A concentration of 18% (w/v) PSu appears

to be necessary to achieve onset of fibre formation, i.e. to ensure sufficient amounts

of polymer chains present that can be aligned and entangled to allow fibre formation.

PSu concentrations ranging between 22 and 26% (w/v) could be processed into fibres

exhibiting reduced amounts of beads. These polymer concentrations were therefore

selected for further experiments. Polymer concentrations exceeding 26% (w/v) showed
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reduced processability as polymer solutions were highly viscous and solidified quickly,

which lead to a reduced fibre formation and a reduction in fibre deposition (see for

example Figure 4.5(f)).

The addition of PEG to 22, 24, and 26% (w/v) PSu spinning solutions impacted on

solution viscosity and spinnability. An increase in solution viscosity was expected as

the percentage of PEG added to the spinning solution was raised due to the fact that

PEG acts as weak non-solvent for PSu [76, 311]. However, no obvious trend of the effect

of PEG could be identified and measurements are characterised by a high standard

error (see Figure 4.6), although all samples were measured in a conditioned state. The
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Figure 4.6: Spinning solution viscosity of PSu/DMAc containing 0, 2, 4, and 6%
(v/v) PEG. The error bars indicate the standard deviation of three

measurements.

spinnability of the solutions decreased as the PEG content increased, as solutions were

found to be less stable and susceptible to rapid precipitation. This observation confirms

findings from the literature in the area of phase inversion membranes, which report a

decrease in the thermodynamic stability of PSu polymer solutions as a result of the

addition of PEG [311, 320]. As PEG acts as a non-solvent, the amount of solvent

available for dissolving PSu is reduced. It has been reported that this effect intensifies

as the molecular weight of PEG increases [320], therefore only PEG 300 was evaluated

in the present study. No experiments were conducted using PEG with lower molecular

weights. This is due to the fact that a decrease in molecular weight is associated with

an increased mobility of the PEG molecules [76]. Small mobile PEG molecules are more
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likely to migrate or leach out of the fibre, which is is not suitable for blood filtration

applications.

Increasing the PSu concentration resulted in an increase in fibre diameter, whereas the

addition of PEG to 22, 24, and 26% (w/v) PSu showed no significant impact on fibre

diameter (see Figure 4.7). Although the addition of PEG appeared not to impact on fibre

0 2 4 6
0.0

0.2

0.4

0.6

0.8

1.0

fib
re

di
am

et
er

 [μ
m

]

PEG concentration [% (v/v)] 

22% (w/v) PSu
24% (w/v) PSu
26% (w/v) PSu

Figure 4.7: Mean fibre diameters of webs spun from 22, 24, and 26% (w/v) PSu
containing 0, 2, 4, and 6% (v/v) PEG (wire electrode, 50 kV, 8 rpm, 13

cm, aluminium foil collector). The error bars indicate the standard
deviation.

diameter, a change in fibre morphology, namely reduced bead formation, was observed

as the PEG content in the spinning solution increased. Figure 4.8 exemplifies the change

in morphology observed for samples spun with the wire electrode. This can be attributed

to the fact that PEG has been found to increase the conductivity of spinning solutions

[75]. The increased conductivity enables a higher net charge on the fibre surface, which

can reduce bead formation (see section 2.3.2.1). As the fibre diameter did not decreases

noticeably, it was assumed that the increased viscosity acts as an opposing force.
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(a) 26% (w/v) PSu - 0% (v/v) PEG (b) 26% (w/v) PSu - 2% (v/v) PEG

(c) 26% (w/v) PSu - 4% (v/v) PEG (d) 26% (w/v) PSu - 6% (v/v) PEG

Figure 4.8: SEM micrographs of webs spun from 26% (w/v) PSu containing 0, 2, 4,
and 6% (v/v) PEG (wire electrode, 50 kV, 8 rpm, 13 cm, aluminium foil

collector, environmental conditions: temp.: 22.5◦C, r.H.: 46.3%) at
1,000x and 2000x magnification.

4.3.3 Electrospinning technique

In order to evaluate the influence of the applied electrospinning technique on fibre mor-

phologies and processability of the different spinning solutions, PSu solutions of 24%

(w/v) PSu containing 0 - 6% (v/v) PEG dissolved in DMAc were evaluated. The con-

centration of 24% PSu was chosen as previous experiments (section 4.3.1 and 4.3.2)

showed that this concentration is processable via both spinning techniques. No previous

work could be identified within the literature, which analyses the processing of PSu via

the two different spinning techniques explored herein.

Spinning PSu containing various amounts of PEG as an additive via different electro-

spinning techniques was found to impact on fibre morphology and fibre diameter (see

Figure 4.9 and 4.10 respectively). The smallest fibre diameters (0.2 - 0.45 µm) were

achieved using the syringe technology, whereas the Nanospider technology (spike or wire

electrode) resulted in larger diameters (0.3 - 1 µm) irrespective of the type of electrode
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used. This observation was previously made in section 4.3.1. Webs spun using the sy-

ringe technology showed a narrower fibre diameter distribution, indicated by the smaller

error, compared to Nanospider technology.

(a) syringe - 0% (v/v) PEG (b) spike - 0% (v/v) PEG (c) wire - 0% (v/v) PEG

(d) syringe - 6% (v/v) PEG (e) spike - 6% (v/v) PEG (f) wire - 6% (v/v) PEG

Figure 4.9: SEM micrographs of webs spun of 24% (w/v) PSu via syringe (15 kV,
0.5 mL/h, 12 cm, environmental conditions: temp.: 23.9◦C, r.H.:

45.8%) and Nanospider technology (spike electrode, 50 kV, 13 cm,
environmental conditions: temp.: 18◦C, r.H.: 60.9%) containing 0 and

6% (v/v) PEG collected on aluminium foil at 1,000x magnification.

These observations could be explained by two different phenomena. Firstly, the elec-

trical field intensity in needle and free surface electrospinning differs [321]. In needle

electrospinning, the electric field is focused at the needle tip whereas in free surface

electrospinning it varies depending on the type of electrode used (roller, wire, or spike).

In case of the wire electrode, the electrical field is distributed along the length of the

wires on the electrode [134]. It could be hypothesised that due to the concentration

of the electrical field at the needle tip, higher forces are exerted onto the Taylor cone

and therefore thinner fibres can be produced than in free surface electrospinning. This

might also explain why fibres spun using the syringe technique were homogeneous along

their length, when visually assessed via SEM micrographs, but diameters of fibres spun

via Nanospider technology varied in diameter along their length. A detailed analysis of

the electrical field strength would be needed to confirm this hypothesis. In contrast to

this observation are findings within the literature, in which smaller diameters have been



Chapter 4. Electrospinning of Polysulphone 110

Syringe (15 kV) Spike (30 kV) Wire (50 kV)
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

fib
re

di
am

et
er

 [μ
m

]

spinning technology

0% (v/v) PEG
2% (v/v) PEG
4% (v/v) PEG
6% (v/v) PEG

Figure 4.10: Mean fibre diameters of webs spun with 24% PSu using syringe and
Nanospider technology and 0, 2, 4, and 6% (v/v) PEG. The error bars

indicate the standard deviation.

reported in free surface electrospinning than in needle electrospinning due to the higher

applied voltages [134].

Secondly, the difference in mean fibre diameter and distribution might be attributed to

the different rates of solvent evaporation in the two technologies. The syringe technique

contains the spinning solution in a closed container, preventing solvent loss prior to

emergence of the polymer jet from the needle tip. Therefore, viscosity of the spinning

solution does not increase substantially and smaller fibre diameters are achieved. The

solution containment ensures a consistency of spinning solution properties over time, and

therefore webs with narrower fibre diameter distributions can be spun. In the Nanospider

technology the spinning solution is exposed to air, allowing solvent evaporation over time,

which could lead to a higher viscosity solution and coarser fibres, leading to a wider fibre

diameter distribution as the spinning solution properties change over time. Irrespective

of which technique was employed, the addition of PEG to the spinning solution reduced

bead formation, which could be attributed to the increased conductivity of the spinning

solutions.

Besides impacting on fibre morphology, the obtained results indicate that the applied

electrospinning techniques influenced the processability of the spinning solutions. All

prepared PSu solutions (24 % (w/v) PSu with 0 - 6 % (v/v) PEG dissolved in DMAc)
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could be electrospun using the Nanospider technology, i.e. for all solutions, jets emerg-

ing from the polymer surface could be observed. By contrast, electrospinning using the

syringe technique was initially achieved for all evaluated solutions, but it was not repro-

ducible as no jet formation could be initiated when the experiments were repeated in

different ambient conditions.

This is believed to be due to changes in temperature and humidity as these factors could

not be controlled [183, 184, 187]. The relative humidity, on days where no spinning with

the syringe technology could be achieved, was measured considerably higher (approx-

imately 65%) compared to days on which spinning was successfully carried out (r.H.

between 22% and 45%). It was therefore evident that the Nanospider technology offers

a more reliable and reproducible technique, as spinning could be achieved in all con-

ditions. It is an industrially scalable technique, whereas the syringe technique is most

commonly confined to laboratory scale production due to its process speed.

Subsequent experiments regarding the evaluation of processing parameters were there-

fore focused on the Nanospider technology, specifically using the four wire electrode as

it is the most industrially relevant technique. To ensure consistent results, all condi-

tions were carefully controlled as far as practicable using the available equipment and

resources. Variations for identical spinning solution compositions and electrospinning

conditions could not be entirely prevented, which is normal using such processes.

4.3.4 Electrospinning parameters

Varying electrode geometry (section 4.3.4.1), distance and speed (section 4.3.4.2), and

collector material (section 4.3.4.3) in the Nanospider technology impacted on fibre forma-

tion and processing performance. As the effect of the applied voltage on fibre diameters

in free surface electrospinning has been found to be negligible (see section 2.3.2.2), no

systematic evaluation of the effect of voltage was carried out. The voltage was held

constant where possible (usually 30-40 kV for the spike electrode and 50 kV for the

wire electrode), and was only adjusted if jet formation could not be initiated with the

originally established critical voltage.



Chapter 4. Electrospinning of Polysulphone 112

4.3.4.1 Electrode geometry

The choice of electrode was found to influence the critical voltage required for spinning

as well as fibre morphology and diameter. To achieve fibre formation, a higher critical

voltage was needed with the wire electrode (ca. 50 kV) compared to the spike electrode

(ca. 30 kV). The exact required voltage varied depending on temperature, humidity,

and solution viscosity. For both electrodes, a detachment of the fibres from the collector

during spinning could be observed, if the applied voltages were set too high (approxi-

mately > 65 kV). The high voltage may have caused excessive accumulation of residual

charges within the fibres. As electrospun fibres are usually composed of non-conductive

polymers, residual charges can build up in the fibre resulting in fibre repulsion and

insufficient fibre deposition [322].

Fibre diameters were found to be larger (0.37 - 0.46 µm) for webs spun using the spike

electrode than for webs spun with the four wire electrode (0.16 - 0.20 µm) (see Figure

4.11).
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Figure 4.11: Fibre distributions for 22% (w/v) PSu + 0, 2, 4, 6% (v/v) PEG spun
with spike (30 kV) and four wire electrode (50 kV) onto aluminium foil
(spinning distance 13 cm, environmental conditions: 23◦C, 29.1% r.H.).
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This could be attributed to different electrical field strengths. A detailed analysis of the

electrical fields caused by a spike and wire electrode is needed in order to confirm this

assumption, which is beyond the scope of the present research. Figure 4.11 presents the

fibre diameter distribution for 22% (w/v) PSu and 0, 2, 4, and 6% (v/v) PEG spun using

the spike and wire electrode. This observation might be explained by two different facts.

Firstly, the different rate of solvent evaporation, which occurs using the two electrodes.

For the spike electrode, fresh spinning solution is added in a discontinuous process.

Thus, solvent evaporation is reduced to a minimum. In contrast, spinning with the

wire electrode forms a continuous process in which the open polymer reservoir facilities

continuous solvent evaporation by exposing a free surface to the surrounding air.

Secondly, the observation can be explained by the effect of PEG on spinning solution

properties. PEG enhances the conductivity of spinning solutions [75], but also acts

as non-solvent for PSu [76]. For lower amounts of PEG present, the impact of its

non-solvent properties might be less dominant. Similar fibre diameter distributions

are achieved for both electrodes as solvent evaporation and phase separation are not

increased through the presence of low proportions of PEG. For higher proportions of

PEG, the non-solvent effect may dominate for the wire electrode and solvent evaporation

over time leads to wider fibre diameter distributions. For the spike electrode the effect of

increased conductivity appears to dominate possibly due to the discontinuous character

of the process, resulting in a narrower fibre diameter distribution.

Although the wire electrode forms the most industrially scalable technique used within

this study, some drawbacks in the continuous manufacturing of webs were identified. The

open polymer reservoir and the ventilation within the Nanospider equipment facilitate

the rapid evaporation of volatile solvents, a fact also mentioned in the literature [126,

134]. The solvent evaporation potentially changes the spinning solution properties over

time, eventually causing the spinning process to cease. To quantify the magnitude of this

change, the spinning solution viscosity was measured before and after a fixed period of

spinning. However, after the spinning process, the viscosity could not be measured with

the same viscometer settings, indicating that the viscosity had increased substantially

exceeding the measurable range. Visually, a white precipitate in the spinning solution

could also be observed.

The change in solution properties as a function of time also led to changes in fibre
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morphology. Figure 4.12 shows the alteration in fibre morphology for 26% (w/v) PSu

samples spun over a time period of approximately 16 min. A concentration of 26% (w/v)

PSu was used as it was assumed that any changes in solution properties will be more

pronounced at higher polymer contents. Samples spun for 4 and 10 min did not show

noticeable differences in fibre or bead shape, but samples spun for 16 min showed large

defects, inhomogeneous fibre diameters, and rough fibre surfaces. The spinning time

for samples manufactured using the wire electrode was therefore limited to 10 min in

accordance with results previously reported in the literature [126].

(a) 4 min sample (500x) (b) 10 min sample (500x) (c) 16 min sample (500x)

(d) 4 min sample (5,000x) (e) 10 min sample (5,000x) (f) 16 min sample (5,000x)

Figure 4.12: SEM micrographs showing the change of fibre morphology resulting
from spinning 26% (w/v) PSu with the four wire electrode (50 kV, 8

rpm, 13 cm, aluminium foil collector, environmental conditions:
22.3◦C, 43.1% r.H.) over a time period of 16 min at 500x and 5,000x

magnification.

4.3.4.2 Electrode distance and speed

Electrode distance and speed were found to influence the processability of spinning

solutions and resulting fibre morphology for both plain 26% (w/v) PSu spinning solutions

and for solutions containing 6% (v/v) PEG. For all spinning solutions, the optimum

spinning distance was found to be 13 cm. Plain PSu solutions were more susceptible to

changes in electrode distance. For example, for plain PSu spun with 8 rpm electrode
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speed, a 10 cm spinning distance resulted in insufficient fibre formation as fibres merged

into a film-like structure rather than forming separate fibres (see Figure 4.13(a)).

(a) electrode distance - 10 cm (b) electrode distance - 13 cm (c) electrode distance - 18 cm

Figure 4.13: SEM micrographs of webs spun from 26% (w/v) PSu using Nanospider
technology (four wire electrode) with varying electrode distances (50

kV, 8 rpm, aluminium foil collector, environmental conditions: 20.1◦C,
45.3% r.H.).

It is likely that due to the short spinning distance, fibres are deposited in a wet state as

the set distance was too short to allow sufficient solvent evaporation. For an increased

spinning distance of 18 cm, smooth fibres could be collected for some electrode speeds

(see Figure 4.13(c)). However, fibre formation was significantly reduced or, depending

on the electrode speed applied, prevented. For example, for a speed of 6 rpm no fibre jet

formation could be initiated. Increasing the spinning distance reduces the strength of

the electrical field, which can be expected to result in the prevention of fibre formation.

Solutions containing 6% (v/v) PEG were less susceptible to changes in the spinning

distance and smooth, predominantly bead-free fibres could be achieved for all evaluated

distances (10, 13, and 18 cm) (see Figure 4.14 for examples). As PEG acts as a non-

(a) electrode distance - 10 cm (b) electrode distance - 13 cm (c) electrode distance - 18 cm

Figure 4.14: SEM micrographs of webs spun from 26% (w/v) PSu containing 6%
(v/v) PEG using Nanospider technology (four wire electrode) with

varying electrode distances collected on aluminium foil (50 kV, 8 rpm,
environmental conditions: 20.1◦C, 45.3% r.H.).

solvent for PSu and enhances de-mixing of the polymer solution, solvent evaporation is
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likely to occur more rapidly than for plain PSu solutions. Therefore, shorter spinning

distances can be achieved. Simultaneously, PEG acts as conductivity enhancer, which

might explain the tolerance of longer spinning distances. But, a reduced fibre deposition

was also observed for 18 cm spinning distance (see Figure 4.14(c)), which suggests that

the applied electrical field is too weak to ensure sufficient fibre formation and deposition.

For all samples average fibre diameters below 1 µm were observed; for fibres containing

PEG, slightly smaller average diameters were observed than for plain PSu (see Figure

4.15). This could also be attributed to the enhanced conductivity. Net charges on the
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Figure 4.15: Mean fibre diameters of webs spun with 26% (w/v) PSu and 26%
(w/v) PSu + 6% (v/v) PEG using different electrode speeds and

distances for the Nanospider technology (n=50).

polymer surface subject the fibre to higher forces within the electrical field, leading to

thinner fibres. Yet, a significance study will be necessary to confirm this effect. For webs

containing PEG, neither the spinning distance nor electrode speed appeared to influence

the average fibre diameter. For webs spun from plain PSu, the spinning distance mainly

influenced whether or not spinning was achieved. Additionally, a reduction in fibre

diameter was observed as the electrode speed increased (see Figure 4.15). A previous

study on the effect of electrode speed on fibre morphology did not report a significant

influence of electrode speed on fibre morphology [126]. The effect of electrode speed on

the productivity rate, i.e. the amount of fibre deposited in a specific time has not been

evaluated within this study. Within the literature, it has been reported that in case of
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a wire electrode an increased electrode speed results in a higher liquid entrainment on

the wire and therefore in higher productivity [126].

4.3.4.3 Collector substrate

The mechanisms by which the collector substrate influences fibre deposition and mor-

phology have so far not been subject to extensive research and only several studies could

be identified [173–175] (also see section 2.3.2.2). The present study showed that the type

of collector material used had an impact on the collection of homogeneous nanofibrous

webs and the amount of fibres deposited. All samples were spun using the four wire

electrode (Nanospider technology) and the processability of 24% (w/v) PSu solutions

dissolved in DMAc containing 0 and 4% (v/v) PEG 300 were analysed.

Whereas homogeneous continuous webs could be collected using substrates 1 and 2 (for

substrate codes see Table 4.1 section 4.2.4), no uniform webs could be collected using

substrates 3 - 5. For substrates 3 and 4 (polypropylene spunbond nonwoven with a

hydrophilic and hydrophobic finish respectively), the fibres detached from the collector

during the spinning process, which prevented the collection of a continuous web. An

example of web detachment is shown in Figure 4.16(a). For substrate 5 (cellulosic wet-

laid nonwoven), no fibre detachment was observed, but fibre deposition only occurred

in a small area and no widespread coverage of the collector material could be achieved.

An example is given in Figure 4.16(b).

(a) Electrospun PSu web
collected on substrate 3

(b) Electrospun PSu web
collected on substrate 5

Figure 4.16: Electrospun PSu webs collected on different substrates.

The influence of the collector material on fibre collection is also reflected by the amount

of fibres deposited after a spinning period of 3 min. Figure 4.17 shows the amount of

fibres deposited in grams, depending on the spinning solution and collector material used.
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Spinning plain PSu resulted in higher fibre deposition than spinning PSu containing PEG

irrespective of the collector material used. This might be explained by the difference

in thermodynamic stability of the spinning solutions. Solutions containing PEG are

likely to be less thermodynamically stable compared to plain PSu spinning solutions

[76]. Additionally, the processability of the solutions is reduced as has been previously

discussed (see section 4.3.2). When spinning PSu containing 4% (v/v) PEG, the amount

of fibre deposited reduced by two thirds when collected on substrates 3, 4, and 5. For

plain PSu webs this dependence could not be observed.

24% (w/v) PSu 24% (w/v) PSu + 4% (v/v) PEG
0.00

0.02

0.04

0.06

0.08

0.10

am
ou

nt
of

fib
re

de
po

si
te

d/
3

m
in

ut
es

[g
]

polymer solution

substrate 1
substrate 2
substrate 3
substrate 4
substrate 5

Figure 4.17: Amount of fibre deposited [g] after 3 min of spinning (four wire
electrode, 50 kV, 8 rpm, 13 cm, environmental conditions: 19.7◦C,

56.4% r.H.) depending on the collector material and spinning solution
used.

The different effects of the collector substrates might be explained by their difference

in electrical resistivity and charges present on the surface. Substrate 1 (aluminium foil)

and 2 (antistatic finish) were able to dissipate residual electrical charge in the fibres

due to their low resistivity. Therefore, a homogeneous collection of a large amount of

fibres is possible. Substrate 3 and 4 are polymeric materials which have an inherently

higher resistance to electrical flow. Charge dissipation might not be readily facilitated,

resulting in fibre repulsion during the spinning process and insufficient collection of

spun fibres. The fact that both surfaces cause fibre repulsion suggests that surface

wettability does not form a critical factor in the dissipation of residual charges. This

has been previously observed in the literature [174]. Substrate 5 did not show fibre

repulsion, which could be attributed to its hygroscopic cellulosic character. Cellulosic

material has an inherently high moisture absorption and the presence of water can be
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expected to increase electrical conductivity allowing improved charge dissipation. Yet,

the substrate might have interfered with the formation of the electrical field as the

deposited fibre amount and area coverage were insufficient. The paper-like character

of the substrate, i.e. the high fabric density, is likely to act as an insulator preventing

adequate conduction. By comparison, the spunbond fabrics are characterised through a

higher fabric porosity and do therefore not create an insulating effect.

The different behaviour of the two spinning solutions on the various substrates might

also be explained by their different levels of conductivity. Previous results suggest that

spinning solutions containing PEG show a higher conductivity, which allows a higher ac-

cumulation of charges on the fibre surface or within the bulk of the fibre. The increased

charge would explain the increased fibre repulsion on substrates 3 and 4. Further in-

vestigations would be necessary to fully explain why fibre deposition was reduced on

substrate 5.

Fibre morphology was not influenced by the collector material used. For all samples

spun, fibres with some bead formation were observed (examples are shown in Figure

4.18 for 24% (w/v) PSu). Depending on the solution spun, average fibre diameters

(a) substrate 1 (b) substrate 2 (c) substrate 3

(d) substrate 4 (e) substrate 5

Figure 4.18: SEM micrographs of 24% (w/v) PSu electrospun webs (four wire
electrode, 50 kV, 8 rpm, 13 cm, environmental conditions: 19.7◦C,

56.4% r.H.) collected on different substrates.

ranging between 0.4 - 0.6 µm for 24% (w/v) PSu and 0.16 - 0.4 µm for 24% (w/v) PSu
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+ 6% (v/v) PEG were achieved. Figure 4.19 shows the fibre diameter distribution of

webs spun onto different substrates. For webs spun from 24% (w/v) PSu, no relationship

was found between fibre diameter distribution and the substrate used. For webs spun

from 24% (w/v) PSu + 4% (v/v) PEG, using substrates 1 and 2 narrower fibre diameter

distributions were obtained than when using substrates 3 - 5.
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Figure 4.19: Fibre diameter distributions for webs spun from 24% (w/v) PSu and
24% PSu (w/v) + 4% PEG (v/v) (four wire electrode, 50 kV, 8 rpm,

13 cm, environmental conditions: 19.7◦C, 56.4% r.H.) collected on
different materials.

Substrate 1 (aluminium foil) and 2 (spunbond fabric) provided good collector materials

in terms of homogeneous web collection and sufficient fibre deposition. However, sam-

ples spun onto aluminium foil were in some cases difficult to detach from the foil for

further characterisation and processing. Practically, adherence to a (fabric) substrate

is advantageous to facilitate reinforcement of the nanofibre layer, but the presence of

aluminium is undesirable for further characterisation. Samples spun onto substrate 2

were easily detached from the matrix and showed low adherence between collector sub-

strate and nanofibre web. Handling of all electrospun webs was difficult due to residual

charges in the web. Excessive residual charge in the final structure is undesirable as

this could lead to unspecific adsorption of blood components. Although for the purpose



Chapter 4. Electrospinning of Polysulphone 121

of the present study, polypropylene spunbond nonwovens could be adequately used as

collector material, further investigations would be valuable to identify optimal collector

substrates for electrospun PSu materials.

4.3.5 Surface chemistry

Figure 4.20 shows the contact angles obtained for PSu webs spun from 24 and 26% PSu

(w/v) containing various amounts of PEG. All samples exhibit a hydrophobic surface
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Figure 4.20: Contact angle of electrospun PSu webs (four wire electrode, 50 kV, 8
rpm, 13 cm) containing various degrees of PEG.

as indicated by contact angles varying between 115 and 140◦. A decrease of the contact

angle was expected as the amount of PEG increased. However, no effect of the addition of

2 - 6% (v/v) PEG to the spinning solution on web surface hydrophobicity/hydrophilicity

was observed. As the PEG is mixed into the spinning solution in a relative small

proportion, it is possible that it is concentrated within the core of the fibre and therefore

limited effects on the fibre surface are observed. Another factor to be considered is

that webs spun with and without PEG showed different fibre morphologies due to the

nature of the spinning process (see for example Figure 4.9). The different morphologies

cause different surface roughness and amounts of air trapped within the fabric. As

surface roughness of samples has a significant influence on the contact angle [323] no

distinction was possible between the effect of web composition and web morphology on

hydrophobicity. Thus, no conclusions could be drawn from contact angle measurements

regarding whether hydrophilicity can be improved by the incorporation of PEG in a

PSu spinning solution. Using more sensitive techniques such as X-ray photoelectron
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spectroscopy (XPS) would be necessary to obtain more detailed information about the

surface chemical composition of the electrospun webs. However, it was evident that the

addition of PEG at such low addition levels did not substantially alter hydrophobicity.

4.3.6 Unspecific protein adsorption

Quantitative assessment of unspecific protein adsorption under static conditions onto

the electrospun webs indicated that webs spun from different spinning solutions (with

and without PEG) adsorbed proteins unspecifically to different extents. Webs spun from

solutions containing PEG showed an increased unspecific protein adsorption compared

to webs spun from plain PSu (see Figure 4.21). Depending on the type of protein, web

samples containing 6% (v/v) PEG adsorbed two to three times more protein than plain

PSu webs. The highest unspecific adsorption was observed for the protein lysozyme.

BSA and donkey serum showed similar levels of unspecific adsorption.
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Figure 4.21: Amount of unspecific adsorption of BSA, lysozyme, and donkey serum
onto 24% PSu (w/v) webs and webs containing 6% (v/v) PEG (four

wire electrode, 50 kV, 8 rpm, 13 cm, fabric collector) after 1 h
incubation with 0.1 mg/mL protein solution and desorption of the

protein with 0.1% Tween20 solution.

The increased unspecific adsorption onto webs containing PEG can be attributed to

several factors. Firstly, electrostatic interaction between surfaces and proteins has been

shown to play an important role in unspecific protein adsorption [68, 311]. The presence

of PEG could influence the overall charge of the web and thereby influence protein

adsorption. Both lysozyme and BSA carry different net charges in PBS, the difference
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in adsorption could be attributed to the electrostatic interaction of the proteins with the

electrospun web. As lysozyme carries a net positive charge in PBS, it could be assumed

that the web carries predominantly negative charges, thus attracting positively charged

proteins. Further analysis of the electrospun web surface charge (e.g. measuring the

ζ-potential) will be necessary to confirm this hypothesis.

Secondly, the impact of web morphology has to be considered. As was shown previously

(see section 4.3.2), webs spun from different spinning solutions exhibit different fibre

morphologies after the spinning process. In order to truly assess the effect of web

composition, webs of identical structure and morphology have to be compared. But,

in practice this is not feasible due to the nature of the spinning process. Therefore,

differences in adsorption behaviour may result from different web morphologies. The

effect of PEG on web hydrophilicity could not be quantified for the same reason (see

section 4.3.5) and therefore no conclusions can be drawn at this point about whether

hydrophobic interactions influence protein adsorption.

The qualitative assessment of samples using FITC-labelled BSA was unsuccessful as

PSu autofluoresces in the same excitation wavelength as the FITC label. Due to the

observed autofluorescence, the FITC-labelled BSA could not be visualised. Therefore,

the qualitative assessment of protein adsorption was made by using rhodamine-labelled

BSA, which exhibits a different excitation and emission wavelength. Figure 4.22 shows

representative fluorescent and optical images obtained for electrospun webs incubated

with rhodamine-labelled BSA as well as the image of a negative control. BSA adsorbed

unspecifically onto both types of webs as it was fluorescently detected, whereas no signal

was detected on the negative control. A comparison of fluorescent and optical images

suggests that adsorption occurs to the outer fibre layer of the web.

Both web types differ in fibre morphology; beaded fibres for 24% (w/v) PSu, but pre-

dominantly smooth fibres for 24% PSu (w/v) + 6% (v/v) PEG samples (see Figure

4.9). Therefore, a comparison of the adsorption behaviour based on material composi-

tion could not be made. These results highlight the importance of fibre morphology for

blood filtration membranes. For smooth fibres, adsorption was mainly observed along

the fibre, whereas for beaded fibres, adsorption occurred predominantly on the beads.

This effect has been previously investigated and it was shown that the presence of beads

enhances protein adsorption [324]. Whereas this effect is desired in some applications
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(a) control (b) 24% (w/v) PSu (c) 24%(w/v) PSu/ 6% (v/v) PEG

(d) control (e) 24% (w/v) PSu (f) 24% (w/v) PSu/ 6% (v/v) PEG

Figure 4.22: Fluorescence and optical microscope images of 24% (w/v) PSu and
24% (w/v) PSu + 6% (v/v) PEG electrospun webs (four wire

electrode, 50 kV, 8 rpm, 13 cm, fabric collector) incubated for 20 min
with rhodamine-labelled BSA.

to enhance the adsorption and the growth of cells (e.g. in tissue engineering), it has to

be prevented in blood filtration as it can lead to filter clogging or blood clotting (see

section 2.1.3).

4.4 Summary and conclusion

Controlling electrospun structures for blood filtration membrane applications is crucial

to ensure consistent performance. Uncontrolled changes in fibre morphology (e.g. bead

formation) can cause unspecific protein adsorption leading to blood clotting and ad-

verse reactions in patients. In this part of the study it was shown that PSu could be

successfully electrospun into bead-free, submicron fibres for a potential application in

blood filtration. Nanospider technology was identified as a suitable spinning technique

achieving fibre diameters ranging between 0.3 and 1 µm. Although smaller fibre di-

ameters were achieved when webs were manufactured using the syringe technique, the
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Nanospider technology proved to be a more suitable process in terms of process stabil-

ity across changes in temperature and humidity. Moreover, in Nanospider technology

the considerably increased spinning speed minimises the residence time of any sensitive

solution additives compared to the syringe technology. This is particularly important

for further experiments evaluating the incorporation of sensitive biological components

into the spinning solution. It is an industrial scalable electrospinning process, which is

not limited to laboratory scale. It was therefore used for further experiments within this

study.

In order to consistently produce bead-free webs, a first understanding about the influ-

ence of electrospinning process on fibre morphology was obtained. Fibre geometries were

found to be influenced mainly by the type of spinning electrode. The results obtained

suggest that the electrode geometry influences the rate of solvent evaporation and po-

tentially the electrical field strength, which in turn influence fibre diameter distribution

and mean fibre diameter respectively. The type of collector substrate used had an effect

on the efficiency of fibre formation and substrate collection. Conventional aluminium

foil as well as a surface treated polypropylene spunbond fabric were successfully used to

collect fibres. Further work is necessary to identify support layers for electrospun web

structures particularly for blood filtration. The challenge will be to identify a material

which will provide mechanical strength for the nanofibre layer, ensure adhesion to the

spun fibres without the use of potentially toxic chemical treatments, and complement

the filtration properties of the electrospun layer.

DMAc was identified as a suitable solvent for PSu and it was shown that the addition

of PEG to the spinning solution could help fibre formation and improve fibre morphol-

ogy. The addition of PEG enhanced fibre formation by raising solution viscosity and

potentially enhancing the electrical properties of the spinning solution. Suitable PEG

proportions were identified to achieve bead-free fibres. It was observed that spinning

solutions containing PEG were less susceptible to spinning parameter changes, which

can be attributed to an enhanced conductivity of the spinning solution.

The positive effects of PEG on unspecific protein adsorption onto phase inversion mem-

branes [48, 67, 68] and electrospun fibres [69] previously described in the literature, could

not be confirmed for electrospun webs produced in this study. This might be explained

by several factors. Firstly, the manufacturing process and morphology of phase inversion
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membranes differs significantly from the one present in submicron fibres. Therefore, sur-

face phenomena and thus the adsorption behaviour might differ. Secondly, some studies

[68, 69] evaluated the effect of grafting the PEG onto the surface or using copolymers,

rather than blending it into the solution. By blending the polymer it might be confined

within the fibre rather than readily accessible on the surface. Thirdly, the conditions

of the present study did not allow for a distinction between the influence of surface

composition and the influence of fibre morphology. This is caused by the fact that an

alteration of the spinning solution composition through the addition of PEG changed

the fibre morphology.

Nevertheless, some information about the adsorption onto different fibre morphologies

was obtained using labelled protein. The results suggested that in the presence of beads,

proteins will preferentially adsorb onto the beaded part of the fibre. Further work is

necessary, to conduct a detailed analysis of the effects of PEG in submicron fibres and

of their interaction with whole blood/blood serum. This particularly applies for an

evaluation under dynamic conditions, to determine the influence of shear forces and to

evaluate whether filtration across the membrane or along the surface will be conducted.

One disadvantage of the incorporation of PEG into the spinning solution is the possibility

of leaching of the low molecular mass PEG out of the fibre as no covalent anchoring

is established within the fibre. One possibility to overcome this could be using higher

molecular weight PEG, which is less likely to migrate. But, difficulties might arise during

spinning due to reduced solubility. An alternative approach, already pursued within

the literature, could be the design of copolymers, to create hydrophilic, hydrophobic

microstructures on the fibre surface [47, 69]. Research systematically comparing different

approaches will provide valuable information for future developments.



Chapter 5

Incorporation of Adhiron Binders

in Electrospun PSu Fibres

5.1 Introduction

Previously, it has been demonstrated that direct incorporation of biomolecules into elec-

trospun polymers can lead to functionalised fibre surfaces which enable binding of tar-

geted compounds (see for example [251, 259, 325]). The ability to incorporate proteins

such as Adhiron binders within PSu fibres provides the opportunity to modify bulk fibre

properties and to develop the basis for Adhiron binder delivery vehicles applicable in

physiological conditions. At present, no robust methodology has been reported to allow

environmentally sensitive proteins such as an Adhiron binder and PSu to be combined

via electrospinning in a single manufacturing step. This is due to the inherent challenge

formed by the chemical stability of PSu and the need to prevent denaturation of the

Adhiron binder during fibre production. This chapter describes the methods explored

to address this challenge.

Three different approaches for Adhiron binder incorporation were evaluated, which are

outlined in Figure 5.1. Each approach is associated with several challenges. To incor-

porate Adhiron binders as organic solution, the binders have to be soluble and stable

within the organic solvent. However, the majority of proteins are typically insoluble

in organic solvents and likely to unfold, denature, and loose functionality (see section

2.4.1). Therefore, the stability and solubility of Adhiron binders in organic solvents

127
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was considered a prerequisite for the realisation of this approach. The second approach

consists of incorporation via solid dispersion. In order to successfully incorporate Ad-

hiron binders via solid dispersion, lyophilisation without a loss in activity is necessary.

Additionally, the lyophilised proteins have to homogeneously disperse within the spin-

ning solution. It was therefore important to determine the stability of Adhiron binders

during the lyophilisation process and their dispersibility in a viscous spinning solution.

PSu Spinning 
Solution

Mixing

organic 
solution

lyophilised 
Adhiron binder

aqueous Adhiron 
binder solution

Homogenous spinning 
solution by vortexing

Homogenous spinning 
solution by vortexing

Adhiron 
binder

EmulsificationSolid DispersionSolution

Adhiron binder 
dissolved in 

organic solvents

Figure 5.1: Pathways of incorporating Adhiron binders into a PSu spinning solution
(Figure modified and adopted from [326]).

The third approach, incorporation via emulsification of an aqueous protein solution,

reduces stress factors for the protein binders as they are kept in buffer systems favouring

stability. However, aqueous components that are introduced in the spinning solution can

interfere with fibre formation during electrospinning. This is due to the fact that PSu is

only soluble in organic solvents and water forms a strong non-solvent for PSu [327]. The

presence of the water could therefore inhibit fibre formation or affect fibre morphology.

Thus, there was a need to identify a suitable aqueous spinning solution additive which

could act as a transport and potentially as a protective medium for the Adhiron binder,

and simultaneously allowed fibre formation. Processability via electrospinning (i.e. the
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formation of bead-free fibres) as well as the presence of the Adhiron binder and its

functionality were assessed.

5.2 Materials and methods

A model Adhiron binder was chosen (section 5.2.1) that could be fluorescently labelled to

aid visualisation during subsequent evaluation (section 5.2.1.1) and lyophilised (section

5.2.1.2) to allow incorporation without aqueous components present. Electrospinning

conditions, specifically nature and concentration of spinning solution additives, were

varied to allow Adhiron binder incorporation (section 5.2.2). Adhiron binder modifi-

cation, electrospun webs, and Adhiron binder presence and functionality were assessed

using various techniques. These included stability assays, morphological characterisa-

tions, fluorescent microscopy, and binding assays (section 5.2.3 to 5.2.5).

5.2.1 Incorporated protein molecules

To analyse the described methods of incorporation, mGFP Adhiron binder 18 as pro-

duced in Chapter 3 was selected as the main model protein binder (see Chapter 3). Pro-

tein modifications such as labelling and lyophilisation were also conducted for Adhiron

binder 21 to evaluate the behaviour of different Adhiron binders. Initially, experiments

were also conducted using mGFP to be able to visually trace the protein within the

fibre without the need for additional labelling steps. Due to the autofluorescence of PSu

in the same wavelength of mGFP (see section 4.3.6), mGFP was only used as target

protein for the evaluation of the binding ability of incorporated mGFP Adhiron binders,

but it was not incorporated itself within the fibre.

5.2.1.1 Fluorescent labelling of Adhiron binders

In order to be able to trace the Adhiron binders within the fibre, they were fluorescently

labelled using NHS-Rhodamine (Sigma Aldrich, Cat. No. 46406). NHS-Rhodamine is

a dye molecule (Mw = 572.52) which can be reacted (unspecifically) to primary amine

groups in a protein. It absorbs green light (552 nm) and emits a red colour. Its chemical

structure is shown in Figure 5.2.
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Figure 5.2: Chemical structure of NHS-Rhodamine (MW 572.52).

In a first experiment, both Adhiron binders, 18 and 21, were labelled at two different

concentrations (1 mg/mL and 7.5 mg/mL) to identify a suitable labelling concentration.

Binder 21 was included as reference sample and to obtain more information about the

labelling behaviour of Adhiron binders. The labelling procedure was carried out follow-

ing the protocol provided by the dye manufacturer. Unbound dye present in the reaction

mixture was removed using ZebaTM Spin Desalting Columns (7K MWCO) (Thermo Sci-

entific, Cat. No. 89882). Additionally, several other dye removal techniques were anal-

ysed regarding their efficiency in unbound dye removal. Table 5.1 provides an overview

of the dye removal techniques used and the samples analysed. The presence of unbound

dye after dye removal was assessed using molecular size exclusion chromatography (see

section 5.2.3.1). To analyse whether the fluorescent label was covalently attached to

the Adhiron binder molecule, SDS PAGE of labelled and unlabelled Adhiron binder was

performed and imaged before and after staining.

Table 5.1: Samples prepared to analyse efficiency of various dye removal techniques

Sample purification technique settings

1 desalting Zeba Spin Desalting Columns

2 dialysis Two step dialysis into 1x PBS at 4◦C

3 desalting +
ultracentrifugation

Zeba Spin Desalting Columns +
subsequent ultracentrifugation for 30 min

at 52,000 rpm

4 dialysis +
ultracentrifugation

Two step dialysis into 1x PBS at 4◦C +
subsequent ultracentrifugation for 30 min

at 52,000 rpm
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5.2.1.2 Lyophilisation of Adhiron binders

Adhiron binders used in this study are primarily kept in aqueous PBS buffer (pH 7.4),

which potentially interferes with the spinning process of PSu. The Adhiron binders

were therefore lyophilised using a freeze-dryer to reduce the amount of water introduced

into the spinning solution. Lyophilisation was tested for both Adhiron binders (18 and

21). Several protectants were identified from the literature (see section 2.4.1.4) and

assessed regarding their ability to stabilise Adhiron binders against stresses induced by

lyophilisation. The protectants and concentrations used in this study can be found in

Table 5.2. One sample containing only PBS and no protectants was prepared as control.

Solutions containing the additives were prepared as a 2x stock solution in PBS and 100

µL were added to 100 µL Adhiron binder solution resulting in 1:2 dilution of the Adhiron

binder solution. Thus, the final concentration for samples containing Adhiron binder

21 was 3.75 mg/mL and 4.4 mg/mL for Adhiron binder 18 respectively. All samples

were prepared in duplicate and flash frozen on dry ice. One set of samples was stored

at -80◦C until further use, the other sample set was lyophilised. Lyophilisation was

carried out for approximately 17 h using a Thermo SavantTM SpeedvacTM concentrator

(ThermoScientific). The drying temperature was set to low (ambient temperature).

Table 5.2: Samples prepared for lyophilisation containing different protectants

Sample additives* reference

mannitol
[% (w/v)]

trehalose
[% (w/v)]

sucrose
[%(w/v)]

1 8 - - [238]

2 - 8 - [211, 232]

3 - - 10 [328]

4 8 8 - [329]

5 8 - 10 [237]

* % in accordance with industry standards

To assess the effect of lyophilisation, the lyophilised samples were resuspended in 200 µL

water and incubated for 30 min to ensure full resuspension. Subsequently, the samples

were centrifuged at 13,000 rpm for 6 min in a benchtop microcentrifuge (GenFuge 24D

(Progen)) to remove any undissolved Adhiron binder. The Adhiron binder concentration

of lyophilised and flash frozen samples was measured using a NanoDrop Lite spectropho-

tometer (ThermoScientific) (see section 3.2.5.3) to assess potential loss of protein during
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the process. Changes in protein structure introduced during lyophilisation were anal-

ysed using circular dichroism (see section 5.2.3.3) and changes in binding affinity using

biolayer interferometry (see section 5.2.3.4).

5.2.2 Electrospinning

To be able to incorporate Adhiron binders, different spinning solution compositions

were evaluated (section 5.2.2.1) and the electrospinning technique was adopted (section

5.2.2.2).

5.2.2.1 Spinning solution and solution additives

Based on the results of Chapter 4 (section 4.3.1), all PSu solutions were prepared using

DMAc as solvent. For most solutions PEG 300 was added at a concentration of 4%

or 6% (v/v) to aid bead-free fibre formation. PEG can have a stabilising effect on

proteins, if they are covalently bound to the PEG molecule, through a process called

PEGylation [330] (see also section 2.4.2.1). But, within this study, PEG was added as

an additive to the spinning solution and was not conjugated to the protein. If proteins

are dispersed in PEG, it will act as a molecular crowding agent [223] and may prevent

an even distribution of the Adhiron binder throughout the fibre or cause precipitation.

Therefore, PEG was not mixed with the Adhiron binder solution prior to its addition,

but was added to DMAc in the initial spinning solution preparation. For Adhiron binder

protection, the addition of several buffers commonly used to store proteins (PBS, PBS

containing additives, phosphate buffer, and Tris buffer) as well as dimethyl sulphoxide

(DMSO) were evaluated.

Amongst biological buffer systems, PBS is a buffer widely used as its properties in

terms of osmolarity and ionic strength match the properties of physiological conditions

in the blood. In addition to plain PBS, PBS containing 50 mM arginine, or containing

10% (v/v) glycerol was analysed. These buffer systems have shown to be beneficial to

prevent the aggregation of Adhiron binders1. Furthermore, 100 mM phosphate buffer

(pH 7) and 100 mM TrisHCl (pH 7) and deionised water were evaluated with respect

1This choice of additives was based on advice provided by members of the McPherson research group.
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to their effects on the spinning solution. The amount of buffer added to the spinning

solution was set to 1% (v/v) based on preliminary experiments determining the amount

of aqueous additive, which still allows fibre formation. Besides aqueous buffer systems,

the suitability of DMSO as Adhiron binder transport medium was assessed. DMSO

forms a weaker non-solvent for PSu than water [327] and it was previously shown that

PSu can be spun into submicron fibres using a binary solvent system of DMAc and

DMSO [331]. Additionally, DMSO is an organic solvent in which some protein solubility/

stability was observed [228]. For DMSO the addition of 2, 4, and 6% (v/v) was analysed.

Spinning solution preparation was carried out following the method described in section

4.2.1. Protein and/or additives were added immediately before spinning to minimise

exposure to harsh solvent conditions. All additives were added in small droplets using a

pipette, to ensure fast dissolution of any formed precipitate. Any occurring precipitate

was redissolved prior to spinning using a Vortex mixer or rapid mixing using a magnetic

stirrer (Stuart SBI6T. Scientific Laboratory Systems). Once the precipitate re-dissolved,

the solution was characterised or spun immediately without further temperature condi-

tioning due to the sensitivity of the Adhiron binders towards organic solvents.

5.2.2.2 Electrospinning technique

All experiments were conducted using the Nanospider equipment set-up with the spike

or four wire electrode. Producing uniform fibres with higher consistency, it was found to

be a more reproducible technique than the widely utilised syringe technology (see section

4.3.3). Furthermore, the risk of denaturation of the Adhiron binders is likely to increase

when using the syringe technique as the protein has to reside for a prolonged time in

the spinning solution due to the low flow rates of around 0.5 mL/min or less that were

employed in this study (see section 4.2.2). All incorporation experiments containing

proteins were conducted using the spike electrode described in section 4.2.3. Therefore,

experiments could be carried out using as little as 150 µL spinning solution droplets

compared to a minimum of 15 mL solution needed for the four wire electrode. Also, the

solution was spun quickly such that the residence time of the Adhiron in the organic

solvent was minimised. Samples for the assessment of fibre formation were spun using

spinning solutions of 3 x 150 µL, whereas samples containing protein were spun using

10 x 150 µL to ensure the presence of sufficient amounts of protein. Different spinning
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solution compositions containing additives but no protein were processed using the four

wire electrode to obtain more information relevant for scalability.

5.2.3 Analytical techniques for Adhiron binder modification

Various analytical techniques were used to assess fluorescent labelling (section 5.2.3.1),

stability in organic solvents (section 5.2.3.2), and resistance to lyophilisation (section

5.2.3.3 and 5.2.3.4) of the Adhiron binder.

5.2.3.1 Size exclusion chromatography

Size exclusion chromatography (SEC) separates molecules based on their size and shape

using inert porous materials (gel beads) using the fact that small molecules will diffuse

into the pores of the beads, whereas larger molecules pass through the interstitial spaces

of the material following a more direct path. As a result, larger molecules pass more

rapidly through the column and elute earlier, whereas smaller molecules’ passage is

retarded and the elution of the column is delayed. Figure 5.3 illustrates this principle.

Spectroscopic techniques allow monitoring the protein/molecule elution of the column.
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Figure 5.3: Principle of size exclusion chromatography
(Figure adopted from [332]).
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To analyse the presence of unbound dye, a Superdex200 (10/300) (GE Healthcare)

analytical column was used. Prior to analysis, all samples, with the exception of samples

that were ultracentrifuged, were spun in a microcentrifuge (GenFuge 24D (Progen)) for 5

min at 13,000 rpm to remove any major aggregates that can potentially block or damage

the SEC column. In preparation, the column was flushed through with 2x the column

volume of water and subsequently with buffer. The sample size was 500 µL and the

fraction size to be collected was set to 1 mL. Eluted fractions showing absorbance at

280 nm were analysed using SDS PAGE (to asses protein presence) and a UV-2401PC

spectrophotometer (Shimadzu) (to assess presence of dye).

5.2.3.2 Differential scanning fluorimetry

To assess the stability of Adhiron binders in various PSu spinning solvents, differential

scanning fluorimetry (DSF) was used. DSF forms a comparatively rapid and inexpensive

technique to study protein denaturation temperature in various buffers or solutions and

to obtain information about protein stability. It monitors the unfolding of proteins

by measuring the fluorescence of aromatic protein residues, which in a folded state

are buried within the protein and provide a different signal strength compared to the

unfolded state. The fluorescence monitored can be either intrinsic protein fluorescence

or caused by the adsorption of a hydrophobic dye to the exposed hydrophobic residues

[333–335].

DSF measurements in this study were carried out using an OPTIM R© 1000 (Avacta) and

were kindly conducted by Janice Robottom, PhD researcher in the McPherson Research

Group, University of Leeds. The stability of Adhiron binder 18 in three different solvents

was assessed: DMAc, DMF, and DMSO. The solvents were chosen due to the fact that

DMAc and DMF constitute two important solvent systems for PSu (see section 2.3.3).

DMSO was chosen because it is a solvent widely used in biological sciences, in which

several proteins showed stability as well as solubility. Additionally, it was previously

demonstrated that DMSO could be used in the electrospinning of PSu (see section

5.2.2.1).

The unfolding of the Adhiron binder was measured using intrinsic protein fluorescence

as well as the hydrophobic dye SYPRO R© orange (Sigma Aldrich). The dye was used

at a final concentration of 10x. Adhiron binder 18 contained in PBS was mixed with
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the solvents DMAc (10, 15, 25, 50, and 100%), DMF (100%) and DMSO (100%) to a

final concentration of 1 mg/mL in a sample volume of 8.8 µL. Reference samples of the

pure solvents as well as of Adhiron binder 18 in PBS were analysed. No information

about temperature stability in various solvents was required (all spinning solutions were

prepared and spun at room temperature), all measurements were carried out at 25◦C.

5.2.3.3 Circular dichroism

To assess any changes in the secondary structure of the protein introduced by lyophili-

sation, circular dichroism (CD) was used. Circular dichroism describes the difference in

absorption of left- and right-circularly polarised light by chiral molecules [336, 337]:

∆ε = εleft − εright (5.1)

It is measured in the unit cm2g−1. CD can also be reported as ellipticity Θλ (in mil-

lidegrees). The relationship between ∆ε and Θλ is given as

Θλ = 32.98∆ελ. (5.2)

A CD spectrum is obtained if either ∆ε or Θλ are measured as a function of the wave-

length. All data obtained has to be corrected for the concentration of the protein in

the sample, the path length of the cuvette, and the number of chromophores. The chro-

mophores of interest when conducting CD measurements on proteins are mainly the

peptide bonds, which absorb in the far UV region (i.e. below 240 nm). In an intact

secondary protein structure the peptide bonds are constrained and give rise to a CD

signal typical for their dominant structure (e.g. α-helix or β-sheet) [336]. Figure 5.4

shows typical CD spectra for three main secondary structures (α-helix, anti-parallel β-

sheet, and β-turn). CD spectra of Adhiron binder 18 and 21 were measured before and

after lyophilisation using a Chirascan CD Spectrometer (Applied Photophysics). The

spectrum from 190 to 280 nm was measured for all proteins at a concentration of 0.5

mg/mL (sample size 200 µL) using a bandwidth of 5 nm, a step size of 1 nm and time

points of 60 sec. The cuvette path length was 1 cm.
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Figure 5.4: Typical CD absorbance spectra of secondary protein structures. Solid
line α-helix, long dashed line anti-parallel β-sheet, dotted line type I

β-turn (Figure adopted from [336]).

5.2.3.4 Biolayer interferometry

The potential effects of lyophilisation on the binding properties of the Adhiron binders

were assessed using biolayer interferometry. The method described in section 3.2.5.4 was

followed.

5.2.4 Characterisation of electrospun webs

The electrospun webs produced from PSu and the Adhiron binder mixtures were char-

acterised with respect to their morphological properties, mean fibre diameter and dis-

tribution. The method described in section 4.2.6.2 was followed.

5.2.5 Assessment of protein presence and functionality

The presence of the Adhiron binder was visually assessed using fluorescence microscopy

(section 5.2.5.1). The functionality of the incorporated Adhiron binders was assessed

using a binding assay (section 5.2.5.2).
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5.2.5.1 Laser scanning confocal fluorescence microscopy

Laser scanning confocal fluorescence microscopy (LSCFM) is a widely used technique in

biological sciences to identify and/or localise intrinsically fluorescent and fluorescently

labelled biological molecules. The underlying principle of fluorescent microscopy is the

excitation of molecules and their subsequent emission of radiation when returning back to

their original state. The emitted light can be detected. The basic principle of confocal

microscopy is illustrated in Figure 5.5. Confocal microscopes are superior to optical

microscopes as they can acquire more focused images up to a reconstruction of the

three-dimensional structure of a sample due to optical sectioning [338–340]. This is due

to the fact that in confocal imaging only the information of light that is in the focal

plane is collected, whereas all information outside the focus is rejected [338, 340]. Thus,

images are sharp and there is no blur caused by light transmitting from out of focus

plane areas [339]. The possibility of sectioning different planes of a sample renders this

technology suitable for imaging three-dimensional fibrous webs. In case of this study, it

was expected to obtain information about the location of immobilised molecules.

Confocal detector
Pinhole

Objective

Condenser

Non-confocal detector

Light
source

Figure 5.5: Principle pathway of light in a confocal microscope
(Figure adopted from [338]).

In this work, a Zeiss LSM510 META Upright microscope equipped with a 100x mag-

nification objective (100x/1.4 Oil Plan-Apochromat) was used to visualise mGFP and

rhodamine-labelled Adhiron binders within the as-spun fibres using appropriate exci-

tation wavelengths (488 nm for mGFP and 552 nm for NHS-rhodamine) and filters.

All samples were mounted (without collector substrate) on a microscope glass slide and



Chapter 5. Incorporation of Adhiron Binders in Electrospun PSu Fibres 139

protected with a cover slip. For all samples, a negative control sample with the same

material composition but no fluorescent component was imaged to exclude false con-

clusions due to autofluorescence. Autofluorescence can easily occur because confocal

microscopes use electronic image enhancement [339].

5.2.5.2 Binding assay for incorporated Adhiron binders

A first evaluation of the ability of incorporated Adhiron binders to specifically remove

mGFP out of solution was conducted by assessing the static adsorption of mGFP onto an

Adhiron binder-functionalised electrospun PSu web. Static adsorption is a simplification

and does not necessarily represent the conditions present during practical blood filter

applications (adsorption will occur under flow conditions). Yet, a first indication of

the web’s adsorption ability can be obtained. The method described was adopted and

modified from an approach described by Grafahrend et al. [69] to assess the specific

binding of labelled streptavidin to biotinylated fibres.

Webs electrospun (spike electrode, 10 x 150 µL, 13 cm, 40 kV, fabric collector) from 24%

(w/v) PSu containing 1% (v/v) Adhiron binder 18 (7.5 mg/mL) were assessed as well as

two negative control samples; one containing no Adhiron binder, but only 1% (v/v) PBS

and one containing a control Adhiron binder (7.5 mg/mL) with no affinity for mGFP.

These controls were chosen to exclude false positive results due to unspecific adsorption

to the web or to the binder scaffold. The experiment was carried out in duplicate and

repeated. All electrospun samples were cut to 2 cm x 2 cm pieces, the collector substrate

was removed, and the samples were weighed. Subsequently, the samples were incubated

in deionised water for 1 h at room temperature under slight agitation (110 rpm) in a

Grant Shaking Incubator. This step was carried out to ensure full wetting of the hy-

drophobic electrospun PSu webs prior to commencing the experiment ensuring access of

the PBS solution containing the target protein mGFP to the samples. Following this,

each sample was incubated for 20 min with 2 mL mGFP in PBS at two different concen-

trations: 0.05 mg/mL and 0.1 mg/mL. After incubation, the samples were removed out

of solution and mGFP concentration before and after incubation was measured using

a BCA assay. Based on sample weights and protein concentrations determined by the

BCA assay, the amount of protein adsorbed per milligram of fibre was calculated to

determine the percentage removal of mGFP out of solution.
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5.3 Results and discussion

The fluorescent labelling of the Adhiron binders (section 5.3.1), as well as the three

methods of protein incorporation were assessed (section 5.3.2 - 5.3.4).

5.3.1 Fluorescent labelling of Adhiron binders

The mGFP Adhiron binders 18 and 21 were successfully fluorescently labelled using

NHS-rhodamine. Figure 5.6 shows the results of SDS PAGE for both Adhiron binders

unlabelled and labelled at two different concentrations. Figure 5.6(a) shows a photo-

graph of the unstained SDS PAGE gel. The two pink bands visible for each Adhiron

binder at approximately 14 kDa indicate that the dye molecule was covalently attached

to the protein binder. The unlabelled Adhiron binder only becomes visible on the gel

after staining (see Figure 5.6(b)). Based on the intensity of the bands, no distinction

can be made between binders labelled at a concentration of 1 mg/mL or at 7.5 mg/mL.

However, for dyes labelled at a concentration of 7.5 mg/mL, high precipitation after dial-

ysis was observed. Therefore, the lower dye concentration was used in all subsequent

labelling procedures.
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(a) unstained SDS PAGE gel
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Figure 5.6: SDS PAGE gels of rhodamine-labelled mGFP Adhiron binders 18 and
21 (10 µg): unlabelled and labelled at 1 mg/mL and 7.5 mg/mL.
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From the evaluations performed, no single method could be identified which provided

an obviously higher dye molecule removal in comparison with the others. All meth-

ods considered presented similar levels of residual unbound dye. Figure 5.7, 5.8, and

5.9 show the results of the analysis of unlabelled Adhiron binder 18 and various dye

removal methods from Adhiron binder 18 labelled at 1 mg/mL via SEC respectively.

A comparison between absorption at A280, dye absorption at 552 nm, and SDS PAGE

analysis of the eluted fractions is shown.
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Figure 5.7: Results of size exclusion analysis of unlabelled mGFP Adhiron 18.

Comparing absorption spectra with the SDS PAGE gels, it becomes evident that all

Adhiron binders (labelled and unlabelled) are eluted in fractions 18.6 mL to 20.6 mL,

whereas the smaller unbound dye molecules elute in the fractions 22.6 mL to 26.6 mL.

Their smaller size is responsible for the slower passage through the column and elu-

tion in later fractions. Due to their small size they are not visible on the SDS page

gels, but their presence is confirmed through the absorption signal obtained at 552 nm.

Higher absorption signals at 552 nm were observed in the fractions containing unbound

dye molecules than in the fractions containing Adhiron binders, suggesting that the

dye was present in high excess during the labelling reaction. Potentially, a further dye

concentration reduction might be possible. The double peak visible for unlabelled Ad-

hiron binders, for binders purified using a desalting step, and desalting in combination

with ultracentrifugation could be attributed to the presence of dimers. No dimer dou-

ble peaks were observed for samples purified via dialysis or via dialysis in combination

with ultracentrifugation indicating that no dimers are present after these purification

techniques.
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(b) labelled and desalted

Figure 5.8: Results of size exclusion analysis of unbound dye present after using
dialysis and desalting as purification methods on labelled mGFP

Adhiron 18.

In conclusion, none of the dye removal techniques assessed succeeded in removing the

entire amount of unbound dye molecules present. Considerable amounts of unbound

dye molecules will be present in labelled protein solutions purified by the evaluated

techniques. This fact has to be considered when analysing fluorescent images of elec-

trospun PSu webs containing labelled Adhiron binders. Not all dye molecules detected

are necessarily attached to an Adhiron binder. Therefore, the amount of binder present

in the fibre could be overestimated. Ideally, a size exclusion step is performed as a final

purification step [341]. For these initial experiments, the purification degree was thought

to be sufficient, and binders purified by dialysis were used as this technique allows the

time efficient purification of larger volumes. Due to the high concentrations needed for
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Figure 5.9: Results of size exclusion analysis of unbound dye present after using
dialysis, desalting, and ultracentrifugation as purification methods on

labelled mGFP Adhiron 18.

the incorporation of the binders, the labelled proteins were concentrated (at 3500 x g

for 40 min) using vivaspin spin columns (Sartorius Stedim Biotech 6 mL 3000 MWCO)

before further use.

5.3.2 Incorporation of Adhiron binders in PSu spinning solutions as

an organic protein solution

Using DSF, the suitability of different solvent systems for an Adhiron binder solvent

mixture was assessed. No solvent system could be identified in which the observed

signals of fluorescence suggested the presence of folded Adhiron binders and therefore
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stability in the solvent. Nevertheless, differences between the solvents were observed,

which can be used in the future development of Adhiron binder stability (section 5.3.2.1).

Challenges will have to be met in the production of electrospun fibres using different

solvent additives. The addition of an organic solvent potentially providing a less harsh

environment for the Adhiron binders led to a reduction in the fibre quality. An increased

presence of fibre beads was observed, as the proportion of the additional solvent increased

(section 5.3.2.2).

5.3.2.1 Adhiron binder stability in organic solvents

For the three solvent systems analysed, different fluorescent signals were obtained for

Adhiron binder 18. This indicated different levels of unfolding and therefore stability.

The stability in the solvent DMAc was assessed using the dye SYPRO as no signal

could be obtained using intrinsic protein fluorescence. Stability in DMSO and DMF

was assessed using intrinsic protein fluorescence. Figure 5.10(a) shows the spectrum

obtained for the folded Adhiron binder 18 in PBS. The peak between 300 and 400 nm

shows the intrinsic protein fluorescence, whereas the peak between 550 nm and 750 nm

is associated with the SYPRO fluorescence obtained from the folded protein. The two

small peaks visible at approximately 270 and 540 nm originate from scattering when

excitation is conducted with 266 nm.

As can be seen in Figure 5.10(b), no signal could be obtained when Adhiron binder 18

(dissolved in PBS) was added to DMAc. Upon protein unfolding, an increase in fluo-

rescence between 550 and 750 nm caused by the SYPRO R© dye was expected because

the dye binds to exposed hydrophobic residues. The fact that no signal was obtained

indicates the protein precipitated out of solution. This assumption was supported by

the formation of a white precipitate in the sample cuvette. The presence of the DMAc

is likely to disrupt the tertiary structure of the Adhiron binder as it competes, due to its

polar character, for intramolecular hydrogen bonds, which ensure the protein structure.

This leads to protein unfolding [227]. Another explanation for unfolding in organic

solvents could be the competitive interaction of the solvent with the hydrophobic in-

tramolecular bonds stabilising the Adhiron binder [202]. Precipitation is likely to be

caused by the fact that the unfolded Adhiron binders are insoluble in the solvent, ag-

gregate, and therefore precipitate (see section 2.4.1.3). This study required the use of
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Figure 5.10: DSF spectra of Adhiron binder 18 with SYPRO in PBS and DMAc.

DMAc as solvent to maintain PSu in solution. As a result, a more detailed analysis was

conducted to analyse whether the Adhiron binders can tolerate a certain proportion of

this solvent. Figure 5.10(c) shows the analysis of various DMAc contents. For these mea-

surements, the 266 nm light was turned off for a more detailed analysis of the SYPRO

fluorescence as the intrinsic fluorescence of the protein can interfere with SYPRO flu-

orescence [342]. The signal obtained for 10% (v/v) DMAc shows that some unfolded

protein is present at this concentration. But, as the solvent concentration exceeds 10%

(v/v), the signal noticeably decreases suggesting that once the DMAc concentration

reaches a certain level, the Adhiron binder precipitates out of solution.

Whereas complete stability of the Adhiron binder could not be observed in 100% DMAc,

some signal for the intrinsic protein fluorescence was observed in 100% DMF and 100%

DMSO indicating that some structure of the Adhiron binders had been maintained in
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these solvent systems (see Figure 5.11). Only weak signals were obtained compared

to the one obtained in PBS (Figure 5.10(a)), suggesting that a large proportion of the

protein was unfolded and precipitated out of solution.
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Figure 5.11: Intrinsic fluorescence of Adhiron binder 18 in DMF and DMSO.

Because of the need to mix the Adhiron binders in an aqueous solution (PBS) with the

PSu (dissolved in an organic solvent), stability of the Adhiron binder in the spinning

solution is difficult to accomplish. This is to be expected since it is known that residual

water in combination with organic solvents can be responsible for the denaturation of

proteins (see section 2.4.1). Therefore, to be able to fully assess protein stability in neat

organic solvents, the proteins have to be lyophilised and redissolved in organic solvents

This, due to protein insolubility in most organic solvents, is a highly challenging process.

5.3.2.2 Electrospinning with DMSO as additive

The addition of the solvent DMSO to the PSu/DMAc spinning solution to create a water-

free protein friendly environment for Adhiron binder incorporation had two implications.

These were alterations on fibre deposition and on fibre morphology. With increasing

amounts of DMSO from 2% (v/v) to 6% (v/v), an increase in bead formation and a

reduction in the amount of fibre collected was observed (see Figure 5.12). Upon the

addition of 6% (v/v) DMSO, hardly any fibre could be collected (see Figure 5.12(d)).

The change in fibre deposition and morphology might have been caused by three factors

associated with the use of DMSO. These are the introduction of an additional (weak)

non-solvent into the spinning solution, a change in spinning solution conductivity, and
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(a) 0% (v/v) DMSO (b) 2% (v/v) DMSO

(c) 4% (v/v) DMSO (d) 6% (v/v) DMSO

Figure 5.12: SEM micrographs of electrospun webs of 24% PSu (w/v) + 6% (v/v)
PEG containing varying percentages of DMSO (spike electrode, 40 kV,
13 cm, 3 x 150 µL, aluminium foil collector; environmental conditions:

23◦C, 38.6% r.H.) at 500x magnification.

an alteration of the surface tension. As DMSO is introduced into the PSu spinning

solution, a change in the intermolecular interactions between solvents, non-solvents, and

PSu might have occurred. Because of the presence of PEG, the system already contains

a non-solvent component for PSu. This reduces solubility and increases viscosity of

the polymer-solvent system. Upon the addition of DMSO, the non-solvent component

within the system is increased as DMSO has been identified as a solvent without the

ability to fully dissolve PSu at room temperature. Its only effect at that temperature is

to swell PSu [191]. This is partly explained by the fact that DMSO is a polar aprotic

solvent (i.e. no proton donor and unable to form hydrogen bonds), whereas PSu is a

proton acceptor due to the presence of two oxygen atoms and the sulphone group [343].

The presence and potential interactions between the two non-solvent components can

therefore be expected to lead to a reduced spinning performance.
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A possible explanation for the above mentioned change in fibre morphology from near

bead-free to beaded fibres is a change in the conductivity and/or the surface tension of

the spinning solution. For example, it was previously shown that changes in the dielectric

constant influence bead formation in polycaprolactone fibres [344]. This explanation is

not very likely because with a dielectric constant of 43.7 [318] DMSO exhibits a higher

dielectric constant than DMAc (37.8 (see section 4.3.1)). This would suggest an increase

in conductivity and therefore reduction in bead formation. However, with a value of 43.7

dyne/cm [318], the surface tension of DMSO is substantially higher than for DMAc (34

dyne/cm - see section 4.3.1), which could result in an overall increase in the surface

tension of the spinning solution. As DMSO is a highly hygroscopic solvent, the surface

tension can be further increased by water absorbed from the atmosphere [345]. As

the surface tension increases, the cohesion forces attempting to reduce the free surface

area of the solution increase, promoting the Rayleigh instability, which finally results

in the formation of beads (see section 2.3.2.1). The increase in bead formation due to

an increase in DMSO contents has been previously observed for polycaprolactone fibres

[345]. Due to the fact that, as indicated in section 5.3.2.1, the use of DMSO did not

improve the stability of the Adhiron binder in solution, no further optimisation for the

introduction of DMSO into the spinning solution was undertaken.

5.3.3 Incorporation of Adhiron binders in PSu spinning solutions via

solid dispersion

A first step towards Adhiron binder incorporation via solid dispersion was made. It was

shown that both Adhiron binders could be successfully lyophilised without a substantial

loss in protein, change in secondary structure (section 5.3.3.1), or loss in binding capacity

(section 5.3.3.2). Nevertheless, no webs containing dispersed protein could be produced

as a homogeneous dispersion of the lyophilised Adhiron binder in the viscous spinning

solution could not be obtained (section 5.3.3.3).

5.3.3.1 Lyophilisation of Adhiron binders

All protein samples were successfully lyophilised as pure protein solutions and in the

presence of various protective additives using the method described in section 5.2.1.2.

The efficacy of the widely used cyro- and lyroprotectants trehalose, mannitol, and sucrose
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(see also section 2.4.1.4) in protecting Adhiron binders during lyophilisation was assessed.

The experiments were performed using each additive separately and in combination.

Depending on the additives present, the samples assumed different physical states after

lyophilisation: samples containing no additives, trehalose, or sucrose assumed a highly

viscous state, whereas for samples containing mannitol a dry white powder precipitated.

A possible explanation for this observation is that glycerol was present in all samples.

The presence of glycerol originates from the PBS buffer used for storage of the Adhiron

binders (glycerol is contained at a concentration of 10% (v/v)) to prevent Adhiron binder

aggregation. Glycerol will not readily undergo sublimation [229] and therefore remained

after lyophilisation under conditions chosen in this study.

The formation of a white dry powder for the three samples containing mannitol can be

attributed to mannitol’s ability to form a crystalline cake. This is the reason why it is

often utilised as a bulking agent [237]. Although the presence of glycerol may stabilise

the Adhiron binders during lyophilisation as well as during incorporation in the PSu

fibres, it may lead to problems downstream, namely interferences with characterisation

techniques. Glycerol also forms an excellent substrate for bacteria, which bears the risk

of contamination [202]. In this study, small sample volumes were lyophilised. Thus, after

lyophilisation small volumes (approximately 10 to 20 µL) of highly viscous sample were

obtained, which rendered the accurate measurement and transfer of sample volumes a

highly challenging task. However, the presence of glycerol was necessary to prevent

extensive protein aggregation during purification (see Chapter 3).

Often, freezing introduces stress factors onto proteins, which can lead to partial unfolding

and aggregation (see section 2.4.1.4). For the mGFP Adhiron binders evaluated in this

study, this was not detected. For all Adhiron binder samples, no substantial decrease in

protein concentration from the original concentration of 4.4 mg/mL (binder 18) and 3.75

mg/mL (binder 21) was observed. All evaluated samples showed similar concentrations

to the one measured before flash freezing or lyophilisation irrespective of the presence

of protective additives or of the fact whether samples were flash frozen or lyophilised

(see Table 5.3). This suggests that the Adhiron binder is inherently stable against stress

factors induced through freezing and drying.

The small decrease in concentration, after lyophilisation might be explained by the fact
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Table 5.3: Protein concentration* [mg/mL] of Adhiron binders after flash freezing
and after lyophilisation

Additive Adhiron binder 18** Adhiron binder 21***

flash
frozen

lyophilised flash
frozen

lyophilised

no additive 4.25 4.33 3.45 3.30

8% trehalose 4.10 3.70 3.70 2.70

8% D-mannitol 4.50 3.70 3.40 2.40

10% sucrose 4.40 3.90 3.80 2.70

8% D-mannitol, 10% sucrose 3.50 3.60 3.20 2.60

8% D-mannitol , 8% trehalose 3.70 3.60 3.50 2.90

* protein concentration was determined using a NanoDrop Lite spectrophotometer

** concentration before treatment: 4.4 mg/mL

*** concentration before treatment: 3.75 mg/mL

that some of the lyophilised Adhiron binders did not fully re-suspend and some undis-

solved Adhiron binder remained, which was removed via centrifugation. Comparing the

concentration differences for both Adhiron binders, it is evident that similar reductions

in concentrations were observed. As Adhiron binder 21 is characterised through an in-

creased tendency to form dimers and therefore aggregates (see section 3.3.3.1), a higher

loss might have been expected and therefore lower concentrations than for binder 18.

Apart from the minimal decrease in protein concentration, Adhiron binders could be

successfully lyophilised without detectable changes in secondary structure. Figure 5.13

and 5.14 show the results of the CD analysis of lyophilised and flash frozen binders 18

and 21 respectively. The shape of all curves shows the high β-sheet content of the
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Figure 5.13: Effects of flash freezing and lyophilisation on the secondary structure
of Adhiron binder 18 containing various additives analysed via CD.

scaffold, which has been previously characterised [100]. No obvious change in the curve
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Figure 5.14: Effects of flash freezing and lyophilisation on the secondary structure
of Adhiron binder 21 containing various additives analysed via CD.

shape could be identified, thus no indications of changes in the secondary structure of

flash frozen or lyophilised proteins containing none or various protective additives could

be observed.

5.3.3.2 Effect of lyophilisation on binding affinity

No substantial changes in the KD values of the Adhiron binders before and after lyophili-

sation were observed (see Table 5.4). The obtained binding curves and fits used to de-

termine the KD values are shown in Figure 5.15. As previously reported (see section

3.3.5.2), the fit for the binding curves, especially for the association phase, does not

allow a reliable determination of the absolute KD values. However, a comparison of the

binding behaviour before and after lyophilisation could be made.

Table 5.4: KD values obtained for 1:1 fitting of biolayer interferometry binding
curves of mGFP Adhiron binders before and after lyophilisation

Adhiron binder treatment* KD [M]

x1 x2

18

1 8.106 · 10−6 6.685 · 10−6

2 6.827 · 10−6 1.111 · 10−5

3 6.415 · 10−6 5.813 · 10−6

21

1 2.889 · 10−6 2.884 · 10−6

2 2.559 · 10−6 2.391 · 10−6

3 2.641 · 10−6 2.920 · 10−6

*treatments : 1 = untreated, 2 = lyophilised without additives

3 = lyophilised with 8% D-mannitol + 8% trehalose
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Figure 5.15: Binding curves of mGFP Adhiron binder 18 and 21 before and after
lyophilisation obtained from biolayer interferometry using Dip and
Read Amine Reactive Second Generation (AR2G) chips (mGFP

concentration 50 µM, Adhiron concentration 66 µM). The black curves
represent the binding curves, the red ones the fitted data.

Although similar KD values before and after lyophilisation were obtained, there is an

exception at the higher value obtained for the repeated measurement (x2) of binder

18, lyophilised without additives. A possible explanation might be found in the type of

sensor used in the Blitz equipment to characterise the binding affinities in this study. The

Adhiron binder immobilisation on the sensor surface occurred randomly through primary

amine groups on the Adhiron binder. This leads to a non-orientated immobilisation of

the binder on the sensor surface, potentially blocking the active sites to which the target

molecule mGFP binds. A more directed immobilisation, e.g. on a streptavidin sensor via

biotin molecules, which are site-specifically attached to the Adhiron binder and therefore

ensure oriented immobilisation, might overcome these problems.
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5.3.3.3 Dispersion of lyophilised Adhiron binders in PSu spinning solutions

The dispersion of the lyophilised samples within the PSu spinning solution proved to be

highly challenging and no webs could be produced containing the lyophilised binders.

This was mainly due to difficulties encountered in the sample handling. The small sample

volumes obtained after lyophilisation could not be transferred into different containers

without substantial loss of material. Besides small volumes, the lyophilised powder was

also highly electrostatic and its handling was substantially impeded. Therefore, the

preparation of the spinning solution - binder dispersion had to be conducted in the

1.5 mL eppendorf tubes containing the lyophilised samples. But, due to the highly

viscous nature of the spinning solution, an appropriate mixture of the two components

was not achieved with the technique available (vortex mixing). The lyophilised sample

agglomerated and remained as precipitate in the bottom of the tube. Due to the time

consuming and costly process of protein production, it was not feasible to produce larger

samples to facilitate the handling and conduct further experiments.

5.3.4 Incorporation of Adhiron binders in PSu spinning solutions via

emulsification

The most promising results for the incorporation of Adhiron binders were obtained us-

ing the emulsification approach. Electrospun PSu fibres could be successfully spun using

different buffer systems that were found to be compatible with Adhiron binders (section

5.3.4.1). The most suitable buffer was identified as one that allowed fibre formation and

bead-free fibre morphologies to be produced. For this buffer, further analysis regarding

its concentration in the spinning solution composition and appropriate electrospinning

parameters was conducted (section 5.3.4.2). Based on these experiments, a suitable

spinning condition was identified and labelled Adhiron binders were successfully incor-

porated and visualised (section 5.3.4.3). Finally, the functionality of the incorporated

binders was assessed (section 5.3.4.4).

5.3.4.1 Electrospinning of PSu solutions containing different buffer systems

A suitable aqueous buffer system was identified despite the fact that all the evaluated

buffer systems were water-based. This was not expected because water acts as a strong
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non-solvent for PSu [327]. The effect of the addition of non-solvents to PSu solutions has

been extensively analysed for the production of phase inversion membranes [191, 327]

to determine the impact on membrane structure and pore formation. To the best of the

author’s knowledge, no literature could be identified analysing the effects of non-solvents

on the electrospinning process relevant to the present research.

The effect of water as non-solvent in PSu solutions was confirmed by the addition of

the aqueous buffers, which initially caused the formation of a white precipitate in the

spinning solution. Precipitation occurred temporarily because re-dissolution of the pre-

cipitate resulting in a clear spinning solution was achieved by vigorous stirring for ap-

proximately 10 – 15 min. The formation of the precipitate can be explained by the

increased polar interactions between the solvent (DMAc) and the non-solvent (water),

which reduce the ability of the solvent to dissolve the polymer [327]. This can lead to

a spontaneous phase separation as the solution becomes thermodynamically unstable

[76, 327]. Although re-dissolution of the precipitate was achieved, the additional time

period required for dissolving the precipitate potentially causes problems for the incor-

poration of Adhiron binders. The prolonged residence of the binder in the spinning

solution prior to spinning introduces a potential risk of protein denaturation.

Despite the strong non-solvent effect of the aqueous components on PSu/DMAc so-

lutions, bead-free PSu fibres were produced using different buffer systems (see Figure

5.16). All buffer systems, with the exception of deionised water, can potentially contain

Adhiron binders and provide an Adhiron binder friendly environment, which in case

of the additives glycerol and arginine, could also enhance binder stability (see section

5.2.2.1). The type of buffer added to the spinning solution influenced web formation, no-

tably the amount of fibre deposited on the collector. From the buffer systems providing

ideal Adhiron binder environments, the addition of 1% (v/v) PBS and PBS + arginine

respectively resulted in an electrospun web characterised by smooth bead-free fibres,

with pure PBS resulting in the highest fibre coverage (see Figure 5.16(a)). In contrast,

the addition of 1% (v/v) PBS containing glycerol inhibited fibre formation and reduced

fibre deposition (see Figure 5.16(c)). Noteworthy is the difference in fibres deposited for

PSu solutions spun containing phosphate buffer and Tris buffer. Whereas for solutions

containing Tris buffer, considerable amounts of fibre were collected (see Figure 5.16(e)),

fibre deposition was considerably reduced for solutions containing phosphate buffer (see
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Figure 5.16(d)). For PSu solution containing pure deionised water, hardly any fibre was

collected (Figure 5.16(f)).

(a) 1% (v/v) PBS (b) 1% (v/v) PBS + 50 mM arginine (c) 1% (v/v) PBS + 10% (v/v) glyc-
erol

(d) 1% (v/v) 100 mM phosphate
buffer pH 7

(e) 1% (v/v) 100 mM Tris-HCl pH 7 (f) 1% (v/v) deionised water

Figure 5.16: SEM micrographs of electrospun webs composed of 24% PSu (w/v) +
6% (v/v) PEG + 1% (v/v) of different buffers (spike electrode, 40 kV,
13 cm, 3 x 150 µL, aluminium foil collector; environmental conditions:

21.1◦C, 50% r.H.) at 1,000x magnification.

These observations can be explained by the buffer compositions, i.e. by the salts/ad-

ditives present, which can potentially enhance spinning solution conductivity [153, 154,

195]. Fibre formation was drastically reduced when pure deionised water was used.

The water causes a reduction in the solvation of the PSu polymer chains, such that

the polymer chains associate more tightly to assume a thermodynamically favourable

conformation in the presence of the non-solvent. Thus, the viscosity of the solution

increased and therefore also the forces opposing fibre elongation during stretching. In

deionised water, no ions are available to enhance conductivity and charge distribution to

counteract this force. Hence, fibre formation was inhibited and a substantially reduced

amount of electrospun fibres was formed. By contrast, in spinning solutions containing

pure PBS buffer, the presence of the salts appeared to counteract viscoelastic forces

opposing fibre formation as smooth fibres were formed. It has been previously shown

that the addition of salts to PSu spinning solutions can enhance conductivity and fibre

elongation [195].
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The addition of additives, such as glycerol, appeared to counteract this effect. In the

case of glycerol, this could be attributed to induced changes in the spinning solution

properties such as an increase in the viscosity or surface tension of the solution counter-

acting elongation forces. From the results obtained, it could also be concluded that the

type of salt present influences the electrospinning process as the addition of phosphate

buffer also resulted in reduced fibre deposition (see Figure 5.16(d)). Potential reasons

for this observation include a complex formation of the salt with PSu and/or the salt

with DMAc and PEG, which could lead to an increase in viscosity. This phenomenon

and its effect on the electrospinning of various polymers has been previously reported

in the literature [346, 347]. A further reason might be a difference in the conductivity

of the salts present in the various buffer systems [154].

The previously described observations are confirmed when analysing the influence of

buffer systems on mean fibre diameters. Table 5.5 provides an overview of the mean

fibre diameters measured for the PSu webs spun from different buffer systems. The

smallest fibre diameters (around 0.3 µm) were obtained for solutions containing PBS or

Tris buffer, whereas solutions containing deionised water or phosphate buffer resulted in

higher fibre diameters (approximately 0.6 µm). As is common in electrospun webs, all

fibre diameter measurements are characterised by a high coefficient of variation (CV)

(approximately 50%). Based on these results, PBS was selected as the most promising

aqueous buffer and further experiments to optimise spinning solution composition and

to analyse its effect on the electrospinning process (see section 5.3.4.2) were conducted.

Table 5.5: Fibre diameters for 24% (w/v) PSu samples containing 6% (v/v) PEG
and 1% (v/v) different buffer systems

Buffer Mean
[µm]

s.d.
[µm]

CV
[%]

MIN
[µm]

MAX
[µm]

PBS 0.355 0.170 48 0.105 1.143

PBS + 50mM Arginine 0.308 0.148 48 0.08 1.036

PBS + 10% Glycerol 0.335 0.180 54 0.108 1.427

100 mM Phosphate Buffer pH 7 0.643 0.258 40 0.108 1.522

100 mM Tris-HCl pH 7 0.390 0.167 43 0.109 1.436

deionised water 0.538 0.265 49 0.13 1.229

sample size n = 150
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5.3.4.2 Electrospinning of PSu solutions containing PBS

Based on results obtained in section 5.3.4.1, PBS was chosen as a promising aqueous

spinning solution additive to incorporate Adhiron binders via emulsification. A more

detailed analysis of the effect of this additive on PSu/PEG/DMAc spinning solutions

was conducted. Various additive concentrations around the initially established 1%

(v/v) were evaluated. It was found that the addition of PBS influenced spinning so-

lution properties as well as fibre diameter and morphology, depending on the type of

electrode used (spike or four wire electrode) during electrospinning. Suitable conditions

for two different electrode geometries could be established that allowed spinning of PSu

containing PBS and PEG as solution additives into bead-free nanofibrous webs.

Influence of PBS on PSu spinning solution properties The addition of PBS to

pure PSu spinning solutions as well as PSu/PEG solutions was found to have an impact

on solution viscosity. The addition of PBS resulted in an increase in solution viscosity

irrespective of polymer concentration or PEG concentration used (see Figure 5.17). This

is likely to be caused by the previously described non-solvent effect of water on PSu. The

reduction of solvent available for PSu as well as interactions between non-solvent and

solvent can result in a reduced solvation of polymer chains and therefore in an increased

viscosity. As water is a stronger non-solvent for PSu than PEG, only small amounts can

be added to the spinning solution without causing irreversible precipitation or exceeding

the measurable viscosity range.
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Figure 5.17: Spinning solution viscosities of solutions containing 24 and 26% (w/v)
PSu and various percentages of PEG and PBS. The error bars indicate

the standard deviation.
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Spike electrode All solutions containing PEG and PBS could be spun into smooth

bead-free webs, irrespective of the PBS concentration, using the spike electrode (see

Figure 5.18). The percentage of PBS present influenced the amount of fibres deposited.

(a) 0% (v/v) PBS (b) 0.5% (v/v) PBS

(c) 1% (v/v) PBS (d) 2% (v/v) PBS

Figure 5.18: SEM micrographs of webs spun from 24% (w/v) PSu + 6% (v/v) PEG
containing 0, 0.5, 1, and 2% (v/v) PBS (spike electrode, 40 kV, 13 cm,
3 x 150 µL, fabric collector, environmental conditions: 21.8◦C, 43.8%

r.H.) at 1,000x magnification.

For solutions containing 2% (v/v) PBS, reduced fibre deposition was observed. This is

likely to be caused by the increased non-solvent effect of the water present. Ostensibly,

this effect could not be compensated by the increased elongation forces caused by the ions

present in the buffer. Due to the set-up and design of the Nanospider equipment used in

this study, the polymer solution is in contact with air and exposed to strong ventilation

inside the spinning chamber causing an increased rate of solvent evaporation (see section

4.3.3). This potentially expedites a de-mixing and precipitation of the polymer solution

and eventually reduces fibre formation. The amount of PBS, which can be tolerated

by a PSu/PEG spinning solution was therefore determined to be 1% (v/v). At this

concentration, sufficient amounts of fibre could be produced. Thus, contrary to what

might have been expected, this research has established that a PSu spinning solution

can be successfully formulated using an aqueous component. This provides a basis for
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the incorporation of sensitive/water soluble biological molecules in an organic spinning

solution.

With the spike electrode, no distinct impact of PBS addition on fibre diameter (see Fig-

ure 5.19) or fibre diameter distribution (see Figure 5.20) could be observed irrespective

of the tested polymer concentration. The fibre diameter measurements were charac-

terised by a high standard deviation. Similar fibre diameter ranges were obtained for all

PSu/PEG and PBS concentrations. Given the fact that viscosity increased with increas-

ing amounts of PBS present (see Figure 5.17), a rise in fibre diameter due to the presence

of PBS was expected. However, this trend was not observed. A possible explanation is

that PBS introduces ions into the spinning solution, which are likely to increase solution

conductivity. This allows the fibres to carry a higher net charge on the fibre surface

and therefore be subjected to higher elongation forces (see section 4.3.2). Such forces

could counteract the forces opposing elongation caused by an increase in viscosity. This

might also explain why for some webs containing PBS, slightly narrower fibre diame-

ter distributions were observed (see Figure 5.20). It has been previously shown that

the presence of salts can narrow the fibre diameter distributions of electrospun polymer

solutions [348].
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Figure 5.19: Mean fibre diameters of webs spun from 24 and 26% PSu (w/v) + 6%
(v/v) PEG containing 0, 0.5, 1, and 2% (v/v) PBS (spike electrode, 40

kV, 13 cm, 3 x 150 µL, fabric collector). The error bars indicate the
standard deviation.
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Figure 5.20: Fibre diameter distributions for webs spun from 24 and 26% PSu
(w/v) and 6% PEG (v/v) containing 0, 0.5, 1, and 2% (v/v) PBS

(spike electrode, 40 kV, 13 cm, 3 x 150 µL, fabric collector).

Four wire electrode In an effort to confirm that the findings on the spike electrode

could be replicated using the four wire electrode, which is more relevant to a scalable

process, a more extensive evaluation of the effect of the addition of PEG and PBS to

PSu was conducted. For 24% PSu and 26% PSu a full sample matrix was evaluated

using 0, 2, 4, and 6% (v/v) and 0, 0.5, and 1% (v/v) PBS. The SEM micrographs for

all samples can be found in Appendix A. Sample images were used within this section

to discuss relevant observations.

Electrospinning solutions containing PBS using the four wire electrode and the spike elec-

trode presented different trends. For the four wire electrode, fibre morphology changed

from bead-free to irregular thickening of fibre diameters, as PBS was added in increasing

amounts from 0 to 1% (v/v) to spinning solutions containing PEG. An example for this

observation is shown in Figure 5.21.
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(a) 24% (w/v) PSu/0% (v/v) PBS (b) 24% (w/v) PSu/0.5% (v/v) PBS (c) 24% (w/v) PSu/1% (v/v) PBS

(d) 26% (w/v) PSu/0% (v/v) PBS (e) 26% (w/v) PSu/0.5% (v/v) PBS (f) 26% (w/v) PSu/1% (v/v) PBS

Figure 5.21: SEM micrographs of webs spun from 24 and 26% (w/v) PSu + 6%
PEG (v/v) containing 0, 0.5, and 1% (v/v) PBS (four wire electrode,
40 kV, 8 rpm, 13 cm, fabric collector, 22.4◦C, 41.5% r.H.) at 1,000x

magnification.

The defects differed from the ones previously observed; no round beads could be ob-

served, but rather irregular shapes. This phenomenon was observed irrespective of the

PSu concentration used. With PEG and PBS two non-solvents were present, one acting

as strong non-solvent (PBS) and one as weak non-solvent (PEG) rendering the polymer

solution less thermodynamically stable and increasing the solution viscosity. The solvent

evaporation in the open polymer reservoir of the four wire electrospinning may reinforce

this effect as has been previously explained in section 4.3.4.1.

The fibre morphology improved for samples containing only PBS as solution additive

proportionally to the amount of PBS added. This effect was observed for both polymer

concentrations. The bead formation was reduced and smooth fibres were produced. An

example of this phenomenon is presented in Figure 5.22. The removal of the additional

non-solvent PEG appeared to positively influence fibre morphology. It can be assumed

that the increased conductivity through the presence of the ions within the buffer reduces

bead formation. Due to the absence of additional non-solvents, this effect is not impaired.

Therefore, all samples spun to assess incorporation via emulsification did not contain

PEG to ensure a bead free morphology.
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(a) 24% (w/v) PSu/0% (v/v) PBS (b) 24% (w/v) PSu/0.5% (v/v) PBS (c) 24% (w/v) PSu/1% (v/v) PBS

(d) 26% (w/v) PSu/0% (v/v) PBS (e) 26% (w/v) PSu/0.5% (v/v) PBS (f) 26% (w/v) PSu/1% (v/v) PBS

Figure 5.22: SEM micrographs of webs spun from 24 and 26% (w/v) PSu containing
0, 0.5, and 1% (v/v) PBS (four wire electrode, 40 kV, 8 rpm, 13 cm,

fabric collector, 22.4◦C, 41.5% r.H.) at 1,000x magnification.

In contrast to samples spun using the spike electrode, an influence of PBS addition on

fibre diameter was found for samples spun using the four wire electrode. Figure 5.23

shows the fibre diameters measured for samples containing various amounts of PEG

and PBS spun using the four wire electrode. It appears that for a majority of the
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Figure 5.23: Mean fibre diameters of webs spun from 24% and 26% (w/v) PSu
containing various amounts of PEG and PBS (four wire electrode, 40

kV, 8 rpm, 13 cm, fabric collector). The error bars indicate the
standard deviation.

samples, the addition of PBS results in a decrease in fibre diameter, irrespective of PSu
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or PEG concentration used. However, the deterioration in fibre morphology for samples

containing PEG and PBS is not reflected in these measurements. No direct influence of

the additive on fibre diameter distributions was observed for bead-free webs composed

of 24% and 26% (w/v) PSu containing 0, 0.5. and 1% (v/v) PBS (see Figure 5.24(a)

and 5.24(b)).
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Figure 5.24: Fibre diameter distributions for webs spun from 24 and 26% PSu
(w/v) and 6% PEG (v/v) containing different percentages of PBS

(four wire electrode, 40 kV, 8 rpm, 13 cm, fabric collector).

5.3.4.3 Validation of the presence of incorporated Adhiron binders in elec-

trospun PSu fibres

To the best of the author’s knowledge, for the first time the presence of labelled Adhi-

ron binders within electrospun fibres was successfully shown using confocal microscopy.

Figure 5.25 shows exemplary fluorescent images of two different samples containing im-

mobilised Adhiron binder. It also shows the results of a negative control, confirming that

the observed fluorescence was not due to autofluorescence of the PSu fibres. The ob-

tained fluorescent signal was low, which might be explained by the low Adhiron binder

addition level (1% (v/v) at 6 mg/mL) and the fact that a proportion of the binder

molecules will be incorporated within the core of the fibre rather than at the surface.

Each spun sample contained a theoretical total protein content of 9 mg distributed over
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the sample area (approximately 20 x 20 cm) based on the concentration of 6 mg/mL of

the Adhiron binder solution. Figures 5.25(b) and 5.25(c) show that binders distributed

along the fibres but were also locally concentrated in small spots where high signals

are detected. The even distribution along the fibre could be indicative of the proteins

remaining in a folded state, in which their tendency to aggregate is reduced. The de-

tection of intense localised signals could indicate protein aggregation. This is likely to

have been caused by the agglomeration of unfolded or denatured proteins.

(a) negative control (b) Sample 1 - 1 (c) Sample 1 - 2

Figure 5.25: Fluorescence microscope images of electrospun webs made of 24%
(w/v) PSu + 1% (v/v) labelled Adhiron binder 18 (6 mg/mL) (spike
electrode, 40 kV, 13 cm, 10 x 150 µL, fabric collector, environmental

conditions: temp.: 18.6◦C, r.H. 53.3%).

5.3.4.4 Validation of the functionality of incorporated Adhiron binders in

electrospun PSu fibres

The specific removal of mGFP out of a PBS solution using electrospun webs function-

alised with incorporated unlabelled mGFP Adhiron binder 18 (1% (v/v) at a concen-

tration of 7.5 mg/mL) was explored. Figure 5.26 shows the percentage depletion out of

two solutions containing different amounts of mGFP. Irrespective of the mGFP solution

concentration, the measured adsorption onto the functionalised webs is similar to the

control samples containing no Adhiron binder and an Adhiron binder with no specificity

for mGFP. Thus, the removal of mGFP does not occur specifically through the pres-

ence of the binder but unspecifically, for example via hydrophobic interactions, at the

electrospun web surface.

This could be caused by several factors. Firstly, the amount of binder present in the

electrospun web may have been insufficient to affect mGFP removal. There is no data
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Figure 5.26: Percentage depletion of mGFP out of solution after incubation with
Adhiron binder functionalised electrospun web (spike electrode; 40 kV,

13 cm, fabric collector, 10 x 150 µL).

available in the literature to suggest how much mGFP Adhiron binder is required to

achieve a sufficient removal of the target molecule out of solution. The amount of Adh-

iron binder which could be immobilised within this study was limited by i) the amount

of aqueous buffer solution that could be incorporated into the spinning solution without

impairing fibre formation and ii) by the protein concentration achievable in PBS buffer

without causing protein aggregation. Secondly, although the presence of the binders

could be visually confirmed (see section 5.3.4.3), a proportion of the Adhiron binders

may have been unfolded or denatured upon introduction into the spinning solution due

to the presence of organic solvents. Thirdly, the accessibility of the binders may have

been reduced. In order to bind mGFP molecules the two loops of the binder responsi-

ble for specific binding have to be accessible on the fibre surface. Finally, the binding

affinities of the binders used were low and, in combination with their low concentration,

they might have not been sufficient to achieve specific mGFP adsorption.

Accordingly, further experiments were conducted to explore the method of protein sur-

face attachment to create an electrospun affinity membrane. A full chapter was dedicated

to present this method and its results (see Chapter 6). The application of this method

makes it possible to ensure that the Adhiron binder is immobilised on the fibre surfaces

and therefore will be in direct contact with the solution containing the target molecule.
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5.4 Summary and conclusion

In this chapter, three different methods of incorporating Adhiron binders into elec-

trospun submicron fibres were evaluated. The analysis of the various methods provided

valuable information. Additionally, the need for future developments in protein as well as

material science could be highlighted. The least promising approach for an incorporation

of the Adhiron binders in electrospun PSu webs was via dissolution in organic solvents.

The Adhiron binder did not show sufficient stability in the organic solvents tested and

the change in solvent composition negatively impacted on fibre deposition and morphol-

ogy. Nonetheless, the experiments conducted allowed for an enhanced understanding

of the behaviour of Adhiron binders in the various solvents. Information was collected

on the consequence of introducing additional solvents in PSu/DMAc spinning solutions.

These results constitute a starting point in the identification of solvent systems which

provide bead-free fibres and are compatible with the Adhiron binder. Further work in

protein engineering on more solvent resistant scaffolds and binders would significantly

facilitate the development nanofibrous membranes containing Adhiron binders.

For the incorporation via solid dispersion, it was successfully shown that Adhiron binders

can be lyophilised without functional loss. The addition of protectants during lyophili-

sation does not seem to be necessary as, irrespective of the presence of additives, no

difference in secondary structure or binding capacity was detected before or after lyophili-

sation. This suggests that the Adhiron binders exhibit a good inherent stability against

stresses induced through freezing and drying. The limitations in this method arise from

the fact that no dissolution or dispersion of the lyophilised proteins within the spinning

solution could be achieved. Further work on the solubility of the Adhiron binders in

non-aqueous environments might contribute to progress this method.

Successful initial steps were made in the emulsification approach showing that aqueous

components carrying water soluble macromolecules (Adhiron binders) can be incorpo-

rated into PSu spinning solutions in order to electrospin bead-free webs. The presence of

certain ions in the buffers can, within limits, counteract the non-solvent characteristics

of water and cause the formation of smooth, bead-free fibres for a potential application

in blood filtration. It was shown that the spinning solution compositions have to be

optimised for different spinning electrode geometries. Further analysis of the additives

and their effect on PSu and PEG spinning solutions, beyond the scope of this study, is
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necessary to be able to determine the exact mechanisms by which they affect spinning

solutions properties.

Adhiron binders were successfully labelled, incorporated, and visualised within the fibre.

Although the presence of the Adhiron binders within the fibre was shown, it could not be

demonstrated that the webs are able to remove mGFP out of solution. This could be due

to inaccessibility of the binders or be caused by insufficient amounts of protein present

on the web. Due to the fact that the amount of aqueous component introducible into

the spinning solution is limited to 1% (v/v), protein concentration forms the limiting

factor in the amount of protein that can be incorporated within the fibre. Due to these

limitations, the immobilisation via surface attachment was assessed. This is reported in

Chapter 6.



Chapter 6

Surface Attachment of Adhiron

Binders to Electrospun PSu

Fibres

6.1 Introduction

The surface attachment of Adhiron binders to fibres forms a more complex process

than their incorporation within the fibre as several separate process steps are necessary,

which are outlined in Figure 6.1. PSu is an inherently inert material [349]. It does not

provide functional groups for the covalent attachment of molecules to the surface (for its

chemical structure see Chapter 2, Figure 2.3). Therefore, initially, a functional surface

providing reactive groups for the attachment of linkers or proteins had to be created.

Amine functionalities were chosen to functionalise the surface as they can react with

many cross-linking agents, the conjugation occurs rapidly, and is typically characterised

by a high yield [350]. As the focus within this study was set on the spinning and the

evaluation of a combination of electrospun fibres with Adhiron binders, the approach

of surface functionalisation rather than the possibility of designing functionalised co-

polymers has been chosen.

In order to introduce the amine functionalities to the PSu fibre surfaces, a method

described by Ma et al. [198] was followed. This method was adopted because its purpose

was aligned with the one of this study to create amine functionalities on the surface of

168
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Figure 6.1: Schematic representation of process steps necessary to attach Adhiron
binders on the PSu fibre surface.

electrospun PSu fibres. In the method, the PSu surface was initially activated, i.e.

hydroxyl groups were created on the inert surface, using plasma technology. Plasma is

partially ionised gas and forms a reactive environment, in which several interactions can

occur between the plasma and the exposed surface, such as the creation of functional

groups [351]. The advantage of plasma technology over classic wet chemical process lies

in the fact that no water or toxic chemicals are needed to create the desired functionalities

and bulk properties of the treated polymer remain unaltered [182]. Detailed reviews

on this technology have been provided amongst others by Desmet et al. [351] and

Morent et al. [182] and are beyond the scope of this work. In a second step of the

method, the process of surface grafting was applied to create amine functionalities. Graft

polymerisation describes the process of covalently bonding monomers onto a polymer

chain [352]. It is a widely used method to create functional groups on chemically inert

polymer surfaces [349].

In addition to surface functionalisation, a suitable linker technology to attach the Adhi-

ron binder to the functionalised surface had to be chosen. Initially, various commercially

available amine to sulphhydryl cross-linkers1 were assessed to covalently link the cysteine

present on the Adhiron binder to the primary amine groups on the activated electro-

spun PSu web surface. However, these preliminary experiments were unsuccessful and

no suitable covalent linker could be identified.

Therefore, the well-characterised link via the biotin-streptavidin bridge was chosen to

attach the Adhiron binder onto the fibre surface. Contrary to the preliminary evaluated

1The following amine to sulphhydryl cross-linkers were used: cross-linkers with a soluble PEG spacer
arm (SM(PEG)8 Thermo Scientific, Cat. No. 22108) and a Sulfo-EMCS (N-[maleimidocaproyloxy]
sulfosuccinimide ester) (Thermo Scientific, Cat. No. 22307).
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linkers, the biotin-streptavidin bond is not covalent (see section 2.4.2.2) but it has been

successfully used to link biomolecules to nanofibres [259–261]. It was therefore considered

suitable for an initial proof of concept. The characteristics of biotin-streptavidin have

been previously presented in Chapter 2, section 2.4.2.2.

Within a last step, the ability of the immobilised binder to specifically remove the target

protein mGFP out of solution was assed using pull-down assays. Pull-down assays form

a qualitative approach to investigate protein-protein interaction. The basic principle

relies on the immobilisation of a bait protein via a tag on a matrix. The bait protein is

then used to capture a specific target protein out of a solution [353].

6.2 Materials and methods

To assess the feasibility of a surface attachment of Adhiron binders, plain electrospun

PSu webs were used. All samples were spun using the four wire electrode (40 kV, 8

rpm, 13 cm, fabric collector). The surface functionalisation of the web aimed at cre-

ating primary surface amine groups available to immobilise biotin molecules (section

6.2.1). After conjugation of the Adhiron binder to the maleimide-activated streptavidin

(section 6.2.2), the Adhiron binder was immobilised on the nanofibre surface via the

biotin-streptavidin bridge (section 6.2.3). As unspecific protein adsorption to the elec-

trospun web could potentially lead to high background signals, blocking agents have been

used. A Tris-buffered saline (pH 8.4) blocking agent solution containing 0.02% (w/v)

polyvinylpyrollidone (PVP10, Sigma Aldrich), 0.5% (w/v) gelatin (type B from bovine

skin, Sigma Aldrich, Cat. No. 232554-6) and 0.005% (w/v) casein (Fisher Scientific,

Cat. No. 11986941) was used for overnight blocking at 37◦C (1 mL buffer to 0.2 x 0.2

cm sample). A 10x casein blocking buffer (Sigma Aldrich, Cat. No. B6429) was used

in 2x concentration (diluted with PBS containing 0.1% (v/v) Tween20 (PBST)) in all

washing steps. The Tris-buffered blocking agent has been found to successfully minimise

unspecific protein interaction with biotinylated nanofibres [260, 261]. However, the Tris

present in this blocking buffer can interfere with the biotinylation. The free amines

of Tris compete with the biotinylation reaction on the surface; therefore the blocking

buffer was not used throughout all process steps. To further reduce background signals

through unspecific protein binding, only low protein binding tubes were used throughout

the experiment (protein loBind Tube, 1.5 mL, eppendorf, Cat. No. 022431081).
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6.2.1 Functionalisation of electrospun PSu webs

Primary amine groups for covalent attachment of Adhiron binders were created on the

PSu web surface following a method described by Ma et al. [198]. The main process

steps of this method are outlined in Figure 6.2.
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Figure 6.2: Schematic representation of process steps necessary to create amine
functionalities on the electrospun PSu web surface (Figure adopted and

modified from [198]).

Initially, the electrospun web was heated in a laboratory drying oven (MOV-212F, Sanyo)

at 180◦C for 6 h to impart mechanical stability and finally cut into 3 x 3 cm pieces.

The plasma treatment for surface activation was carried out using a low temperature,

low pressure 40 kHz plasma system (Diener electronic (model: PICO)). The plasma

treatment was carried out using air (flow 10 sccm) for 4 min each on both sides of

the web with a power of 40W. Subsequent steps were carried out immediately after

the plasma treatment to avoid decomposition of the hydroxyl groups. The following

reaction to create carboxyl groups was set up in a reaction volume of 40 mL (10%

vol methacrylic acid (MAA) (Alfa Aesar), 0.4 M H2SO4 (Sigma Aldrich), and 0.073

M ammonium cerium nitrate (Sigma Aldrich)) in a 250 mL round bottom flask. The

mixture was purged using nitrogen and the reaction was carried out for 40 min at 80◦C

using an oil bath ensuring consistent mixing of the reaction mixture with a magnetic

stirrer. Following the reaction, the sample was rinsed in 10 mM NaOH (Sigma Aldrich)

for 6 h and finally in deionised water for 24 h.

To activate the carboxyl groups, the sample was then immersed for 2 h at 4◦C in a 12

mL reaction mixture containing 0.1 M 2-(N-morpholino) ethanesulphonic acid (MES)

(Sigma Aldrich) buffer (pH 5), 10 mg/mL 1-ethyl-3-(3-dimethylaminopropyl) carbodi-

imide hydrochloride (EDAC) (Amresco), and 10 mg/mL N-hydroxysuccinimide (NHS)
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(Alfa Aesar). The membrane was then reacted with 20% vol diamino-dipropylamine

(DADPA) (Santa Cruz) in a reaction volume of 10 mL for 24 h at 4 ◦C to create amine

functional groups. Any free, unreacted DADPA molecules were removed by thorough

rinsing with deionised water. Amine functionalisation was visually assessed following

a colorimetric method described by Hartwig et al. [354] using methyl orange (Sigma

Aldrich). Methyl orange is a dye which can bind to amine groups and can therefore be

used to visualise the presence of amine groups on the electrospun PSu web surface.

The amine functionalised PSu web was subsequently biotinylated using a NHS-ester of

biotin (EZ-Link R© NHS-biotin, Thermo Scientific, Cat. No. 20217). Figure 6.3 illustrates

schematically the attachment of biotin to the amine functionalised surface.
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Figure 6.3: Reaction of EZ-Link NHS-biotin with primary amine groups on the
electrospun PSu web surface.

Prior to biotinylation, all functionalised electrospun webs were cut to 0.2 x 0.2 cm

samples and blocked overnight at 37◦C in 1 mL Tris-buffered blocking agent using a

Thermomixer R Shaker (eppendorf, Cat. No. 5355). After blocking, the samples were

washed once for 1 h with 1 mL PBST containing 5x casein blocking buffer to remove any

Tris components and transferred into fresh eppendorf tubes. To determine the amount

of biotin needed for an effective biotinylation, three different biotin concentrations were

evaluated: 1 mM, 0.1 mM, and 0.01 mM. Appropriate stock solutions of biotin were

prepared in DMSO according to the manufacturer’s protocol. Each sample was incu-

bated in 500 µL PBST containing 2x casein blocking buffer and the appropriate amount

of biotin for 2 h at room temperature on a Stuart SB2 fixed speed rotator (20 rpm).

After biotinylation, the samples were washed 5x in 1 mL PBST containing 2x blocking

buffer to remove any unreacted biotin and byproducts formed. Each wash step was

carried out for 5 min using a Thermomixer R Shaker (eppendorf, Cat. No. 5355) at 850
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rpm and the samples were transferred into fresh tubes after the third wash step. The

sample was blocked anew overnight at 37◦C at 350 rpm in 1 mL Tris-buffered blocking

agent as biotinylation has been found to increase unspecific protein adsorption [261].

After overnight blocking, the samples were washed once in 1 mL PBS for 1 min at 850

rpm and transferred into fresh eppendorf tubes to attach the streptavidin-conjugated

Adhiron binder.

Biotinylation of the surface was verified using High Sensitivity Streptavidin-HRP (Thermo

Scientific, Cat. No. 21130), which binds specifically to biotin available on the surface

and is detectable using a colorimetric substrate. Each electrospun sample was incubated

for 30 min at room temperature with 300 µL PBST on a shaker (200 rpm) containing 2x

casein blocking buffer and High Sensitivity Streptavidin-HRP (1:1000 dilution). To re-

move any unspecifically bound streptavidin, the samples were washed 10x for 3 min with

1 mL PBST including 2x casein blocking buffer in a shaker at 850 rpm. The washed

samples were transferred to a 96-well plate and incubated with 100 µL colorimetric

substrate 3,3’,5,5-tetramethylbenzidine (TMB) (1-Step
TM

Ultra TMB-ELISA (Thermo

Scientific)). The time for colour development was recorded and after transferring the

TMB solution into the neighbouring well, absorbance at 620 nm was measured.

6.2.2 Conjugation of Adhiron binders to streptavidin linker

To immobilise the Adhiron binder on the surface, it was conjugated via a thiol-ether

linkage to a maleimide-activated streptavidin (Sigma Aldrich, Cat. No. S9415). Sulph-

hydryl groups present in the side chains of the amino acid cysteine are often paired in

disulphide bonds (S-S). But, a reaction with thiol reactive compounds to form stable

thiol-ether bonds is only possible if free sulphhydryl groups (-SH) are present. There-

fore, a reduction step had to be carried prior to conjugation to create free sulphhydryl

groups (-SH). Figure 6.4 shows the schematic representation of the conjugation reaction.

To ensure the highest yield and quality for conjugation, Adhiron binder 18 was newly

expressed via IPTG induction (see section 3.2.3.2). 50 mL pellets were purified accord-

ing to methods described in section 3.2.4. The conjugation to the streptavidin linker

was carried out immediately after eluting the Adhiron binder of the purification column,

because it was previously found in this study that Adhiron binders show a tendency to
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Figure 6.4: Reaction scheme of the conjugation of a maleimide-activated
streptavidin linker to the Adhiron binder via cysteines.

aggregate and precipitate after purification (see section 3.3.3). Adhiron binder concen-

tration during purification was monitored using a NanoDrop Lite spectrophotometer.

The eluted Adhiron binder fractions with a concentration of higher than 3.5 mg/mL

were pooled and a reduction of the disulphide bonds was carried out using Tris(2-

carboxyethyl)phosphin (TCEP) in form of an Immobilised TCEP Disulfide Reducing

Gel (Thermo Scientific, Cat. No. 77712). Twice the Adhiron binder sample volume of

TCEP resin was washed 3x using PBS containing 1 mM ethylenediaminetetraacetic acid

(EDTA)2.

After washing, the Adhiron binder sample was added to the washed gel along with PBS

containing 50 mM EDTA and incubated for 1.5 h at room temperature on a rotating

wheel. After incubation the gel was centrifuged at 1000 x g for 1 min using a microcen-

trifuge (GenFuge 24D from (Progen)). The supernatant containing the reduced Adhiron

binder was recovered and conjugated immediately to the streptavidin-maleimide binder

in 20 fold molar excess; i.e. approximately 4.7 mg of reduced Adhiron binder 18 (12.5

kDa) were conjugated to approximately 1 mg streptavidin linker (53 kDa), previously

dissolved in 20 µL PBS. The conjugation was left to proceed overnight at room tem-

perature. Conjugation was checked with SDS PAGE (section 3.2.5.1) as well as by

performing a Western blot analysis (section 3.2.5.2). The conjugated Adhiron binder

was stored at -20◦C in 40% (v/v) glycerol until further use.

2EDTA is a metal complexing agent. It binds free metals and therefore prevents metal induced
oxidation. As a result, it protects the newly formed sulphhydryl groups from oxidation. It also ensures
continuous activity of the reducing gel, by chelating metals, which can potentially lower the gel’s activity
[309].
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6.2.3 Immobilisation of streptavidin-conjugated Adhiron binders on

the biotinylated fibre surfaces

To immobilise the streptavidin-conjugated Adhiron binder on the biotinylated fibre sur-

faces, the blocked and biotinylated sample was incubated with 30 µL conjugated Adhiron

binder (0.5 mg/mL based on streptavidin concentration) in 100 µL Tris blocking buffer

for 1 h at room temperature on a rotating wheel. After immobilisation, the sample

was washed 3x in PBST containing 2x casein blocking buffer to remove any unbound

conjugates and non-conjugated Adhiron binder. Figure 6.5 illustrates the immobilisa-

tion of the Adhiron binder streptavidin conjugate on the biotinylated electrospun PSu

web. The immobilisation was assessed using a pull-down assay described within the next

section (section 6.2.4).
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Figure 6.5: Immobilisation of Adhiron binder streptavidin conjugate on the
biotinylated electrospun PSu web.

6.2.4 Pull-down assay

Within this study, a classic pull-down assay using magnetic, streptavidin coated beads

to immobilise a biotinylated bait protein was used. Subsequently, the principle was

transferred to using a biotinylated electrospun PSu web as immobilisation matrix. The

approach of using the beads alongside the PSu web for the pull-down assay was chosen

as control, to confirm the fundamental principle that Adhiron binders immobilised via

a biotin-streptavidin bridge can specifically remove mGFP out of solution. Using mag-

netic beads for a pull-down is a well-characterised technique often used in biomolecular

sciences to analyse protein interactions [355, 356].
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6.2.4.1 Pull-down using streptavidin beads

Streptavidin coated beads (Dynabeads R© MyOneTM Streptavidin T1, Thermo Scientific,

Cat. No. 65601) were used to immobilise biotinylated Adhiron binder 18. Biotinylation

was carried out using EZ-Link R© HPDP-biotin (Thermo Scientific, Cat. No. 21341)

to label the cysteine present in the Adhiron binder. Initially, a TCEP reduction was

carried out to reduce disulphide bonds to free sulphhydryl groups available for labelling

(see section 6.2.2). Immediately after reduction, 10 µL of 4 mM HPDP-biotin stock were

added to 130 µL reduced Adhiron binder sample. The mixture was left to biotinylate

overnight. Excess non-reacted biotin was removed using Zeba Spin Desalting Columns

(7K MWCO) (Thermo Scientific, Cat. No. 89882) following the manufacturer’s protocol.

The biotinylated Adhiron binders were stored at -20◦C in 40% glycerol.

Biotinylation was checked carrying out an enzyme-linked immunosorbent assay (ELISA)3

as follows. A dilution series of the biotinylated Adhiron binder in PBS (starting at 0.01

mg/mL) was coated onto a Nunc-ImmunoTM MaxiSorpTM strip (Thermo Scientific, Cat.

No. 469949) (50 µL in each well) by overnight incubation at 4◦C. To remove any un-

bound Adhiron binder, each well was washed 3x with 300 µL PBST. The wells were then

blocked for 3 h at 37◦C in 10x casein blocking buffer to reduce background signals by un-

specific protein adsorption. The wells were washed again 3x in 300 µL PBST. To detect

the biotinylated Adhiron binder, 50 µL of High Sensitivity Streptavidin-HRP (1:1000

dilution in 2x casein blocking buffer in PBST) were aliquoted into each well and left to

incubate at room temperature on a vibrating platform shaker (Heidolph VIBRAMAX

100, speed setting 3) for 1 h. After incubation, the plates were washed 6x with 300 µL

PBST on a plate washer (TECAN HydroFlex. WASH 6). To detect the streptavidin

bound to the biotinylated Adhiron binder, 50 µL TMB were aliquoted into each well.

The time for colour development was recorded and absorbance was measured at 620 nm

on a plate reader.

For each sample 100 µL (1 mg) beads were prepared to be incubated with approximately

60 µg of biotinylated Adhiron binder to create a three fold excess over the stated binding

capacity of the beads. The beads were washed in PBST according to the manufacturer’s

3An ELISA is a technique that uses an antibody coupled to a reporter enzyme to specifically detect
the presence of a substance. Once the antibody binds to the substance to be detected, its presence can
be visualised through the addition of the enzyme substrate resulting in colour change.
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protocol and blocked overnight in 2x casein blocking buffer (diluted in PBST). The beads

were washed again 3x in 1 mL PBST and incubated with the Adhiron binder for 30 min

on a rotating wheel to maintain the beads in suspension. Any unbound Adhiron binder

was removed by washing the beads 3x in 1 mL PBST. The ability of the immobilised

Adhiron binder to specifically remove mGFP out of a solution was assessed by incubating

the beads with PBS containing 1 mg mGFP as well as with 1 mg mGFP mixed into cell

lysate. The latter was carried out to confirm the specificity of the binding. Unspecific

adsorption to the beads was assessed by incubating beads without immobilised Adhiron

binder with 1 mg mGFP in PBS. Incubation of the beads with mGFP was carried out

for approximately 1 h at room temperature. To remove any unspecifically bound mGFP,

the beads were washed 7x in 1 mL PBST, changing tubes half-way through the washing

procedure. To qualitatively assess the pull-down, the beads were resuspended in 15

µL PBS after the final wash and SDS PAGE was conducted according to the method

described in section 3.2.5.1 to analyse the pull-down.

6.2.4.2 Pull-down using biotinylated electrospun PSu web

Electrospun PSu webs biotinylated with 0.1 mM biotin, prepared according to methods

described in sections 6.2.1 to 6.2.3, were incubated for approximately 1 h with 1 mg

mGFP in PBS and 1 mg mGFP in cell lysate, respectively. To assess unspecific protein

adsorption to the electrospun web, a plain PSu web, an amine functionalised web, and

a biotinylated web containing no Adhiron binder were incubated with 1 mg mGFP in

PBS. The effect of blocking the electrospun web surface before and after biotinylation was

assessed by incubating a biotinylated electrospun web containing immobilised Adhiron

binder with 1 mg mGFP in cell lysate. Unspecific adsorption to a non-functionalised,

non-blocked web was also assessed by incubation with mGFP in cell lysate.

After incubation with mGFP, the samples were washed 7x in 1 mL PBST. Each wash

step was carried out for 30 sec using a Thermomixer R Shaker (5355, eppendorf) at

850 rpm. The samples were transferred into fresh eppendorf tubes after the first and

fourth wash. In order to prepare samples for SDS PAGE analysis, the samples were

covered with 15 µL PBS; 5 µL loading dye were added and the samples were boiled for

4 min. The prepared samples were analysed using SDS PAGE according to the method

described in section 3.2.5.1.
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6.3 Results and discussion

The electrospun PSu web was functionalised and biotinylated (section 6.3.1) and the

Adhiron binder 18 was conjugated to a maleimide-streptavidin linker (section 6.3.2).

The Adhiron binder was immobilised on streptavidin beads (section 6.3.3.1) and on the

electrospun PSu web (section 6.3.3.2).

6.3.1 Functionalisation of electrospun PSu web

The electrospun PSu web was successfully functionalised using the described techniques

of surface activation. The creation of surface amine groups was visually confirmed (see

Figure 6.6); after several wash steps the functionalised web showed a bright orange

colour, whereas the non-functionalised membrane remained colourless.

Figure 6.6: Photograph of functionalised (left) and non-functionalised (right)
electrospun PSu webs (four wire electrode, 40 kV, 8 rpm, 13 cm, fabric

collector, heat treatment) after incubation with methyl orange and
subsequent rinsing steps.

The electrospun PSu web could be biotinylated using the three different concentrations

chosen, whereas lower biotin concentrations (0.01 and 0.1 mM) appeared to be slightly

more efficient than higher biotin concentrations (1mM) (see Figure 6.7). A concentration

exceeding the binding capacity of the surface in high excess could cause an aggregation of

the biotin molecules and thereby reducing the amount immobilised on the surface. Thus,

a concentration of 0.1 mM biotin was used for further immobilisation experiments. As

the specific surface area of the fabric as well as the amount of amine groups created on

the surface are unknown, no conclusion can be drawn about the immobilisation capacity

of the electrospun web or optimum biotin concentrations. This information will be

necessary to optimise the amount of binder that can be immobilised on the surface and
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Figure 6.7: Analysis results of the biotinylation of the electrospun PSu web with
three different biotin concentrations.

to quantify the immobilisation capacity of the web. Further work will be necessary to

optimise this process step.

6.3.2 Conjugation of streptavidin-maleimide linker to Adhiron binder

Adhiron binder 18 was successfully conjugated to the maleimide-activated streptavidin

beads. Figure 6.8 shows the image of the SDS gel as well as the results of the Western

blot. Comparing the bands for the pure 2.5 µg sample of Adhiron binder 18 and of

streptavidin (not maleimide-activated) it can be assumed that labelling was achieved to

a high degree. The band visible for pure streptavidin (approximately 55 kDa) is not

visible in the conjugate at the same concentration, suggesting that the entire amount

of streptavidin present was labelled. The smear visible at the top end of the lanes are

the conjugated samples. The size indicates that mainly ten or more Adhiron molecules

were conjugated to the streptavidin; the molecular weight of the conjugate was too high

to be fully resolved by a 15% acrylamide gel. The Western blot confirms that the bands

visible on the SDS PAGE gel image are the Adhiron binder conjugates as the antibody

detects only the his-tagged protein. Therefore, no band is visible for the streptavidin

sample. The additional bands visible at approximately 24 kDa and 36 kDa are likely to

be caused by the formation of dimers and trimers of the Adhiron binder as their size is

too small to indicate a conjugated binder.
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The conjugation of the Adhiron binder to a maleimide-activated streptavidin has the

advantage that it allows the conjugation of several Adhiron binders to one streptavidin

molecule. Thus, the amount of Adhiron binders immobilised per area can be increased,

and therefore, it is most likely that the binding capacity will also be increased. However,

high material costs and several process steps are associated with this approach. The

creation of a streptavidin fusion protein might represent a more cost effective solution.

For this, the streptavidin is fused to a partner protein and can be expressed in large

quantities [263].
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Figure 6.8: SDS PAGE and Western blot of Adhiron binder 18, streptavidin (not
maleimide-activated) and streptavidin-conjugated Adhiron binder 18 in
different concentration – red arrows highlighting bands corresponding to

the streptavidin-Adhiron binder conjugate.

6.3.3 Immobilisation of Adhiron binder

Adhiron binder 18 could be immobilised onto two different types of matrixes (beads and

electrospun PSu web). Irrespective of the matrix used, it was shown that mGFP was

specifically removed from a pure protein solution as well as from a cell lysate containing

a range of different bacterial proteins.
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6.3.3.1 Immobilisation of Adhiron binders on streptavidin beads

Adhiron binder 18 was successfully biotinylated using the described protocol. The colour

shift observed in the ELISA (see Figure 6.9) is caused by the detection of the biotinylated

Adhiron by the streptavidin-conjugated HRP.
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Figure 6.9: Image of the ELISA to assess biotinylation of Adhiron binder 18.

Figure 6.10 shows the image of the SDS PAGE result of the pull-down assay performed

on beads. The lane on the left hand side of the gel shows a 5 µg sample of purified

mGFP (29 kDa). The smaller bands visible at approximately 18 and 10 kDa are likely

to be degradation products of mGFP. Upon comparison of the bands, it is evident
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Figure 6.10: SDS PAGE of mGFP pull-down using biotinylated Adhiron binder 18
immobilised on Streptavidin beads (Dynabeads MyOne Streptavidin

T1) – red arrows highlight bands representing mGFP.

that the beads containing immobilised Adhiron binder 18 specifically bound to mGFP.

The control sample (beads without immobilised Adhiron binder) shows no band in the

size of mGFP. This confirms the specificity of the binding. The adsorption occurs

specifically, due to the presence of the Adhiron binder and not unspecifically onto the
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beads. Both adsorption of mGFP from a pure protein solution and from lysate show

similar results, suggesting a highly specific binding event. The bands visible in all

samples at approximately 12 kDa are likely to be caused by unspecifically adsorbed

proteins contained in the blocking buffer. Bead samples containing Adhiron binders

show a double band; the second band most likely results from free Adhiron binders not

immobilised on the beads.

6.3.3.2 Immobilisation of Adhiron binders on biotinylated electrospun PSu

web

Figure 6.11 shows the SDS PAGE gel image of the pull-down assay using the electrospun

web as an immobilisation matrix. Comparing control and sample lanes with the lane
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Figure 6.11: SDS PAGE of mGFP pull-down using streptavidin-conjugated Adhiron
binder 18 immobilised on the biotinylated electrospun PSu web – red

arrows highlight bands representing mGFP.

showing purified mGFP makes it evident that samples containing immobilised Adhiron

binder 18 could specifically remove mGFP out of solution. Due to the similarity of

samples incubated with a pure mGFP solution and with mGPF contained in cell lysate,
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it can be concluded that the adsorption is specific for mGFP. No detectable amounts of

other proteins are adsorbed by the Adhiron binder. The absence of bands in the size

range of mGFP on control samples 1 to 3 and control 5 confirms that mGFP is not

adsorbed unspecifically. This observation is made equally for the non-functionalised and

functionalised material.

The results obtained in this study confirm that a functionalisation of the electrospun

PSu web surface is necessary to sufficiently immobilise Adhiron binders such that they

can then act as binders for target compounds. Yet, some of the target molecule mGFP

used in this study adsorbed onto the non-functionalised biotinylated web containing

Adhiron binder. The adsorption is indicated by a faint band at approximately 29 kDa

on control sample 4 (see Figure 6.11). This suggests that, despite the inherently inert

character of PSu, some immobilisation of Adhiron binders and therefore specific mGFP

adsorption occurred. The adsorption of the biotin can occur via non-covalent bonds,

such as hydrophobic or electrostatic interactions. Nevertheless, in comparison to the

functionalised material, the amount of adsorbed mGFP is considerably reduced. It is

unlikely that a covalent attachment of the biotin molecule occurred, thereby increasing

the risk of detachment under harsh conditions (e.g. high shear stress). Thus, a function-

alised surface is necessary in order to immobilise sufficient amounts of binder to capture

target proteins.

Some additional information can be obtained about the effects of surface functionalisa-

tion on unspecific adsorption by means of analysing the control samples of these exper-

iments. As can be seen in Figure 6.11, the non-functionalised control sample showed

the least unspecific adsorption of all controls as no distinct protein bands are visible.

On the contrary, surface functionalisation appears to increase unspecific adsorption.

The biotinylated sample shows the highest unspecific adsorption, followed by the amine

functionalised sample. One possible explanation for this effect might be the change in

surface charge of the electrospun PSu web caused by the introduction of amine groups

and biotin. Surface charge is known to influence protein adsorption onto surfaces (see

section 2.1.4). Pure PSu membranes exhibit a predominantly negative surface charge

[50]. The creation of amine groups on the surface generally introduces positive charges

under the given pH profile [53]. Thus, a potential shift in the surface charge could have

led to an increased adsorption of proteins such as casein and gelatine from the blocking
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buffer. Such phenomenon is likely because both of these proteins carry a negative charge

at the pH of the blocking buffer (pH 7.4).

As most proteins in the blood carry a negative charge [48], an electrospun web with

a predominately negative surface charge might be advantageous for the use in blood

filtration. Further work is necessary to confirm this assumption as other factors such

as changes in hydrophobicity or formation of hydrogen bonds can also contribute to

adsorption phenomena [65]. For example, the biotinylation of a surface enhances un-

specific adsorption due to hydrogen bonding and hydrophobic interactions of biotin and

proteins [261]. Also, amine surfaces tend to form hydrogen bonds with the glycoprotein

fibrinogen. Fibrinogen is involved in the process of blood clotting and plays a major role

in mediating an inflammatory response [52]. Its adsorption onto a blood filter membrane

surface is therefore not desired.

Blocking buffer was used during the experiments to potentially reduce unspecific adsorp-

tion. However, the obtained results suggest that less protein is unspecifically adsorbed

on non-blocked samples. Comparing sample 2 and 3, it is evident that a cleaner sample

is obtained from the non-blocked sample. Further work will be necessary to confirm this

observation and to choose optimum blocking buffers and blocking conditions. For blood

filtration applications, it will be of particular importance to assess unspecific adsorption

of crucial serum proteins such as albumin. It will be important to do this not only in

static but also in flow conditions. This is necessary to determine the suitability of the

electrospun web as blood filtration membrane.

6.4 Summary and conclusion

This part of the study demonstrated that Adhiron binders could be successfully im-

mobilised on electrospun PSu fibre/web surfaces using the biotin-streptavidin linking

technology. The immobilised Adhiron binder specifically bound to the target protein

mGFP in solution, both in competitive (cell lysate) and non-competitive (pure protein

solution) environments. Thus, a major step in the development of electrospun PSu webs

for the use as affinity membranes in the specific removal of toxins was made. Several

challenges will have to be met in the future. The first is to develop an electrospun web

suitable as blood filtration membrane. The second is to create a streamlined industrial
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process capable of delivering high yields of functionalised membranes at commercially

acceptable costs.

Although providing a strong bond, the interaction of biotin-streptavidin is not covalent.

This renders its suitability for an application in blood filtration questionable. The danger

of binder detachment exists when the electrospun web is exposed to flow conditions.

A binder detachment would result in releasing the binder into the blood stream of

patients as well as a loss of binding capacity of the membrane. Therefore, tests on bond

stability will have to be carried out to render this a medically approved technology. An

immobilisation mechanism providing a covalent attachment would be preferable.

The immobilisation procedure described within this study consists of several time-

consuming processes ranging from the functionalisation of the electrospun web to the

conjugation of the Adhiron binder to a linker. Future work will be necessary to sim-

plify these steps and to create a more industrially feasible process. Several alternative

processes could be evaluated. The creation of a reactive PSu surface could either be

achieved by using reactive gas in the plasma activation step or by using functionalised

co-polymers. The use of reactive gases in plasma technology to create functional groups

(e.g. amine groups) without additional functionalisation steps has been previously eval-

uated for PSu membranes [357]. A major drawback of the plasma process is that it is

less controllable in terms of the generated surface groups. Another approach to provide

a reactive surface is to use functionalised co-polymers. It has been previously described

and assessed in the literature. As examples one can mention the following. First, the use

of chloromethylated PSu [77]. Second, the use of biotinylated co-polymers [261]. Ad-

ditionally, biotin was also directly incorporated into a spinning solution for PLA fibres

[259, 260].

Based on the results of this chapter, it is assumed that the presence of unreacted func-

tional groups will pose a general challenge in the functionalisation of surfaces intended

for the use in blood filtration. Any unreacted functional group has the potential to

react with blood components. This can cause issues regarding the haemocompatibilty

(e.g. through enhanced clotting) or an inflammatory response. Hence, future research

will have to pay specific attention to this phenomenon in order to develop a medically

approved membrane.



Chapter 7

Conclusions and Suggestions for

Future Work

Within this chapter, the main findings of the presented research are summarised and

conclusions on the experimental work are drawn (section 7.1). Based on this, ideas for

future research are presented and recommendations on future research directions are

given (section 7.2).

7.1 Conclusions

The development of affinity membranes to specifically capture target molecules can

contribute to major advancements in various filtration areas. One important sector is

the filtration of blood in the form of haemodialysis, necessary for patients suffering from

chronic kidney disease (CKD). An affinity membrane, which can specifically capture

toxins from the blood, will contribute to a reduction in the frequency and/or length of

dialysis treatments and therefore significantly increase quality of life for patients and

reduce costs for the health care sector. The overall aim of the presented research was

to study the feasibility of combining electrospun PSu fibres with non-antibody binding

proteins (Adhiron binders) via two different immobilisation techniques to analyse the

feasibility of creating an electrospun affinity membrane. The two techniques used were

incorporation and surface attachment. This is believed to be the first time that Adhiron

binders have been combined with PSu and made into submicron fibres by electrospinning.

186
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Despite the fact of existing incompatibilities due to the delicate nature of the Adhiron

binders and the harsh organic solvents needed to dissolve the highly stable PSu, a first

successful step was made in the combination of the two materials. This work therefore

provides a basis for future research in the development of affinity membranes.

Within this research, Adhiron binders proved to be a suitable binder for the specific

capture of target molecules. They could be expressed and purified at high yields and

showed specific binding affinity to the selected target molecule mGFP. Although compa-

rably low binding affinities for mGFP were observed (in the high nanomolar range), the

surface immobilised binders specifically removed mGFP out of pure and complex pro-

tein solutions, which demonstrated their potential for future applications. The Adhiron

binders could also be easily modified to contain specific amino acids (e.g. cysteines) to

allow their oriented attachment to a surface. Some Adhiron binder loss through precip-

itation was observed during purification, which minimised the overall Adhiron binder

yield.

PSu dissolved in DMAc was successfully electrospun into smooth, defect-free fibres using

free surface electrospinning (Nanospider technology), which was identified in this study

as the most suitable spinning technology due to its process stability and productivity.

Spinning was conducted using two different types of electrode (spike and four wire elec-

trode) and the influence of the process parameters such as spinning solution composition,

electrode geometry, spinning distance, electrode speed, and collector substrate on fibre

morphologies and formation was analysed.

The spinning solution composition was found to have an important influence on fibre

morphology. In order to obtain smooth defect-free electrospun PSu fibres with fibre di-

ameters ranging between 0.3 and 1 µm the addition of up to 6% (w/ v) PEG to pure PSu

solutions was necessary. This was attributed to an enhanced conductivity of the spinning

solution caused by the introduction of PEG, which subjected the electrospinning jet to

higher elongational forces. Fibre morphologies (mean diameter and distribution) were

also influenced by the electrode geometry. For example, fibre mean diameters were found

to be larger (0.37 - 0.46 µm) for webs spun from pure PSu using the spike electrode than

for webs spun with the wire electrode (0.16 - 0.20 µm). The effect of electrode geometry

was mainly attributed to potential differences in electrical field strength and different

rates of solvent evaporation.
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Fibre formation and deposition was found to be mainly influenced by the electrode dis-

tance, electrode speed, and collector material used. A spinning distance of 13 cm and

an electrode speed of 8 rpm were identified as suitable conditions for the electrospin-

ning of PSu. These conditions allowed fibre formation and also solvent evaporation

for the deposition of smooth fibres. The influence of electrode distance and speed was

attributed to their influence on the electrical field strength and the time available for

solvent evaporation. Suitable fibre coverage and deposition was observed on aluminium

foil and polypropylene substrates treated with an antistatic finish. No additional col-

lector substrate was identified providing similar fibre collection properties. The effect

of the collector substrate on the electrospinning process was assigned to the material’s

interference with electrical field and the ability to dissipate accumulated charges.

The influence of the hydrophilic additive PEG on surface characteristics could not be

confirmed. The addition of PEG influenced fibre morphology and therefore no valid

information was obtained on the influence on the hydrophilicity of the electrospun PSu

web or the unspecific protein adsorption onto its surface.

The evaluation of different one-step incorporation techniques of Adhiron binders into

electrospun PSu fibres showed that an incorporation of aqueous components via emulsion

into PSu spinning solutions is possible under certain conditions. Despite the strong non-

solvent effect of water on PSu, smooth, defect-free submicron fibres with fibre diameters

ranging between 0.3 and 1 µm were produced when up to 1% (v/v) PBS were added to

the spinning solution. The obtained results suggest that the increased conductivity of

the spinning solution caused by the presence of the salts in the PBS buffer counteracts

the non-solvent effect of water on PSu.

The presence of incorporated Adhiron binders was visibly confirmed. Although the

presence of the binders was shown, the functionalised webs did not specifically adsorb

mGFP out of solution. Several reasons might be responsible for this phenomenon ranging

from a denaturation of the binders during the spinning process, to inaccessibility of the

binders for the target molecule mGFP. However, a fundamental understanding of the

challenges associated with a combination of PSu spinning solutions and Adhiron protein

binders was obtained, allowing an identification of areas for future research.

The most promising results for a combination of Adhiron binders and electrospun fibres

were obtained using surface attachment. It was shown that Adhiron binders could be
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successfully immobilised on the PSu fibre surfaces using a biotin-streptavidin linker.

The target molecule mGFP was specifically removed out of pure protein solutions as

well as out of cell lysates containing a mixture of various proteins. Using this approach,

a basis has been provided for designing affinity membranes capable of removing target

compounds such as uraemic toxins.

7.2 Future research directions

From the results obtained in this study, several areas of future work for the development

of nanofibrous affinity membranes can be identified, which can be grouped into three

areas: Adhiron protein binder related research, research on the electrospinning process

(optimisation, validation, and further analysis), and further development of immobilisa-

tion strategies.

7.2.1 Adhiron binders

Substantial amounts of Adhiron binders were lost through precipitation during protein

purification. To minimise loss and to therefore increase protein yield, research will be

necessary to analyse the specific mechanisms relating to precipitation including the eval-

uation of different stabilising buffers. Also, methods used for protein expression in this

study are refined to small quantities at a laboratory scale. Trials to establish large scale

protein expression and purification are necessary in order to provide sufficient amounts

for potential industrial scale applications. Furthermore, using protein engineering tech-

niques will allow to gain a better understanding of protein stability. This particularly

applies for their stability in organic solvents, which will further increase the ease of

handling of these binders and therefore contribute to their wider application.

7.2.2 Electrospinning

A first basis for the electrospinning of PSu for the use as affinity membrane was estab-

lished. Yet, further experiments will be necessary to systematically analyse the synergis-

tic effects of the process parameters in the electrospinning process to validate the results

presented in this research. All experiments presented were conducted in an environment
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with closely monitored humidity and temperature conditions within the limits of tech-

nical feasibility. In order to validate the observed effects and ensure replicability, the

experiments should be repeated in a closely controlled environment requiring extensive

technical equipment (such as the air conditioning unit NS AC 150 (Elmarco)). Further-

more, results obtained were influenced by the open polymer system of the Nanospider

equipment available. As a volatile solvent was used, spinning solution properties changed

within a time period of 10 min, after which different fibre morphologies were obtained.

Conducting the described spinning experiments in the new Nanospider NS LAB tech-

nology (Elmarco), which uses a closed polymer system, can assist in minimising the

influence of gradual solvent evaporation.

7.2.3 Immobilisation

In this research, the aim was to study the feasibility and applicability of various immobil-

isation techniques for the functionalisation of electrospun fibres with Adhiron binders.

The successful surface attachment of the Adhiron binders proved to be a promising

approach for the development of affinity membranes. The process steps outlined for

surface immobilisation in this study are characterised through several time-consuming

steps. This applies to the functionalisation of the electrospun PSu web as well as for the

attachment of a linker to the Adhiron binder. Thus, future work on the creation of func-

tional PSu surfaces (e.g. through the use of functional monomers) eliminating the need

for surface activation could greatly contribute to facilitate the attachment of functional

chemistry to inherently inert PSu. A review of various routes for PSu functionalisation

has been compiled by Dizman et al. [358].

The biotin-streptavidin bridge was successfully used for immobilisation. It is a well

characterised, commercially available linker technology, which enabled to establish the

proof of concept. However, the development of a (covalent) linker technology which does

not require a separate conjugation of Adhiron binder and linker but in which the linker

is present in the binder molecule, will further facilitate the functionalisation of (fibre)

surfaces. Several new linking technologies have been reported in the literature that do

not require an extensive modification of the protein or an excess of linker present. An

example is the use of the enzyme sortase to label N-terminal glycine [359], another is

the use of peptide tag that can covalently bind to proteins (e.g. SpyTag [360]). Future
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comparative research is needed to analyse systematically the merits and drawbacks of

each one of these approaches.

Besides an optimisation of immobilisation strategies, further work on the adsorption

behaviour of the functionalised electrospun webs will be necessary. In the presented

research it was successfully shown that specific adsorption of target molecules can be

achieved under static conditions. In order to be applicable for blood filtration applica-

tions, an evaluation and quantification of the adsorption behaviour under flow conditions

will be necessary. Modelling the adsorption behaviour, analysing the amount of binder

proteins necessary to remove specific amounts of toxins, as well as optimising binder

affinities for various targets will provide further essential information. Analysing the

feasibility of immobilising binders against different toxins on the same membrane or on

different filter layers will also contribute to the development of medical devices capable

of being set-up to the exact needs of particular patients.

On the basis of the presented research and the outlined research directions it is believed

that this study constitutes a small but real step towards the generalised application of

a filter that will significantly improve CKD patients health and well-being at reasonable

costs.



Appendix A

SEM micrographs of electrospun

samples (wire electrode)

containing various concentrations

of PEG and PBS
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Figure A.1: Matrix of samples spun from 24% (w/v) PSu including various percentages of PEG and PBS using the wire electrode (electrode
distance 13 cm, 40 kV, 10 min spinning time, aluminium foil collector; environmental conditions: 22.4 ◦C, 41.5% r.H.) at 1000 x

magnification)
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Figure A.2: Matrix of samples spun from 26% (w/v) PSu including various percentages of PEG and PBS using the wire electrode (electrode
distance 13 cm, 40 kV, 10 min spinning time, aluminium foil collector; environmental conditions: 22.4 ◦C, 41.5% r.H.) at 1000 x

magnification)
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[79] Grooteman, M. P. C., M. J. Nubé, J. van Limbeek, A. J. van Houte, M. R. Daha,
and J. A. van Geelen, “Biocompatibility and performance of a modified cellulosic
and a synthetic high flux dialyzer: a randomized crossover comparison between
cellulose triacetate and polysulphon,” American Society of Artificial Internal Or-
gans, vol. 41, no. 2, p. 215, 1995.

[80] R. M. Schaefer, W. A. Hörl, K. Kokot, and A. Heidland, “Enhanced biocompati-
bility with a new cellulosic membrane: Cuprophan R© versus Hemophan R©,” Blood
Purification, vol. 5, no. 4, pp. 262–267, 1987.



References 201

[81] J. Vienken, M. Diamantoglou, C. Hahn, H. Kamusewitz, and D. Paul, “Consider-
ations on developmental aspects of biocompatible dialysis membranes,” Artificial
Organs, vol. 19, no. 5, pp. 398–406, 1995.

[82] G. M. Whitesides, P. W. Snyder, D. T. Moustakas, and K. A. Mirica, “Designing
ligands to bind tightly to proteins,” in Physical Biology: From Atoms to Medicine.
London: Imperial College Press, 2008, ch. 9, pp. 189–216.

[83] J. Kuriyan, B. Konforti, and D. Wemmer, “Molecular Recognition: the thermody-
namics of binding,” in The Molecules of Life: Physical and Chemical Principles.
New York, London: Garland Science, 2013, ch. 12, pp. 530–581.

[84] N. C. Price and J. Nairn, “Calculations in the molecular bioscience,” in Explor-
ing Proteins: A students Guide to Experimental Skills and Methods. Oxford
University Press, 2009, ch. 4, pp. 104–147.

[85] A. K. Bronowska, “Thermodynamics of ligand-protein interactions: implications
for molecular design,” in Thermodynamics - Interaction Studies - Solids, Liquids
and Gases, D. J. C. Moreno-Pirajan, Ed. InTech, 2011, ch. 1.

[86] A. M. Lesk, “Proteins as catalysts: enzyme structure, kinetics, and mechanism,”
in Introduction to Protein Science - Architecture, Function, and Genomics, 2nd ed.
New York: Oxford University Press, 2010, ch. 5, pp. 187–284.

[87] S. Koide, “Design and engineering of synthetic binding proteins using nonantibody
scaffolds,” in Protein Engineering and Design, S. J. Park and C. J. R., Eds. CRC
Press, 2009, pp. 109–130.

[88] N. C. Price and J. Nairn, “The important properties of proteins and how to ex-
plore them,” in Exploring Proteins: A students Guide to Experimental Skills and
Methods. Oxford University Press, 2009, ch. 5, p. 154.

[89] A. Skerra, “Alternative non-antibody scaffolds for molecular recognition,” Current
Opinion in Biotechnology, vol. 18, no. 4, pp. 295–304, 2007.

[90] T. Hey, E. Fiedler, R. Rudolph, and M. Fiedler, “Artificial, non-antibody binding
proteins for pharmaceutical and industrial applications,” Trends in Biotechnology,
vol. 23, no. 10, pp. 514–522, 2005.

[91] H. K. Binz and A. Plückthun, “Engineered proteins as specific binding reagents,”
Current Opinion in Biotechnology, vol. 16, no. 4, pp. 459–469, 2005.

[92] M. Gebauer and A. Skerra, “Engineered protein scaffolds as next-generation an-
tibody therapeutics,” Current Opinion in Chemical Biology, vol. 13, no. 3, pp.
245–255, 2009.

[93] H. K. Binz, P. Amstutz, and A. Plückthun, “Engineering novel binding proteins
from nonimmunoglobulin domains,” Nature Biotechnology, vol. 23, no. 10, pp.
1257–1268, 2005.

[94] R. J. Hosse, A. Rothe, and B. E. Power, “A new generation of protein display
scaffolds for molecular recognition,” Protein Science, vol. 15, no. 1, pp. 14–27,
2006.



References 202

[95] C. Grönwall and S. St̊ahl, “Engineered affinity proteins – Generation and applica-
tions,” Journal of Biotechnology, vol. 140, no. 3-4, pp. 254–269, 2009.

[96] R. Woodman, J. T. H. Yeh, S. Laurenson, and P. K. Ferrigno, “Design and val-
idation of a neutral protein scaffold for the presentation of peptide aptamers,”
Journal of Molecular Biology, vol. 352, no. 5, pp. 1118–1133, 2005.

[97] P. Forrer, H. K. Binz, M. T. Stumpp, and A. Plückthun, “Consensus design of
repeat proteins,” ChemBioChem, vol. 5, no. 2, pp. 183–189, 2004.

[98] Y. L. Boersma and A. Plückthun, “DARPins and other repeat protein scaffolds:
advances in engineering and applications,” Current Opinion in Biotechnology,
vol. 22, no. 6, pp. 849–857, 2011.

[99] H. K. Binz, M. T. Stumpp, P. Forrer, P. Amstutz, and A. Plückthun, “Designing
repeat proteins: well-expressed, soluble and stable proteins from combinatorial
libraries of consensus ankyrin repeat proteins,” Journal of Molecular Biology, vol.
332, no. 2, pp. 489–503, 2003.

[100] C. Tiede, A. A. S. Tang, S. E. Deacon, U. Mandal, J. E. Nettleship, R. L. Owen,
S. E. George, D. J. Harrison, R. J. Owens, D. C. Tomlinson, and M. J. McPherson,
“Adhiron: a stable and versatile peptide display scaffold for molecular recognition
applications,” Protein Engineering Design and Selection, vol. 27, no. 5, pp. 145 –
55, 2014.

[101] R. S. Barhate, S. Sundarrajan, D. Pliszka, and S. Ramakrishna, “Fine chemi-
cal processing: the potential of nanofibres in filtration,” Filtration & Separation,
vol. 45, no. 4, pp. 32–35, 2008.

[102] I. M. Hutton, “Introduction to nonwoven filter media,” in Handbook of Nonwoven
Filter Media. Oxford: Elsevier, Butterworth-Heinemann, 2007, ch. 1, p. 9.

[103] The European Commission, “Commission recommendation of 18 october 2011 on
the definition of nanomaterial,” Official Journal of the European Union, vol. 696,
2011.

[104] T. Subbiah, G. S. Bhat, R. W. Tock, S. Parameswaran, and S. S. Ramkumar,
“Electrospinning of nanofibers,” Journal of Applied Polymer Science, vol. 96, no. 2,
pp. 557–569, 2005.

[105] R. Gopal, S. Kaur, Z. Ma, C. Chan, S. Ramakrishna, and T. Matsuura, “Electro-
spun nanofibrous filtration membrane,” Journal of Membrane Science, vol. 281,
no. 1-2, pp. 581–586, 2006.

[106] R. Barhate and S. Ramakrishna, “Nanofibrous filtering media: filtration problems
and solutions from tiny materials,” Journal of Membrane Science, vol. 296, no.
1-2, pp. 1–8, 2007.

[107] S. Agarwal, Grec, and J. H. Wendorff, “Functional materials by electrospinning of
polymers,” Progress in Polymer Science, vol. 38, no. 6, pp. 963–991, 2013.

[108] A. Formhals, “Process and apparatus for preparing artificial threads,” Oct. 2
1934, US Patent 1,975,504. [Online]. Available: http://www.google.com/patents/

http://www.google.com/patents/US1975504
http://www.google.com/patents/US1975504


References 203

US1975504

[109] J. Quirós, K. Boltes, and R. Rosal, “Bioactive applications for electrospun fibers,”
Polymer Reviews, 2015. [Online]. Available: http://dx.doi.org/10.1080/15583724.
2015.1136641

[110] J. H. Wendorff, S. Agarwal, and A. Greiner, “Nature of the electrospinning process
– experimental observations and theoretical analysis,” in Electrospinning Materi-
als, Processing, and Applications. Weinheim: Wiley-VCH, 2012, pp. 29 –67.

[111] S. Ramakrishna, An Introduction to Electrospinning and Nanofibers. World Sci-
entific Publishing Company, 2005.

[112] N. Bhardwaj and S. C. Kundu, “Electrospinning: a fascinating fiber fabrication
technique,” Biotechnology Advances, vol. 28, no. 3, pp. 325–347, 2010.

[113] P. K. Bhattacharjee and G. C. Rutledge, “Electrospinning and Polymer
Nanofibers: Process Fundamentals,” in Comprehensive Biomaterials, E. in Chief:
Paul Ducheyne, Ed. Elsevier Ltd., 2011, ch. 1.127., pp. 497–512.

[114] M. M. Hohman, M. Shin, G. Rutledge, and M. P. Brenner, “Electrospinning and
electrically forced jets. I. Stability theory,” Physics of Fluids, vol. 13, no. 8, p.
2201, 2001.

[115] M. M. Hohman, G. Rutledge, M. Shin, and M. P. Brenner, “Electrospinning and
electrically forced jets. II. Applications,” Physics of Fluids, vol. 13, no. 8, p. 2221,
2001.

[116] D. H. Reneker, A. L. Yarin, H. Fong, and S. Koombhongse, “Bending instability
of electrically charged liquid jets of polymer solutions in electrospinning,” Journal
of Applied Physics, vol. 87, no. 9, pp. 4531–4547, 2000.

[117] A. L. Yarin, S. Koombhongse, and D. H. Reneker, “Bending instability in electro-
spinning of nanofibers,” Journal of Applied Physics, vol. 89, no. 5, pp. 3018–3026,
2001.

[118] M. Ma and G. Rutledge, “Nanostructured electrospun fibers,” in Polymer Science:
A Comprehensive Reference, K. Matyjaszewski and M. Möller, Eds. Amsterdam:
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[167] F. Cengiz, I. Krucińska, E. Glíscińska, M. Chrzanowski, and F. Goektepe, “Com-
parative analysis of various electrospinning methods of nanofibre formation,” Fi-
bres & Textiles in Eastern Europe, vol. 17, no. 1, p. 72, 2009.

[168] Z. Li and C. Wang, “Effects of working parameters on electrospinning,” in One-
Dimensional Nanostructures, ser. SpringerBriefs in Materials. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2013, pp. 15–28.

[169] S. S. Homaeigohar, K. Buhr, and K. Ebert, “Polyethersulfone electrospun nanofi-
brous composite membrane for liquid filtration,” Journal of Membrane Science,
vol. 365, no. 1-2, pp. 68–77, 2010.

[170] F. Rombaldoni, K. Mahmood, and A. Varesano, “Adhesion enhancement of elec-
trospun nanofiber mats to polypropylene nonwoven fabric by low-temperature oxy-
gen plasma treatment,” Surface and Coatings Technology, vol. 216, pp. 178–184,
2013.

[171] K. Graham, H. Schreuder-Gibson, and M. Gogins, “Incorporation of electrospun
nanofibers into functional structures,” International Nonwovens Journal, vol. 13,
no. 2, pp. 1–16, 2004.

[172] R. Gopal, S. Kaur, C. Y. Feng, C. Chan, S. Ramakrishna, S. Tabe, and T. Mat-
suura, “Electrospun nanofibrous polysulfone membranes as pre-filters: Particulate
removal,” Journal of Membrane Science, vol. 289, no. 1-2, pp. 210–219, 2007.

[173] M. Blanes, B. Marco, M. J. Gisbert, M. A. Bonet, and R. Balart, “Surface modi-
fication of polypropylene non-woven substrates by padding with antistatic agents
for deposition of polyvinyl alcohol nanofiber webs by electrospinning,” Textile Re-
search Journal, vol. 80, no. 13, pp. 1335–1346, 2010.

[174] M. Gorjanc, V. Bukošek, M. Gorenšek, and A. Vesel, “The influence of water vapor
plasma treatment on specific properties of bleached and mercerized cotton fabric,”
Textile Research Journal, vol. 80, no. 6, pp. 557–567, 2010.

[175] A. Varesano, F. Rombaldoni, G. Mazzuchetti, C. Tonin, and R. Comotto, “Multi-
jet nozzle electrospinning on textile substrates: observations on process and nanofi-
bre mat deposition,” Polymer International, vol. 59, no. 12, pp. 1606–1615, 2010.
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J. L. Garćıa, C. Mateo, and J. M. Guisan, “Promotion of multipoint covalent im-
mobilization through different regions of genetically modified penicillin G acylase
from E. coli,” Process Biochemistry, vol. 45, no. 3, pp. 390–398, 2010.

[272] L. Cao, “Immobilised enzymes: science or art?” Current Opinion in Chemical
Biology, vol. 9, no. 2, pp. 217–226, 2005.

[273] G. Penzol, P. Armisén, R. Fernandez-Lafuente, L. Rodés, and J. M. Guisan, “Use
of dextrans as long and hydrophilic spacer arms to improve the performance of im-
mobilized proteins acting on macromolecules,” Biotechnology and Bioengineering,
vol. 60, no. 4, pp. 518–523, 1998.

[274] A. De Maio, M. M. El-Masry, M. Portaccio, N. Diano, S. Di Martino, A. Mattei,
U. Bencivenga, and D. G. Mita, “Influence of the spacer length on the activity of
enzymes immobilised on nylon/polyGMA membranes: Part 1. Isothermal condi-
tions,” Journal of Molecular Catalysis B: Enzymatic, vol. 21, no. 4, pp. 239–252,
2003.

[275] R. Y. Tsien, “The green fluorescent protein,” Annual Review of Biochemistry,
vol. 67, no. 1, pp. 509–544, 1998.

[276] A. Furtado and R. Henry, “Measurement of green fluorescent protein concentration
in single cells by image analysis,” Analytical Biochemistry, vol. 310, no. 1, pp. 84–
92, 2002.
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