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Abstract

In this thesis, several nanoformulations have been prepared using different combinations of
biomaterials including silk fibroin, sodium alginate, lipids, and amphiphilic cationic peptides
as drug delivery systems. The physiochemical properties of these formulations were
characterized and their efficiency as drug delivery systems was evaluated in vitro including 2D
and 3D cell culture. ASC-J9 has been selected as a hydrophobic small molecule anticancer
model drug that requires nanocarriers to modify its kinetics, prolong its circulation time and
improve its activity. The designed nanocarriers successfully encapsulated ASC-J9, modify its
release and enhanced cellular uptake. In the first experimental chapter, the particle elasticity
theory was investigated by preparing stiffness-tunable nanoformulation. This novel
formulation allows for manipulating the stiffness of the nanocarriers by changing the
combination of the two biopolymers within the core of the carrier and without adding any

synthetic or immunogenic materials.

One of the main limitations in large scale production of nanomaterials is batch to batch
variation and lack of controllability during processing. To address these limitations a newly
designed microfluidic mixer was introduced (swirl mixer) and its performance was assessed
in comparison to conventional microfluidic designs. In the last experimental chapter,
magnetic silk nanoparticles were manufactured and functionalised with G(IIKK)3l-NH;
amphiphilic cationic anticancer peptide. These functionalised nanoparticles not only improve
the delivery of ASC-J9 but also demonstrated an augmented anticancer activity. Overall, the
data presented in this thesis contributes to the field of nanomedicine and introduces new
preparation techniques for the pharmaceutical industry and potential nanoformulations for

cancer therapy.
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Chapter 1

1.1 Introduction

This PhD project is focused on designing nanocarriers using newly developed formulations
and manufacturing techniques for drug delivery. The physiochemical properties of the
prepared nanocarriers were characterised using a wide range of techniques to investigate
their ability to function as vectors for model hydrophobic drugs. The first objective is to
evaluate the impact of the nanocarrier properties on controlling the loaded drug release and
regulating cellular uptake in human 2D and 3-D cell culture. The next objective is to develop
a new microfluidic device for controllable production of nanocarriers (biopolymeric
nanoparticles) which allows for scaling up the process and address the limitations of the
current designs. The final objective is to implement the developed microfluidic device in the
process of preparing functionalized magnetic nanoparticles to target tumour tissues and
minimize the multidrug resistance in cancer cells. Several experimental approaches were
used; including microscopic imaging, high content screening and multiple in vitro assays in
both cancer and normal cells. The findings presented in this thesis show the impact of
formulating an anticancer model drug in nanocarriers on the cellular uptake, activity and
targetability using biocompatible ingredients. In addition, the newly developed microfluidic
device in this thesis provides an improved platform for fabricating nanocarriers with a great

potential for translating the benchtop preparations to pharmaceutical industry.

In the following sections, an overview of the challenges, strategies and applications of
nanocarriers as drug delivery systems in the field of nanomedicine. In addition, detailed
reviews of the anticancer model drug (ASC-J9) and the biopolymers used in the studied
nanocarrier formulations were provided. The recent advances in microfluidics for drug
delivery were also discussed to cover the pros and cons of the current devices and the rational

design approaches for controlling the nanofabrication process.

1.1.1 Nanocarriers for targeted drug delivery

The majority of anticancer agents are small molecules with unsuitable physiochemical
properties for drug delivery, such as high lipophilicity and low aqueous solubility. The

molecules of free hydrophobic drugs lack the ability to form hydrogen bonds with water and
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the drug is classified as poorly soluble when the maximum dose strength is not soluble in 250
ml of water [1, 2]. The poor physiochemical properties of anticancer drugs limit the
translations of many unformulated anticancer agents to clinical trials. The main approaches
to improving the drug solubility include: preparation of prodrug by chemical modifications;
addition of organic solvents, and encapsulating into a nanocarrier [3-5]. Among these
strategies, nanocarriers emerged as the preferred approach because it was the most feasible
and did not require a cytotoxic ingredient [4, 5] . In addition to aqueous solubility, other
properties, such as controlled drug release, enhanced cellular uptake and tumour tissue
targeting, are essential in cancer therapy. The recent advances in nanotechnology allows for
preparation of drug delivery systems with desirable characteristics and modified properties
to improve the quality of anticancer treatment [6]. To achieve this goal, a wide range of
nanocarriers were developed as drug delivery systems, including: liposomes, micelles,
polymer conjugates, and polymeric nanoparticles [7, 8]. These systems are considered
efficient nanocarriers for a drug when they meet certain standards, such as (1) efficient drug
loading, (2) controlled payload release at the site of action, and (3) biocompatibility and
biodegradability [9, 10]. Moreover, preventing rapid clearance and opsonisation of
therapeutic agents that leads to short half-life, is a key task for the nanocarriers to deliver
[11]. The short half-life of anticancer agents such as doxorubicin (DOX) and ASC-J9 may
require increasing the administrated dose or the administration frequency to achieve the
desired effect [12, 13]. Fracasso et al.[14] conducted phase | clinical trials on 14 patients to
investigate the impact of pegylated liposomal doxorubicin (PEG-LD) [14]. The results
demonstrated a moderate prolongation of total doxorubicin clearance and half-life, but did
not increase its toxicity [14]. More nanocarrier formulations and production techniques are
currently under study to obtain specific properties for efficient drug delivery. For example,
recent studies investigated the impact of nanocarrier size, components, surface charge and
elasticity on regulating cellular uptake, tumour targeting, and modifying drug release [15-19].
Nanoparticles and liposomes with a size range (100-200 nm) achieved higher tumour
accumoulation due to enhanced permeability and retention effect (EPR) [10, 20-22].
Therefore, designing a nanocarrier preperation technique that maintains the size below 200

nm is highly desirable in nanomedicine.
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1.1.2 Barriers to clinical application of current nanocarriers

Insufficient encapsulation of hydrophobic drugs is one of the common obstacles in the current
nanocarrier formulations to effcient drug delivery [10, 23]. In the case of low encapsulation
efficency, large quantities of the nanocarriers must be administrated in order to achieve the
minumum effective drug concentration. As a result, the risk of toxicity and immunogenicity
can increase, especially when synthetic polymers are used [24, 25]. Although natural
polymers such as polysaccharides and proteins are biodegradable with low risk of toxicity,
these polymers can have low stability, uncontrolled release of the loaded drug, and
complicated prossessing methods [26]. In addition to low drug encapsulation, undesirable
drug release is a main challenge in nanocarrier formulations. Therefore, avoiding the burst
release effect (uncontrolled sudden release of the loaded drug) in the medium after
administration is a necessity in cancer therapy [27]. Otherwise, a large amount of the loaded
drug will be lost before reaching the target tissue, which can compromise the overall
treatment process [28]. The development and planning process of the new generation of the
nanocarriers must consider biodistribution and cell targeting. Lack of ability to target cancer
cells can cause several undesirable side effects. The physical and chemical stability is another
important limitation to address when developing nanocarrier formulations. For example,
hydrolysis and oxidation are the major degredation reactions in phospholipid-based
nanocarriers [29]. These reactions maybe promoted by pH of the media or the nature of the
loaded drug [30]. Physical instability issues, including: fusion, aggregation, and drug leakage,
can affect the particle size of the nanocarrier as well as its loaded drug [29, 31]. Preparing
nanocarriers with an average size of >200 nm is not the only strategy to improving
biodistribution. Surface modification using polymers or ligands can have a greater impact on
drug distribution and the targeting ability of the nanocarrier [31-33]. In addition, high
production rate and reproducibility of prepared nanocarriers are additional barriers to large
scale production [34]. To overcome these barriers, chemically modified or multi-component
(hybrid) nano-carriers have been developed using two or more classes of nanomaterials,
mostly polymers and lipids [35]. Moreover, using fabrication techniques such as microfluidics
increases controlability, production rate, and can help the translation to the pharmaceutical

industry [36].
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1.1.3 Strategies and developments in nanocarrier design

Design and functionalization strategies for multifunctional nanocarriers (e.g. nanoparticles,
micelles, liposomes) based on biodegradable/biocompatible materials intended to be
employed for active targeting and drug delivery evolved in the past decads [37]. Nanocarriers
can be engineered to precisely control drug-release rates, or to target specific sites within the
body with a specific amount of therapeutic agent [38]. The first generation of nanoparticles
was designed in the 1960s using a biologically active polymer (divinyl ether-maleic anhydride)
in liposomes [39]. However, this formulation was found to be toxic in clinical trials [40]. This
example shed light on the importance of the rational design of nanocarrier formulation and
utilisation of biomaterials to avoid toxicity. Particle size and surface charge were the main
concerns of the early stage of the internalisation kinetics of nanoparticles due to the
relationship between the cellular internalisation rate, and particle size and aspect ratio [41].
Serum protein adsorption of positively charged nanocarriers increases significantly in
comparison to neutral or negatively charged particles [42]. The focus of nanotechnology
shifted in the early 1990s, from manipulating the nanoparticle size and shape only, to more
advanced nanoparticle engineering (Figure 1.1). This shift occurred when more studies
revealed that relying on the passive targeting mechanism in tumour tissues alone was not
enough in efficient cancer therapy [43]. Modifying size, shape and surface charge are limited
to less than 1% tumour accumulation [44]. The trend in drug delivery to tumors is
consequently directed toward integrated multifunctional carrier systems, providing selective
recognition of cancer cells in combination with a sustained or triggered release (Figure 1.1)
[38]. More tools are emerging to allow nanocarriers to avoid internalisation by phagocytic
cells and enhance accumulation at the target tissues. For example, the chemical reduction of
disulfied bonds of polymeric nanocarriers can trigger the release of the payload by increasing
the porosity of the carrier and enhancing drug diffusion to the site of action. This process was
used as targeting mechanisms to cancer tissues as they have a lower pH than normal tissues
[45, 46]. Pradhan et al.[19] prepared liposomal nanocarriers with multiple targeting
mechanisms including: thermosensitive lipid combination (decomposing at 42 °C), sensitive
to a magnetic field, and PEG-folic acid coating (Figure 1.1) [19]. The successful design of
targeted nanocarriers is also governed by the nature of the used polymers and functionalising

ligands. Modifying the physical nature of the polymeric nanocarrier was used to regulate the
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cellular uptake siRNA loaded nanoliposomes [15]. Only recently, studies were conducted to
investigate a relationship between polymeric nanocarrier stiffness and cellular uptake [7].
Nanocarrier stiffness regulating cellular uptake was explained by the shift in the cell
internalisation pathway. For low Young's modulus, liposomes can enter the cells via fusion,
the low energy predominant pathway [47], and endocytosis. By increasing the Young's
modulus, the only way to enter the cell is endocytosis, and this results in sustained release of
the loaded drug [15]. The main loading mechanism of gene delivery systems is the
electrostatic interaction between positively charged polymeric carriers and negatively
charged nucleic acids (DNAs & RNAs) so they can reach their targeted destination and escape
enzymatic degradation. The positively charged carriers can also enhance the cellular uptake
of the genetic material by interacting with the negatively charged cell surface. The carrier
surface charge can be manipulated to optimise gene loading and release by using cationic

polymers such as polylysine and polyethyleneimine (PEI) [48, 49].

Targeted polymer-drug First targeted delivery
conjugate enters clinical trials of siRNA in humans
Large scale production
of drug-loaded
First protein-based nanoparticle nanocarriers following
approved by FDA (Abraxane) GMP regulations

Shape specific nanoparticles for
drug delivery reported

Temperature sensitive

I folate targeted liposomes
Controlled release Preclinical studies of targeted for doxorubicin delivery
polymers for brain cancer dendrimer-drug conjugate

I |
1996 1999 2002 2004 2005

Approved biological First polymer-based Preclinical studies of bow-tie
active polymer by FDA micelle formulation of doxorubicin-conjugated
doxorubicin translated dendrimers Optimizing tumour
| to clinic I cells uptake of siRNA
Synthetic polymer T First in vivo studies using loaded nanoparticles
antitumor drug conjugate Cremophor-free, drug loaded polymersomes by changing elasticity
enters clinical trials Polymeric micelle |

formulated paclitaxel

completes Phase | trials The first nucleic acid-lipid

particle (SNALP) for siRNA
delivery to target hepatitis B
virus (HBV)

Figure 1.1. Timeline development of the main nanoparticles design strategies for drug and
gene delivery in the past two decades [15, 31, 50-60].
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1.1.4 Mechanisms of nanocarrier targeting

1.1.4.1 Organ or tissue targeting

Drug delivery systems with nanostructures promise numerous advantages for targeted drug
delivery. One of the important properties for the nanocarriers to achieve effective
concentration at the target tissue is maintaining the nanocarrier particle size below 200 nm.
This particle size demonstrates a higher efficacy in cancer therapy in comparison to larger
particles [21]. The enhanced permeability and retention effect (EPR) allows high accumulation
of the nanocarriers in tumour tissue. The transport of the anticancer drug to a specific organ
or tissue can be achieved by controlling the particle size. Due to cell-growth deregulation in
tumour tissue, new blood vessels are formed that are a prerequisite for the survival tumours
larger than 2 mm in size (Figure 1.2) [38, 54]. To exploit tumour EPR effects, nanocarriers
should not only maintain a specific size, but also have a stealthy surface to avoid renal

clearance and cellular internalisation such as phagocytosis [61, 62].
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Figure 1.2. Schematic representation of tumor targeting by nanocarriers (the green particles)
with particle size smaller than 200 nm followingthe enhanced permeability and retention
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(EPR) effect. Very low accumulation of nanocarriers was displayed at normal tissue (A) in
comparison to tumour tissue (B) due to the EPR effect in the tumour vessels [54].

1.1.4.2 Folate-mediated targeting

Folate plays a key role in DNA replication and synthesis, cell division and growth, especially in
rapidly proliferating cells [63]. Folate receptor (FR) is normally expressed at the luminal
surface of epithelial cells to shield itself from direct contact with folate in the circulation [5,6].
However, the abnormal carcinoma cells allow FR to access folate via alteration of the trans-
membrane region. Exploiting the overexpression of FR in cancer cells by functionlising
nanocarrier surface with folate is one of the effective approaches in tumours targeting [22].
Recent studies demonstrated the possibility of delivering macromolecules into living cells by
folate receptor endocytosis [64]. Nanoliposomes encapsulating doxorubicin were
functionlised with folic acid to target folate receptors expressing tumour cell lines such as KB
and Hela cells [19, 65]. This approch was also used as a targeting technique towards tumours
with haptens during cancer immunotherapy [66]. In another study conducted by Tong et al.
[67] FA coupled PEGylated nanoliposomes were prepared to deliver Paclitaxel (PTX) to
KOV3/TAX ovarian tumours [67]. This combination of FA-PEG-liposomes significantly
prolonged the survival, and reduced the tumour nodule number in mice in comparison to free

PTX or non-targeted nanocarriers [67].

1.1.4.3 Transferrin-mediated targeting

Transferrin receptor (Tfr) has low expression in normal cell membranes [68]. However, similar
to FR, Tfr is overexpressed (100-fold) in many cancers including; ovarian, brain, breast, lung
adenocarcinoma, and prostate due to the increased demand of iron for the survival of these
tumours [69, 70]. Targeting cancer cells using (Tf) has become one of the common approaches
in nanomedicine (Figure 1.3). For example, Riaz et al.[71] prepared T7 peptide-functionalised
liposomes loaded with Quercetin (QR) to enhance the selectivity and anticancer activity of QR
toward lung A549 cancer cells [71]. In gene delivery, Tf mediated liposomes were successfully
delivered to rat brain cells. Surface modified liposomes with OX26 monoclonal antibodies for

rat Tfr targeting have shown high bioavailability in brain microvascular endothelium [72].
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1.1.4.4 Stimulated nanocarriers

Tumour tissues have different properties from normal body tissues as cancer cells have an
uncontrollable proliferation of cancer cells and skip apoptosis. For example, tumour tissues
have lower pH value and slightly higher temperature compared to healthy tissues.
Nanocarriers that can utilise these conditions as a stimuli to discharge the loaded drug only
in acidic environment and temperatures above 37 °C to target specific tumour tissues. The
nanocarrier must be also uptaken by the cancer cells in large quantities or release the
incorporated drug to exert the desired activity. Although liposomes functionalised with PEG
have prolonged blood circulation time, drug release in the tumour tissue can be obstructed
by the PEG coating. In order to improve the efficiency of these liposomes, the drug release
should be triggered by the conditions at the site of action such as low pH. The PEG-lipid linkage
can be formulated to cleave in the acidic media of the tumour [73]. In addition, liposomal
formulations can be designed to release the theraputic agent at a specific temperature. For
example, the optimised ratios of phospholipids [1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol, and PEG 2000] demonstrated a significant increase in doxorubicin release
when subjected to a temperature >40 °C due to decomposition of the lipid formulation [19,
74]. Another effective approach in tumour targeting is magnetic field stimuli, which can drive
the nanocarrier to the targeted tissue simply by incorporating magnetic particles within the
nanocarrier formula (Figure 1.3). Magnetic particles have demostrated very promising results
in enhancing tumour targeting and cell uptake of the hydrophobic drugs such as curcumin

[49].
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Figure 1.3. Schematic representation of nanocarriers with a modified surface using polymers,
ligands, or antibodies for cellular targeting. The nanocarriers core can also be modified to load
different APls, control drug release, and target tumour tissues. (1) Encapsulating the
hydrophobic drug in the carrier’s core or the polymeric or lipid outer layer. (2) Incorporating
magnetic particles within the nanocarrier core. (3) Entrapping one or more polymers to modify
the physiochemical properties of the carrier. (4) Capturing DNA/ RNA within the carrier core
using cationic polymers.

1.2 Curcumin and its Derivatives as Anticancer Agents

Cancer is the second most life-threatening disease and one of the main public health
problems worldwide. In 2017 there were around 1.7 million new cases of cancer and more
than 600 thousand deaths in the united states alone[75]. Despite the tangible advances in
cancer therapy, the reported incidence of the disease and the mortality have not declined in
the past 30 years[76]. Understanding the molecular alterations that contribute to cancer
development and progression is a key factor in cancer prevention and treatment. There are
several common strategies for targeting specific cancer cells to inhibit tumour development,
progression and metastasis without causing severe side effects [77]. In addition to the
chemically synthesized anticancer agents, several anticancer compounds with different
modes of action have been extracted from plant sources such as Taxus brevifolia,
Catharanthus roseus, Betula alba, Cephalotaxus species, Erythroxylum previllei, Curcuma

longa, and many others [78]. Among which, curcumin is the most active component of the

20



rhizomes of Curcuma longa L. (turmeric) [79] and it was extracted for the first time in a pure
crystalline form from turmeric plant in 1870 [80]. Curcumin and its derivatives have received
immense attention in the past two decades due to their bio-functional properties such as anti-
tumour, antioxidant and anti-inflammatory activity [81]. These properties have been
attributed to the key elements in the curcumin structure [82]. Therefore, a great deal of
scientific work has shed light on the structure activity relationship (SAR) of curcumin in an
attempt to improve its physiochemical and biological properties. Due to the importance of
cancer as a leading cause of death, and the ongoing quest for more efficient and less toxic
anticancer agents, this review has mainly focused on the anticancer activity of curcumin. The
applications of curcumin in other diseases are beyond the scope of this review and have been
reviewed elsewhere [78, 83]. The main mechanisms of action by which curcumin exhibits its
unique anticancer activity include inducing apoptosis, inhibiting proliferation and invasion of
tumours by suppressing a variety of cellular signalling pathways [84]. Several studies reported
curcumin’s antitumor activity on breast cancer, lung cancer, head and neck squamous cell
carcinoma, prostate cancer and brain tumours [85], showing its capability to target multiple
cancer cell lines. In spite of all the above mentioned advantages, curcumin’s applications are
limited due to low water solubility which results in poor oral bioavailability and also low
chemical stability [81]. Another obstacle is the low cellular uptake of curcumin. Due to its
hydrophobicity, curcumin molecule tends to penetrate into the cell membrane and bind to
the fatty acyl chains of membrane lipids through hydrogen binding and hydrophobic
interactions resulting in low availability of curcumin inside the cytoplasm [86, 87]. To
overcome these obstacles and improve the overall anticancer activity of curcumin, several
structural modifications have been suggested to enhance selective toxicity toward specific

cancer cells[88], increase bioavailability, or enhance stability [78, 89].

1.2.1 Structural activity of curcumin and its derivatives

Chemical structure modification does not only affect the receptor binding and
pharmacological activity of a drug molecule but also alters its pharmacokinetics and
physiochemical properties [78]. Determining the essential pharmacophores within a drug
molecule requires a thorough study of its natural and synthetic analogues[85]. The chemical
structure of curcumin is depicted in Figure 1.4 (A). As can be observed it consists of two

phenyl rings substituted with hydroxyl and methoxyl groups and connected via a 7 carbon
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keto-enol linker (C7). While curcumin is naturally derived, its derivatives are generally
produced by a chemical reaction between aryl-aldehydes and acetylacetone. This assembly
method can yield multiple chemical analogues such as compounds with alkyl substituents on
the middle carbon of the linker (C7 moiety) [90, 91]. SAR study of curcumin derivatives
demonstrates that the presence of a coplanar hydrogen donor group and a B-diketone moiety
is essential for the antiandrogen activity for the treatment of prostate cancer [91]. In addition,
scanning 50 curcumin analogues showed that shortening the linker from 7 carbon atoms (C7)
to 5 carbon atoms (C5) improves the antiandrogenic activity[92]. As a result of introducing
methyl group at both C2 and C6 positions, a new curcumin derivative has been produced
(Figure 1 (B)). This derivative exhibits steric hindrance effect toward metabolizing enzymes
such as alcohol dehydrogenase[88] and demonstrated significantly higher activity than
curcumin in inhibiting endothelial cell proliferation and invasion both in vitro and in vivo [88].
Dimethylcurcumin or ASC-J9 (5-hydroxy-1, 7-bis (3, 4-dimethoxyphenyl)-1, 4, 6-heptatrien-3-
one) is a newly developed curcumin analogue which enhances androgen receptor
degradation and has been recently approved by FDA as anti-prostate cancer agent [93-95].
Moreover, it has also shown a significant antiproliferative effect against estrogen-dependent
breast cancer cells [96]. Although methylation has enhanced the targetability and activity of
the molecule, it has also increased its hydrophobicity massively compared to curcumin which

has limited its administrable dose in cancer therapy [97].

Furthermore, studies on kinetic stability of synthetic curcumin derivatives have pointed out
that glycosylation of the pharmacophore aromatic ring improves the compound’s water
solubility, which enhances its kinetic stability and leads to a better overall therapeutic
response[98]. During phase | and phase |l metabolism, the main routes of converting
curcumin into a higher excretable form are oxidation, reduction, and conjugation
(glucuronidation and sulfurylation). The conjugation reactions occur on the hydroxyl group
(4-OH) attached to the two phenyl rings of curcumin. Thus, enhancing the curcumin kinetic
stability can be achieved by masking the 4-OH group [99]. Another study has revealed a
correlation between the hydrophobic property of the two benzyl rings and androgen receptor
affinity [100]. The benzyl rings are also crucial for inhibiting tumour growth and adding
hydrophobic substituents such as CHz groups on them (R1, R2, R3, R4 in figure 4(B)) have been

linked to the increased antitumor activity of curcumin derivatives[100, 101]. O-methoxy

22



substitution was found to be more effective in suppressing nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), but this modification has also affected the lipophilicity
of curcumin [102]. A summary of the potential sites of modification on the curcumin molecule

is illustrated in Figure 1.4 (B).
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Figure 1.4. (A) Chemical structure of curcumin. (B) The main pharmacophore’s structure
activity relationship (SAR) of curcumin and potential substitution positions.

1.2.2 Different types of curcumin delivery systems used in cancer therapy

Various delivery systems for curcumin have been formulated using different
nanotechnologies in order to improve curcumin properties and targetability. For rational
design of the nanoformulations, several factors should be considered in order to enhance the
efficacy and improve the cellular targeting of the anticancer agents. These factors include the
nanoparticle size and shape, surface properties, and nanoparticle targeting ligands[103] as
illustrated in Figure 1.5. A summary of the most commonly used curcumin delivery systems

is introduced in this section.
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1.2.2.1 Polymeric nanoparticles

Various polymers have been utilized to prepare nanoformulations for curcumin drug delivery
to improve its biological activity [104]. The biocompatible and biodegradable polymers are
preferred in the drug delivery systems due to lower risk of toxicity[105]. Therefore,
biodegradable synthetic polymers such as PLGA (poly (D, L-lactic-co-glycolic acid) and natural
polymers such as silk fibroin and chitosan have become widely used in drug delivery [49, 106,
107]. PLGA-Curcumin nanoformulation was found to be as effective as curcumin at 15-fold
lower concentration in inhibiting mRNAs for inflammatory cytokines (CXCR3 and CXCL10), and
increasing anti-inflammatory cytokine interleukin-10 (IL-10) in the brain[108]. /In vivo study in
rats showed that the bioavailability of curcumin-PLGA nanospheres was increased 9-fold in
comparison to unprocessed curcumin administrated with alkaloid compound piperine.
However, curcumin/ piperine co-administration enhanced curcumin activity by inhibiting
hepatic and intestinal deactivation[109]. Another study compared the anticancer activity of
curcumin-loaded PLGA nanoparticles (CUR-NPs) and curcumin-loaded PLGA nanoparticles
conjugated to anti-P-glycoprotein (P-gp) (CUR-NPs-APgp). The latter formulation showed
significantly more specific binding to cervical cancer cells KB-3-1 but lower entrapment
efficiency compared to CUR-NPs [110]. Spherical PLGA nanospheres were also developed to
encapsulate dimethyl curcumin (ASC-J9) and tested in breast cancer cells. The PLGA
nanospheres were capable of releasing ASC-J9 intracellularly leading to growth inhibition of

estrogen-dependent MCF-7 cancer cells[96].
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Figure 1.5. Examples of current nanoparticle design strategies for improving targeting.

1.2.2.2 Liposomes

Nanoscale liposomes are emerging as one of the most useful drug delivery systems for
anticancer agents. Recent advances in liposome formulations have resulted in improved
treatment for drug-resistant tumours and reduced toxicity [111]. A liposome consists of a
phospholipid bilayer shell and an aqueous core which makes it an ideal carrier for
encapsulating both hydrophobic and hydrophilic compounds. Several liposome preparations
have been utilized to encapsulate curcumin (Table 2). Curcumin tends to solubilize in the
liposomal lipid bilayer such as egg yolk phosphatidyl choline (EYPC), dihexyl phosphate (DHP)
and cholesterol. This preparation was found to stabilize loaded curcumin proportionally to its
content[112]. Another work on liposomes tested coating liposomes with lipid-polymer
conjugate N-dodecyl chitosan-N-[(2-hydroxy-3-trimethylamine) propyl] (HPTMA) chloride.
Positively charged nano-liposomes for curcumin delivery have also been developed by
incorporating polyethylene glycol (PEG) and cationic polyethyleneimine (PEl) into the
formulation. Despite low encapsulation efficiency (45%), this formulation has demonstrated
20-fold higher cytotoxic activity than unprocessed curcumin in various cell lines, including

human HepG2 hepatocellular carcinoma, A549 lung carcinoma, HT29 colorectal carcinoma,

25



and cervical carcinoma [113]. In liposomal gene delivery, an interesting work conducted by
Fujita et al.[114], utilized curcumin to control siRNA release. By incorporating curcumin into
the liposomal formula, siRNA release showed a bell-shaped pattern due to the dose-
dependent increase in liposomal permeability induced by curcumin. Curcumin-loaded
liposomes were also used to inhibit the production of IL-6 in macrophages. The liposomes
were prepared by mixing curcumin solution with human serum albumin (HSA) solution and
subsequently adding this mixture to a lipid mixture containing 1, 2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1, 2-dipalmitoyl-sn-glycero-3-phospho-L-serine sodium salt (DPPS)
and cholesterol. The designed system induced significant IL-6 suppression and reduction in

the total number of macrophages [115]

1.2.2.3 Nanogels

Although hydrogels and nanogels have gained considerable attention in the past decade as a
promising drug delivery system, only a few studies investigated the curcumin-nanogel
delivery in cancer therapy. There are several polymeric hydrogels nanoparticles that have
been prepared recently using synthetic or natural polymers. Among the natural polymers,
chitosan, chitin and alginate are the most studied for preparation of nanogels in drug delivery
[116]. On the other hand, the most commonly used synthetic polymers are polyvinyl alcohol
(PVA), polyethylene oxide (PEO), polyethyleneimine (PEI), polyvinyl pyrrolidone (PVP), and
poly-N-isopropylacrylamide (PNIAA) [117]. One of the main advantages of natural hydrogels
over synthetic ones is biodegradability and biocompatibility when used in drug delivery [117,
118]. Additionally, nanogels possess unique features including large surface area for drug
entrapment and porous structure for drug loading and release [118, 119]. Curcumin loaded
chitin nanogel has been used as a transdermal system for treatment of skin cancer [118]
(Table 1.1) and has shown more specific toxicity towards human skin melanoma (A375) in
comparison to human dermal fibroblast (HDF) cells without compromising the antitumor
activity of curcumin [118]. In another study, a hybrid nanogel system consisting of alginate,
chitosan, and pluronic polymers was prepared via polycationic crosslinking method and
tested on Hela cell line [120]. This delivery system demonstrated very high entrapment
efficiency and significant difference in cell proliferation was observed between the cells
treated with unprocessed curcumin and the cells treated with curcumin loaded hybrid

nanogel [120].
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1.2.2.4 Peptide and protein formulations

As discussed earlier, hydrogels and polymeric materials have shown promising results in
curcumin drug delivery. However, few limitations have arisen in processing clinical
applications including toxicity of un-reacted monomers, post-crosslinking shrinkage or
fragility of the polymer gels and rapid discharge of large amount of the loaded drug during
the initial burst release in drug carrier [121]. In an attempt to address these limitations, self-
assembling peptides systems have been developed. Peptides provide several benefits when
introduced to delivery systems such as biocompatibility, desirable hydrophilicity and mild
processing conditions [122]. A recent study investigated the physical properties and
therapeutic efficacy of curcumin-loaded self-assembling (MAX8) peptide (B-hairpin) hydrogel
system. This newly developed system has combined multiple advantages such as enhanced
delivery, curcumin stabilization and controlled drug release by changing the MAX8 peptide
concentration [123]. In another example, an amphiphilic polypeptide (B casein) was able to
self-assemble into micelles. encapsulation of curcumin within the hydrophobic core of the
casein micelles, increased its aqueous solubility by 2500-fold [124]. Human serum albumin
(HSA) is one of the most commonly used proteins in nanoparticle preparation due to its
excellent biocompatibility [125]. Curcumin-loaded HSA nanoparticles have been produced
through homogenization of aqueous HSA solution (to cross-link the HSA molecules) and
curcumin dissolved in chloroform. This formulation improved the curcumin solubility by 300-
fold but only achieved 7.2% curcumin loading efficiency which was likely due to entrapment
of curcumin within albumin hydrophobic cavity through hydrophobic interactions [126].
Recently, silk fibroin (SF) protein has attracted tremendous attention due to its excellent
biocompatibility and multiple biomedical applications [127]. Since it was approved by FDA,
several studies have investigated its potential applications in drug delivery [128]. Magnetic
silk nanoparticles (MSPs) were used to deliver curcumin to MDA-MB-231 breast cancer cells.
As illustrated in Figure 1.6, these particles were fabricated using the salting out method to
convert a-helix silk form to the B-sheet (the insoluble) form which provided a hydrophobic
surface for curcumin loading. The nanoformulation managed to achieve small particle size
(100-350 nm), cell internalization and provide the possibility for additional targeting using an

external magnetic field on the target tissue [49].
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Figure 1.6. (A) Fabrication of magnetic silk particles (MSP) for curcumin delivery. (B) AFM
images of MSP before and after curcumin loading. (C) Representative microscopic images of
MDA-MB-231 cells incubated with free curcumin and curcumin loaded MSP showing a
significant improvement of curcumin cellular uptake. [49].
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Table 1.1. Examples of recent curcumin delivery systems

Nano-formulation Particle Application Outcome Reference
size
Curcumin loaded liposomal 100-150 | Human prostate cancer Enhanced antiproliferative efficacy | [129]
PMSA-? antibodies nm (LNCa, C4-2B) and targeting
Curcumin loaded Magnetic 100-350 Human breast cancer (MDA- Enhanced cellular uptake and [49]
silk nanoparticles nm MB-231) cells growth inhibition
Curcumin/MPEGP-PCLe 27+1.3 Colon carcinomas (C-26) cells Enhanced cancer growth [130]
Micelles nm inhibition
Curcumin nanoemulsion <200 nm | Human ovarian Increased cytotoxicity [131]
adenocarcinoma cells (SKV3)
Curcumin loaded liposomes 73 nm Murine fibroblast (NIH3T3) Specific toxicity in murine [132]
coated with N-dodecyl and murine melanoma melanoma (but not in fibroblasts)
chitosan-HPTMAA4 chloride (B16F10)
Curcumin-PLGAe 248 +1.6 | Erythroleukemia type 562 cells | Improved clinical management of | [131]
nanoparticles nm leukaemia
Curcumin loaded lipo-PEG!- 269 nm Melanoma (B16F10) and colon | Increased cytotoxicity [133]
PEIe complexes carcinoma (CT-26)
Curcumin-Chitosan 100-250 Melanomas Enhanced antitumor effect [134]
nanoparticles nm
ApoE" peptide-functionalized | 132 nm RBE4 cell monolayer Increased accumulation in brain [135]
curcumin loaded liposomes capillary endothelium
Curcumin-Crosslinked 10-200 Breast and pancreatic cancers | Higher stability and enhanced [118]
polymeric Nanogels nm antitumor effect
Curcumin loaded Chitin 70-80 Human skin melanoma (A385) | Specific toxicity in skin melanoma | [118]
nanogels nm and human dermal fibroblasts | (lower toxicity in HDF)
(HDF)
Curcumin-loaded lipid-core 196 +1.4 | Rats C6 and U251MG glioma Decreased tumour size and [136]
nanocapsules nm cell lines prolonged survival
Liposome-encapsulated Not Head and neck cancer Cancer growth suppression both [137]
curcumin reported | (HNSCC) cell lines (CAL27 in vitro and in vivo

and UM-SCC1)
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1.3 Silk Fibroin as a Functional Biomaterial for Drug and Gene

Delivery

Polymeric drug delivery systems have emerged as a new efficient alternative to the
conventional formulations to provide a reservoir to the active pharmaceutical ingredients
(APIs), improve their physicochemical properties, and overcome some of the major challenges
in drug delivery including specific targeting, intracellular transport, and biocompatibility in
order to improve the treatment efficiency and life quality of patients [138-141]. An ideal drug
delivery system should stabilize the loaded API, allow for modulating its release kinetics and
minimize its adverse effects by tissue-specific targeting, especially in the case of highly toxic
drugs such as anticancer agents. Silk has been known as a valuable natural material for the
fabric industry for centuries, but in the past decades it has attracted immense attention as a
promising biopolymer for biomedical and pharmaceutical applications [142-144]. Silk protein
possesses a unique combination of properties which is rare among natural polymers. It also
enjoys desirable characteristics such as mild aqueous possessing conditions, high
biocompatibility and biodegradability, and the ability to enhance the stability of the loaded
APls (e.g., proteins, pDNA, and small molecule drugs) [141, 142, 145, 146]. Moreover, silk
fibroin (SF) solution can be processed by various methods to produce different types of
delivery systems including hydrogels, films, scaffolds, microspheres, and nanoparticles [147].
SF exists in three different structural forms: Silk I, Silk [l and Silk Ill. Silk | exists in water-soluble
form and consists of a high percentage of a-helix domains in addition to random coils [148].
Contrarily, Silk Il has mainly B-sheet structure and is more stable and water-insoluble, while
Silk 11l prevails at the water/air interface [149]. The transformation from Silk | to Silk Il can be
tuned by different methods including organic solvent treatment, physical shear,
electromagnetic fields, or chemical processing [150, 151]. These properties can be utilized in
the pharmaceutical industry for producing micro- and nano particles and nano-fibrils or for
coating other pharmaceutical preparations such as liposomes [152, 153]. Moreover, the
availability of carboxyl and amino groups in the SF allows for bio-functionalization with
various biomolecules or ligands which could be used for targeted drug delivery [128]. The two
main strategies for functionalizing silk protein are chemical conjugation and genetic
modification of silk by changing the amino acid composition or adding a fragment to obtain a

specific function [154]. A large proportion of drug formulations including the vast majority of
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anticancer drug formulations are prepared for parenteral administration, resulting in direct
contact with the blood components. Thus, the drug carriers used in such formulations should
not induce any haematological toxicity or immune responses [3], which necessitates the use
of biocompatible polymers in the formulation. Furthermore, designing delivery systems for
biological drugs such as vaccines and antibodies requires maintaining their physical stability
as well as their biological activity, which is more crucial for the controlled release systems
[155]. This is mainly due to the higher sensitivity of the biological compounds, especially the
protein-based therapeutics, to many of the processing conditions throughout the delivery
system preparation compared to small molecule drugs, which limits the processing strategies
[156, 157]. Hence, loading the biological therapeutics into a compatible polymer can increase
their stability and consequently their half-life [158]. Moreover, incorporating the APIs into a
natural biocompatible protein such as SF has multiple advantages e.g., preserving the API
[159], improving the mechanical properties of the formulation [143], modifying drug release
kinetics [160-163], enhancing cell adhesion [153], and compatibility with blood components
[161]. The versatility of SF protein processing and formulating methods allows the
preparation of a wide range of drug carriers with different sizes and morphologies using
unmodified or engineered SF (Figurel.7). Unmodified SF carriers have been used to deliver
various anticancer drugs such as doxorubicin [164], paclitaxel [165], curcumin [146, 166], and

cisplatin [167].
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Figure 1.7. A diverse set of physical assemblies and chemical methods for preparing a variety
of silk fibroin (SF) formats for pharmaceutical and biomedical applications.
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1.3.1 Physiochemical Properties of Silk Fibroin

SF possesses a unique combination of mechanical and biological properties and exhibits
special features of both synthetic and natural polymers [168, 169]. Typically, silk represents
softness in the clothing industry, but it is considered one of the most robust natural
biomaterials due to its tensile strength and modulus [170]. This feature is important for the
polymers involved in bone tissue regeneration as mechanical performance of the polymer is
of utmost importance for such applications [171]. SF demonstrates excellent stability under

high thermal stress (higher than 250 °C) [172].

1.3.1.1 Biocompatibility

SF is a biocompatible material that has been officially recognized by the Food and Drug
Administration (FDA) for the development of a plethora of nanotechnological tools [173]. The
biocompatibility of silk has been studied extensively over the past two decades. The majority
of the studies have reported excellent biocompatibility and relatively lower immunogenic
response in comparison to other common degradable biological polymers in the
pharmaceutical industry such as polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA) and
collagen [158, 174, 175]. Cytocompatibility studies on SF formats revealed high compatibility
with different cell lines including hepatocytes, osteoblasts, fibroblasts, endothelial cells and
mesenchymal stem cells (MSCs) [176, 177]. During SF processing, organic solvents such as
methanol and hexafluoroisopropanol (HFIP) are used to crosslink SF via inducing structural
transformation (a helix to B sheet), which has been found responsible for the inflammatory
potential of SF formulations [178]. However, mild processing conditions that avoid the use of
organic solvents have been used to avoid these inflammatory responses [49]. An evaluation
of the levels of lymphocyte activating factor IL-1 and inflammatory cyclooxygenase-2 (COX-
2) gene expression in relation to SF stimulation did not show any significant differences from
those of collagen or PLA, indicating very low immunogenicity [179]. Another study has
evaluated the biocompatibility of scaffolds consisting of a combination of calcium
polyphosphate (CPP) and SF used for the reconstruction of cartilage and bone defects [180].
The results showed a tangible increase in tissue biocompatibility and osteogenicity of SF-CPP

scaffolds in comparison to CPP scaffolds [180].
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1.3.1.2 Mechanical Properties

Mechanical stiffness is a key property of SF-based formulations for pharmaceutical and
biomedical applications. The SF material used in tissue engineering, for example, must match
the stiffness of the targeted tissue. The stiffness can also affect the stability and degradability
of the SF polymer [181]. Many polymers that have been used in drug delivery devices, such
as PLGA and collagen, lack sufficient mechanical strength. A common strategy to enhance the
mechanical strength of the biopolymers such as collagen is crosslinking. However, the
crosslinking reaction could result in undesirable consequences such as cellular toxicity and
immunogenicity [182]. SF possesses robust B-sheet structure which provides excellent
mechanical properties without the need for any harsh crosslinking procedures. Based on the
B-sheet content, SF can transform into different formats including liquid, hydrogels, or
scaffolds [142]. Measurements of mechanical strength are usually obtained from Young’s
modulus using nanoindentation techniques [183]. SF exhibits high tensile strength and
resistance to compressive force making it a very suitable material for drug delivery and tissue
engineering [184]. Moreover, the removal of sericin during the degumming process results in
a 50% increase in tensile strength [185] which makes SF more stable during physical

pharmaceutical processing.

1.3.1.3 Stability

The stability of the polymeric materials is one of the most important factors in the production
of pharmaceutical formulations. Although biopolymers are preferred to their synthetic
counterparts for clinical applications due to their biocompatibility and biodegradability, they
must also meet certain stability standards to be considered for utilisation in the
pharmaceutical industry. One of the common stability problems of pure SF solution is
aggregation or gelation during long-term storage. SF is available in soluble form (with high
content of a- helix and random coil) and insoluble form (with high content of B-sheet).
Depending on the pharmaceutical preparation, either form should be used and maintained.
Storing the soluble SF in highly humid conditions results in a transformation from a-helix and
random coil to B-sheet which could lead to gelation and a decrease in the stability of the SF
solution [186, 187]. SF shows excellent stability under thermal stress compared to other
proteins. The best indicator for protein thermal stability is the glass transition temperature

(Tg) which in the case of SF is affected by its B-sheet content. The Tg of SF films is
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approximately 175 °C and the protein remains stable up to 250 °C which is desirable for
formulation processing. On the other hand, Tg of the frozen SF solution can go to -34 °C [188]
which is also advantageous in low temperature pharmaceutical processing. Furthermore, the
degree of crystallinity and porosity of SF films are also affected by Tg [189] The increase in B-
sheet content of SF causes a transformation from Silk | to Silk II, reflected by a significant
change in Tg which changes the degree of crystallinity. Stability of the SF in physiological fluids
is another important issue for its biomedical applications. SF could be protected from
enzymatic degradation within the body by coating with polymers such as polyethylene glycol

(PEG) in order to improve the delivery of the associated drugs to the site of action.

1.3.1.4 Degradability

Degradability is an important property of biological materials. Although biodegradability is a
main advantage of SF in clinical applications, this property makes pure SF particles liable to
proteolytic enzymes. The degradation rate of SF can be regulated by modifying the molecular
weight, the degree of crystallinity, morphological features, or crosslinking [190]. However,
the degree of crystallinity and crosslinking are not the only approaches to stabilization of SF
against degradation. For example, an in vitro enzymatic degradation experiment revealed
that SF sheets slightly transformed from Silk Il to Silk | crystalline structure when exposed to
collagenase IA. However, when protease XIV was used, the majority of the SF sheets
transformed to Silk | leading to a higher degree of crystallinity. Although the degradation time
was 15 days in both cases, the degradation rate was significantly lower for protease XIV
compared to collagenase IA [191]. Another study reported a predictable loss of mechanical
integrity due to SF degradation [192]. Incubation with protease led to an exponential
decrease in the SF filament diameter to 66% of the initial diameter after 10 weeks. Gel
electrophoresis indicated a decreasing amount of the silk 25 kDa light chain and a shift in the

molecular weight of the heavy chain with increasing incubation time with protease XIV [192].

1.3.2 SF-Based Drug Delivery Systems

Delivery of APIs in sustained and controlled release forms is important for many clinical
applications. Selection of the particle size, composition, and other features depends on the
type of the delivery system and the route of administration. Moreover, using biocompatible

and mechanically durable polymers with mild fabrication and processing conditions in such
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delivery systems is advantageous for preserving the bioactivity of the loaded APIls. As
discussed earlier, SF meets all these requirements which makes it a promising candidate for
drug delivery [142, 193]. SF-based drug delivery systems can be fabricated by different
methods, each resulting in a delivery system with unique properties such as modified release
kinetics, stability, and other features which could be of benefit in various applications. Various
types of SF-based drug delivery systems have been designed including hydrogels, films, micro-
and nanoparticles, nanofibers, lyophilized sponges as well as SF-coated polymeric particles.
In the following section, some of the most widely studied SF-based drug delivery systems are

reviewed.

1.3.2.1 Hydrogels

SF aqueous solution was used to generate hydrogels by different methods. The transition
from solution to gel can be triggered by physiochemical or chemical processes using natural
polymers or synthetic reagents [194]. The physicochemical processes include shearing
(spinning), water exclusion via evaporation or osmotic stress, electric field, and heating [195].
The gel form is stabilized because of thermodynamically stable B-sheets which result in a
stable gel form in physiological conditions unless extensively degraded by enzymes or
oxidative reactions [195]. One recent study used curcumin-loaded gel scaffolds prepared by
electrogelation for wound healing [196]. The prepared gel formulation not only improved
protein adsorption and sustained the release of curcumin, but also enhanced bacterial growth
inhibition by 6-fold against S. aureus [196]. Since protein adsorption on substrates is a key
factor for cell growth and proliferation, SF gel scaffolds can serve in wound healing by
promoting cell proliferation. Sundarakrishnan et al. [197], adapted a chemical approach using
horseradish peroxidase (HRP) and hydrogen peroxide to prepare SF hydrogels that were
subsequently crosslinked with di-tyrosinase, and loaded with phenol red in order to develop
a self-reporting pH system for in vitro environment [197]. Addition of phenol red during di-
tyrosine crosslinking resulted in stable entrapment of phenol red within SF hydrogel network
due to covalent interactions between phenol red and tyrosine and also prevented leaking

[197].

1.3.2.2 Silk Films

Film preparation from SF has attracted more attention recently due to its huge potential as a

biomaterial in pharmaceutical formulations and tissue engineering [198]. SF films can be
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simply prepared by casting an aqueous SF solution [199]. However, there are other reported
SF film preparation techniques such as vertical deposition [200], spin coating [201],
centrifugal casting [198], and spin assisted layer-by-layer assembly [202]. Terada et al. [201]
investigated the behavior of spin-coated SF films treated with different ethanol
concentrations. Alcohol concentrations of 80% or less resulted in a jelly-like hydrogel layer
while treatment with more than 90% alcohol provided a rigid film surface. This change in
morphology affected the attachment of the fibroblast cells to the SF films. Fibroblasts
aggregated on the rigid surface rather than attaching individually to the hydrogel surface
[201]. Another study found that blending SF with other polymers such as sodium alginate (SA)
before casting the film results in a miscible and transparent film and also induces a structural
change in SF [203]. Manipulating the SF/SA blending ratio shifted the SF conformation to the
higher B-sheet content. Moreover, mixing SA with SF enhanced water permeability, swelling
capacity and tensile strength of SF films [203]. Hence, SF/SA blend can provide unique tunable

characteristics that can be beneficial in pharmaceutical applications.

1.3.2.3 Silk Particles

As discussed earlier, the are an increasing number of SF-based systems that have been used
for encapsulating APIs and achieving modulated drug delivery among which nanoparticle
delivery systems have been studied the most, especially for anticancer drugs. One example
of such systems is the lysosomotropic SF nanoparticles designed by Seib et al. [164] for pH-
dependent release of the anticancer drug doxorubicin in order to overcome drug resistance.
SF nanoparticles are largely employed for controlled release of the loaded drug at the site of
action. SF nanoparticles can be fabricated by various methods, for example polyvinyl alcohol
(PVA) blends, which are used for fabricating SF spheres with controllable sizes and shapes
[204] (Table 1.2). The determinant factors for drug distribution and encapsulation efficiency
in such systems are their charge and lipophilicity. Modifying these factors results in different
drug release profiles [205]. Furthermore, addition of PVA results in a tangible improvement
in the morphology of the SF-particles [206]. One of the popular methods for fabrication SF
particles is the salting-out method. For example, Lammel et al. [207] produced SF particles
with controllable sizes ranging from 500 nm to 2 um using potassium phosphate as the salting
out agent. The B-sheet structure and zeta potential of the SF particles were affected by the

pH of the potassium phosphate solution [199, 207]. In another study conducted by Tian et al.
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[208] SF nanoparticles were prepared using the salting out method, loaded with a
combination of doxorubicin and Fe3s04 magnetic nanoparticles and driven to the target tissue
using an external magnetic field to achieve tissue-specific targeted delivery [208]. It was also
found that the entrapment efficiency of doxorubicin can be tuned by changing the
concentration of Fe304in the formulation [208]. However, the size of SF particles produced
by potassium phosphate was over 500 nm, which is not ideal for drug delivery. Recently, Song
et al. [49] produced magnetic SF nanoparticles (MSNPs) with size range of 90—350 nm by using
sodium phosphate. The size and morphology of the MSNPs were governed by the SF
concentration, the ionic strength and pH of the salting-out agent [49]. Compared to potassium
phosphate, sodium phosphate produced smaller particles and the size did not increase
significantly with increasing SF concentration and ionic strength, providing a promising
method to produce smaller particles with high concentration for drug delivery. The size of the
particles can be further reduced by increasing the pH of the salting-out agent. Although
salting-out and PVA methods are preferred over other methods due to their simplicity and
low toxicity, purifying the SF nanoparticles from excess polymers or salting-out agent is
required. Therefore, Mitropoulos et al. [209] managed to prepare SF particles with spherical
shape using a co-flow capillary device with PVA as the continuous phase and silk solution as
the discrete phase. This device allows for generation of SF spheres (2 um in size) without the
requirement for any further purification steps. Moreover, the diameter of the spheres can be
simply adjusted by changing the concentration of the polymers, the flow rate, and the
molecular weight of the selected polymer [209]. However, the size of the particles produced
is not within the desired size range for drug delivery. A more recent study on the microfluidics
has used a microfluidic setup (nano-assembler) to produce smaller sizes of SF particles (150—
300 nm) by a desolvation method [210] (Table 1.2). It was found that the characteristics of
the SF nanoparticles are controlled by two main factors: Flow rate and flow rate ratio [210].
The use of microfluidic instrument enabled rapid, reproducible and controlled production of
SF nanoparticles with desirable sizes for drug delivery. However, solvent residues within the
particles and the cost of the equipment should also be taken into account. The properties of
the SF particles can also be manipulated by blending with other polymers. For example, Song
et al. [146] have recently produced SF nanoparticles blended with different amounts of
polyethyleneimine (PEl). The size of the SF nanoparticles was found to increase with

increasing SF percentage, while the zeta potential of the particles decreased with increasing
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SF amount. This allows to fine tune the drug delivery through controlling the size and zeta

potential of the particles.

Table 1.2. Preparation techniques of SF micro- and nanoparticles

Preparation Technique

Advantages

Disadvantages

Particle Size

Very good monodispersity

Self-assembly Simple and safe procedure Sensitive to temperature and | 100-200 nm [211]
vigorous mixing
Does not require toxic reagents
Salting out Low cost method Salting out agent residue 100-350 nm [49]
The active ingredient can be loaded | Relatively high particle size 500 nm-2 um [207]
during the particle formation polydispersity
Emulsification Controllable particle size Organic solvent or surfactant | 170 nm [212]
residues
Low cost method
Desolvation Simple and quick method Particle aggregation 35-170 nm [213]
Small particle size Organic solvent residue
Reproduceable technique
Electrospraying High purity particles Requires  additional step to | 59-80 nm [214]
insolubilize SF

600-1800 nm [205]

Microfluidic methods

Rapid procedure
Mild operation conditions

Controllable particle yield and particle
size

Relatively expensive

Residual salting agent or organic
solvents

150-300 nm [210]

Capillary microdot

Simple procedure

Organic solvents residue

25-140 nm [215]

Freeze drying

Porous particles

Large particle size

490-940 um [128]

Supercritical fluids

High drug loading

Expensive technique
Not easy to operate

Requires additional step to
insolubilize SF

50-100 nm [216]

PVA Blending method

Time and energy efficient

No use of organic solvent

PVA residue

5-10 um [204]

300-400 nm [204]

Nano-imprinting and inject
printing

Tuneable dimensions of different
nanostructures

Complicated method
Not easy to scale up

Not easy to prepare particles

180 nm—50 um [217]
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1.3.3 Applications of Silk Fibroin for Drug and Gene Delivery

Silk has been used as a carrier for delivery of a wide range of therapeutic agents including
small molecule drugs [140], biological drugs [218], and genes [219]. For each class of
therapeutic agents, different formulations have been designed using various silk processing
technologies [220]. One of the main criteria of the SF-based delivery systems is to stabilize
the loaded API and manipulate its circulation time to achieve the required therapeutic effect.
In addition, the designed formulations are usually optimized to obtain a particular application
in drug delivery including stabilising the loaded drug, controlling drug release, and improving
cell adhesion [153]. In the following section, an insight into SF applications in drug and gene

delivery will be provided a summary of which is presented in Tables 1.3.

1.3.3.1 Drug and Gene Stabilization by SF

One of the main goals of incorporating active ingredients such as small molecules or peptides
into SF-based carriers is to stabilize them by different mechanisms including adsorption,
covalent interaction, and/or entrapment [221]. Without a stable interaction between the
drug and the SF-based carrier to maintain the drug activity, sustained drug release cannot be
achieved. Aside from a few exceptions such as growth factors, the majority of the stabilization
approaches rely on entrapping the drug within the SF-matrix or SF-particles in an equally
distributed manner [158]. SF-based biomaterials are generally stable to changes in
temperature [159], humidity [222], and pH [223]. Therefore, they have been widely studied
for enhancing the stability of other materials, for example, encapsulation of antibiotics such
as erythromycin, which has very low stability in water. However, porous SF sponges managed
to sustain its release and maintain its antimicrobial activity against Staphilococcus Aureus for
up to 31 days at 37 °C [140]. SF films have also been used for stabilization of biological
compounds. For example, enhanced stability of horseradish peroxidase (HRP) when loaded
on SF films or mixed with SF solutions has been reported. The enzymatic activity of SF-loaded
HRP was increased by 30—-40%, while its half-life showed a tremendous increase from 2 h to
25 days at ambient conditions in comparison to free HRP [224]. A greater improvement in
enzymatic activity (80%) was observed in glucose oxidase (GOx) when loaded on SF films
[225]. Moreover, SF-loaded GOx demonstrated enhanced thermal and pH stability [226].
Topical application of SF lyogels (gel system in which the pores are filled with both organic

and non-organic solvents) containing hydrocortisone in a mouse model of atopic eczema
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resulted in decreased expression of IgE and enhanced the efficacy of hydrocortisone
compared to the commercially available hydrocortisone cream [227]. Moreover, SF lyogels
have also been used for stabilizing monoclonal antibodies. The lyogels achieved sustained
release of IgG1 over 160 days and the release rate was found to be inversely proportional to
the SF concentration [155]. In addition to drug stabilization, SF has also been investigated for
DNA preservation in order to protect the DNA from the potential destabilizing conditions such
as temperature and UV radiation. In a recent study porous cellulose paper was coated with
SF and used to preserve the DNA extracted from human dermal fibroblast cells [159]. The
results showed that the DNA integrity was maintained for 40 days following 10 h of UV
radiation at relatively high temperature (37-40 °C) [159].

1.3.3.2 Controlled Drug Release

Controlled release drug delivery systems are aimed at releasing the encapsulated API in
specified amounts over a specified period of time. One application of such systems is
sustained drug release to maintain the therapeutic concentrations of the drug in the blood or
site of action for a longer duration which is of great importance for the treatment of chronic
diseases. Moreover, sustained drug release reduces the administration frequency and the
adverse drug reactions which results in increased patient compliance [158]. Most of the
currently available controlled release formulations in the market are composed of synthetic
polymers such as PEG and PLGA because they provide desirable pharmacokinetic and
pharmacodynamic properties [228]. Although PLGA is approved by FDA as a safe ingredient
in pharmaceutical products, the processing requirements might restrict its utilization in
certain controlled release formulations. Therefore, more recently, natural polymers such as
SF which offer tunable sustained release kinetics and stabilization of the loaded APIs have

gained more attention for use in controlled drug release systems.

One of the unique properties of SF is its ability to undergo diverse structural transformations
at the molecular level. The most investigated structural transformation in SF is the change in
the ratio of a-helix to B-sheet content. For example, the permeability and release kinetics of
the SF films are affected by the percentage of B-sheet structure [144]. The mechanism of
controlled release from SF films was studied previously by Hines and Kaplan using different
models [229]. The release kinetics of FITC-dextran from methanol-treated and untreated SF

films was evaluated as a function of molecular weight of FITC-dextran. The methanol-treated

40



films maintained higher percentage of the loaded FITC-dextran compared to the untreated
films which was directly proportional to the molecular weight of FITC-Dextran [229]. In a more
recent study, the release profile of the anticancer drug epirubicin from five Heparin-SF films
(HEP-SF) treated with methanol (MeOH) or glycerol was investigated and it was found that
using different ratios of glycerol in the HEP-SF nanofilm formulation affects the B-sheet
content of the nanofilm leading to a modification in the release profile of epirubicin from the
nanofilm (Figure 1.8). This mechanism-causal relationship between SF conformation and

release profile also influenced the degree of degradation [144].
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Figure 1.8. Total epirubicin (EPI) release profile from SF nanofilm depending on the ratio of
the added glycerol and the solvent treatment. Reprinted from Reference [144].

In a novel study conducted by Yavuz et al.[163] SF was formulated into insertable discs that
can encapsulate either IgG antibody or human immunodeficiency virus (HIV) inhibitor 5P12-
RANTES. Three different formulations were prepared by SF layering, water vapor annealing,
and methanol treatment. These formulations managed to stabilize the protein cargo and to
modify its release profile. High concentrations of IgG were released in a relatively short time
from the formulation treated with methanol due to the highly porous structure in comparison
to the other two formulations that demonstrated a slower and more controlled release. In
the case of 5P12-RANTES, the water vapor annealing showed a sustained release for 31 days
and this released protein could inhibit HIV infection in both blood and human colorectal tissue

[163].
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Controlled release from SF nanoparticles and microspheres has been studied extensively in
the past decade. In an attempt to control SF particle features, a recent study conducted by
Song et al. [49] demonstrated pH-controlled release of curcumin from SF nanoparticles for up
to 20 days with lower pH promoting the release. Moreover, the SF nanoparticles had higher
cellular uptake and induced significantly higher growth inhibitory effect in MDA-MB-231 cells
compared to curcumin solution. Another study developed SF microspheres (2 um) using DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) lipid vesicles as a templates [230]. The physically
cross-linked B-sheet structure of SF and the residual DOPC in the microspheres played key

roles in controlling the release of loaded enzyme (HRP) [230].

Table 1.3. SF-based drug delivery systems

Associated API

Type of Drug Delivery

Results References

System

SF sponges Erythromycin Sustained drug release and prolonged antimicrobial activity | [140]
against Staphylococcus Aureus
SF films Horseradish peroxidase (HRP) | Enhanced stability [172]
Glucose oxidase (GOx) Increased enzymatic activity [225]
FITC-dextran Controlled drug release [229]
Epirubicin Controlled drug release [144]
SF lyogels Hydrocortisone Enhanced efficacy [218]
1gG Enhanced stability and sustained release
Insertable SF discs IgG and HIV inhibitor 5P12- | Enhanced stability and modified release profile [163]
RANTES
SF nanoparticles Curcumin Modified release profile and enhanced cellular uptake [49]
SF microspheres Horseradish peroxidase (HRP) Modified the release profile [230]
SF-coated PCL Vancomycin Modified the release profile [231]
microspheres
SF-coated liposomes Ibuprofen Enhanced adhesion to human corneal epithelial cells, | [153]
tunable drug release
Emodin Selective targeting of keloid cells [232]
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1.3.4 Modification of SF for Enhanced Delivery

1.3.4.1 SF Bioconjugates

There are many protein-based drugs that have shown a very short half-life in the body. In
order to enhance their in vivo stability, an approach has been designed to utilize SF by forming
bioconjugates. A covalent bond between the protein or enzyme and SF can be formed by the
cross-linking reagents [142]. SF consists of 18 different amino acids among which 10% are
polar amino acids such as serine and lysine with hydroxyl and amino groups in their side
chains. These functional groups in SF can be covalently conjugated to polar groups in other
proteins such as insulin using bifunctional reagent glutaraldehyde [233]. SF-insulin (SF-Ins)
bioconjugate not only demonstrated higher in vitro stability than bovine serum albumin-
insulin (BSA-Ins) conjugate, but also prolonged the pharmacological activity 3.5 times in
comparison to native insulin [233]. Covalent conjugation of growth factor BMP-2 to SF using
carbodiimide chemistry preserved BMP-2 activity and also reduced its degradation rate due
to reduction in its unfolding rate as well as protecting it from proteases [234]. Immobilization
of enzymes on silk particles has also been studied recently to enhance the catalytic efficiency
of enzymes by improving enzymatic stability. SF has several active amino groups that have
the potential for covalent binding to several enzymes to immobilize them (Figure 1.9) such as
catalase immobilization on SF particles via tyrosinase crosslinking [235]. SF films have been
also used to immobilize antibodies such as mouse IgG simply through the conformational
transition to fabricate biocompatible biosensors [236]. The immobilization was achieved by
slowly drying concentrated SF solution to reach the semisolid state and then blending it with
antibody solution before complete drying. It was found that more antibody was immobilized
on the surface of SF film by controlling the conformational changes during the drying process
in comparison to covalent methods [236]. These results indicate that SF can be functionalized
with antibodies with or without crosslinking agents, offering a wide range of biomedical

applications.
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Figure 1.9. (A) Possible routes toward chemical modification of amino acids of silk proteins.
Reprinted from [185]. (B) The new properties obtained by SF when functionalised or modified
in different positions.

1.3.4.2 Functionalisation of SF with Ligands

One of the fundamental advantages of nanoparticles is the greater surface area to the volume
ratio compared to larger particles. This property is essential for encapsulating the APIs such
as anticancer agents and delivering them to the site of action. Moreover, the loaded APIs
must be delivered at a proper concentration to cause the required effect on the target cells
and minimise the damage to other cells [237]. However, recent studies have found that
engineered particles with the optimum size and shape are limited to less than 1% tumor tissue
accumulation [44]. Therefore, decorating polymeric nanocarriers with a targeting molecule
has emerged as an effective approach to increase the specificity of the nanoparticles for the
targeted cell lines [238]. As mentioned earlier SF has several active amino groups (Figure 1.9)
which can be used for binding to other macromolecules [239]. For example, Arg-Gly-Asp

(RGD) sequence that acts as a ligand for cell surface integrin receptors can be linked to SF
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particles to enhance their attachment to the certain cancer cells that overexpress integrins
[240]. In a similar fashion, due to the overexpression of folate receptors (FR) in a wide range
of tumor cells, modifying the surface of the silk nanoparticles with folate could be used as a
tumor-targeting strategy [22]. Folate-conjugated SF particles (SF-FA) were used to enhance
targeted delivery of doxorubicin (DOX) to human breast adenocarcinoma cell line (MDA-MB-
231) [240]. Folate decoration on silk particle not only increased the retention of the
nanoparticles at the tumor site but also promoted cellular uptake of the particles [241]. DOX
incorporated in SF-FA nanoparticles demonstrated 3-fold higher cytotoxic activity in
comparison to free DOX in vitro. Moreover, conjugation of folate to SF nanoparticles changed
their cellular uptake mechanism from passive diffusion (free DOX) to endocytosis [239].
Another example of specific targeting using functionalised SF is modification of SF with human
epidermal growth factor receptor 2 (Her2) which is overexpressed in 30% of breast
carcinomas for targeted drug delivery to breast cancer cells [242]. An alternative
functionalisation approach involves using tumor-specific ligands such as nucleic acid

sequences like CpG-siRNA [243].
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1.4 Microfluidics for preparation of drug and gene delivery systems

In the past decade, enormous advancement in the field of nanotechnology was achieved to
produce nanoformulations for drug and gene delivery [244-246]. Employing this
nanotechnological advancement in nanomedicine opened doors for improving some of the
most challenging therapies such as cancer treatments. Designing nanoformulations with
controlled size and features offers many advantages including enhanced drug encapsulation,
controlled release of the payloads, improved targetability and enhanced cellular uptake [247,
248]. In addition, encapsulating the active pharmaceutical ingredients (APls) such as
anticancer drugs within nanocarriers can enhance in vivo stability, and increase their blood
circulation time [249]. In spite of all these advantages, only few nanoformulations have made
to clinical trials such as Doxil®, Caelyx®, Myocet® and Abraxane® due to technical challenges
in formulating many pharmaceutical materials [250]. Fabricating pharmaceutical
nanomaterials can be achieved using top-down or bottom-up approaches. In general, top-
down approach is not suitable for processing many (APIs) due to high shear forces involved in
the mechanical milling [251-253]. In the bottom-up approach, the formation of
nanostructures is performed by converting the molecular matter dissolved in liquid to
particulate forms. Based on the nature and composition of the fabricated drug delivery
systems (DDSs), the nanostructures are formed by self-assembly, emulsification or
precipitation [254-260]. One of the main considerations in formulating different types of
polymers or APls, is to maintain the dimensions of the designed particles within a range of
100-300 nm which is desirable for pharmaceutical applications [261]. A frequently used
technique to prepare DDSs with controlled size is mixing amphiphile (e.g., liposomes or
micelles) solutions with antisolvent or polyelectrolyte solutions (e.g., cationic polymers or
nucleic acids) [262, 263]. DDSs will precipitate or self-assemble as a result of the hydrophobic
or electrostatic interactions. Despite the great potential that nano-sized DDSs possess in vitro,
they demonstrated slow translation to clinical applications. This limitation is due to challenges
such as production of large quantities and reproducibility of prepared nanostructures of the
DDSs [264]. Many studies have shed more light on the mixing kinetics in order to control the
properties of the fabricated DDSs such as size, polydispersity and the APl encapsulation
efficiency [265-268]. Among several mixing techniques, microfluidic systems have received

the most attention due to their ability to control mixing, low running cost and amenability to
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modifications [269]. In comparison to bulk production methods, microfluidic
synthesis/formulation of single or multicomponent nanoparticles (NPs) has shown higher
controllability and reproducibility [34, 36, 270]. The newly developed microfluidic devices
provided a platform for preparing different formulations of DDSs including multiple
emulations [271, 272], protein-based nanoparticles [210, 273], liposomes [274, 275] and
polymeric nanoparticles [276]. There are several reported microfluidic devices that have
implemented the principles of rapid and controlled mixing for preparing a myriad of DDSs. In
addition, the microfluidic platform has helped overcoming some obstacles in DDSs fabrication
such as purification, functionalization and large-scale production [277, 278]. This review
presents the recent developments in microfluidics and its application in drug and gene
delivery. In the first part, the basic principles of controlled mixing and flow regimes are
summarized to provide a theoretical background for rational design of microfluidic devices.
Subsequently, the most common microfluidic design strategies are discussed with an
emphasis on recent applications in pharmaceutical preparations. The properties of the DDSs
that can be controlled by the microfluidics were discussed followed by a summary of different
types of the DDSs prepared by the microfluidics for drug and gene delivery applications. The
challenges for the industrial application of microfluidics for DDS fabrication were also

included.

1.4.1 Principles of mixing under controlled conditions

1.4.1.1 Rapid nanoprecipitation

Fast precipitation is a widely used process in the pharmaceutical field as a bottom-up
approach to prepare small molecule drug nanoparticles or to formulate multicomponent
nanocarriers for drug delivery. The basis of nanoparticle formation has been explained by the
classical crystallization theory [252, 279]. In single phase system, rapid precipitation occurs
when a highly supersaturated condition is reached as a result of sudden change in
precipitation dependant conditions such as concentration or temperature. The precipitation
process begins with nucleation when solid seeds emerge from the liquid phase to achieve
thermodynamic stability. This phase separation is governed by the force generated by the
reduction from the high Gibbs free energy (AG) of supersaturation state to low AG which is
more favourable thermodynamically. The nucleation rate (B) can be calculated using this

energy difference according to Equation (1) [280]:
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B =Aexp (%) (1)

Where A is a constant, k is Boltzmann’s constant, T is the absolute temperature and AG is the
Gibbs free energy of nucleation. Assuming the outcome of nucleation is spherical particles

with critical radius (rc), the nucleation rate can also be given by Equation (2) [281]:

(2)

B=A exp( — LomyPv? )

3K3T3[In (5]
Where A is a constant, y is the surface tension, v is the molar volume, k is Boltzmann’s
constant, T is the absolute temperature and S, is the supersaturation ratio. Both equations
1&2 demonstrate that nucleation and particle growth are govern by supersaturation, as well
as temperature [279, 281]. Therefore, the mechanism by which supersaturation is achieved
can control particle formation and growth at a given temperature. The nanoprecipitation of
particles requires creating the supersaturation condition by rapid mixing of two or more
miscible liquids. When one solution containing the solute (drug or polymer) meets an anti-
solvent in the mixer channels, nucleation and particle growth of the solute are triggered
(Figure 1.10). Optimizing mixing parameters between solution and anti-solvent such as
reducing mixing time (tmix), selecting the mixer geometry and flow regime can cause the least
variation in supersaturation conditions and thus the least variation in particle properties.
However, there are several other parameters that must be considered to modify the
properties of the nanoparticles produced by nanoprecipitation. These involve: (1) the
hydrophobicity of the drug or polymer, (2) the selection of the solvent and anti-solvent, (3)

addition of stabilizers to minimize agglomeration [279, 281, 282].
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Figure 1.10. A) Schematic representation of solute concentration trend during the
nanoprecipitation and nanoparticle formation steps. B) The staged assembly process of block
copolymers to form nanoparticles and the effect of rapid mixing on the properties of the
produced nanoparticles. Reprinted from [283].

1.4.1.2 Flow regimes and Reynolds number

The production of nanoformulations using nanoprecipitation of small molecules, controlled
crosslinking of polymers, or structural transformations of proteins requires rapid mixing [210,
284]. In nanoprecipitation, mixing in small timescale (milliseconds to microseconds) can
create uniform local high supersaturation leading to nanoprecipitation of any molecule above
the saturation level regardless of its nature [281, 285]. This mechanism has been exploited to
formulate many hydrophobic drugs in pharmaceutical industry [283]. The interaction of two
fluids can be classified into two regimes: laminar and turbulent. Laminar flow occurs when
the mixed fluids flow in parallel layers or paths without forming perpendicular or opposite
currents to the main flow. On the other hand, turbulent flow takes place when the fluids
undergo irregular fluctuation leading to continual mixing in both magnitude and direction
[252]. The type of flow within the mixer chamber is governed by viscous forces and inertial
forces (resistance and driving forces) which is measured by Reynolds number (Re) in Equation

(3)[286]:

__ puDh _ uDh
= p ==

Re (3)
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where p is fluid density; u is dynamic viscosity; v is the fluid kinematic viscosity; u is a mean
fluid velocity and Dy is a hydraulic diameter of the channel of the mixer. The design and
geometry of the mixing channels is corelated to its hydraulic diameter, and is given by

Equation (4)[286]:

Dh = 4 (4)

Pwet

where A is the channel cross-sectional area and Pue: are wetted perimeter. Turbulent flows
regime dominates at relatively high Reynolds number (Re >4000) and the range between
Re=2100 and 4000 is unsteady flow and its complexity is highly dependent on the mixer
geometry. As a result of the random motion of fluid streams in multiple directions in time and
space, the mass transfer by advection occurs in all spatial directions in the turbulent flow
regime [287]. On the contrary, laminar flow is associated with low Reynolds number (Re
<2100) and the advective mass transport can only happen in the direction of the main flow
[286]. The majority of microfluidic devices use low Re and which corresponds to laminar flow.
In this regime, mixing relies on passive diffusion and advection. The molecular movement
form high concentration to a lower concentration domain is defined as Diffusion-based mass

transfer and can be calculated using Fick’s laws Equation (5) [288]:

—__p
J=-D* (5)
Where ¢ is the concentration; D is the diffusion coefficient and x represent the spatial

coordinates. The diffusion coefficient is given by Stokes—Einstein Equation (6)[289]:

KT

. (6)

- 6mur

Where k is Boltzmann's constant; T is the absolute temperature; r is the particle radius and u
is the fluid viscosity. For small molecules dissolved in water at constant ambient temperature,
D can be considered as 101 m?2s1[290]. Diffusion does not happen at once; but it is a gradual
process which takes into account the time factor t and fluids are non-linearly diffuse over

distance x. Therefore one-dimensional diffusion process follow the Equation (7) [291]:
x? = 2Dt (7)

Where x? is the mean square distance diffused in time t. Since many microfluidic systems use

laminar flow, diffusion has become the main consideration for manipulating rapid mixing and
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controlling particle production. Based on Equations (5 & 6), modifying the diffusion process
can be done by altering the viscosity (changing the solvent quality) by changing one or more
of the mixed solvents. Moreover, reducing the diffusion distance x in the microchannels of
the mixer results in shorting the time required for mixing (Equation 7) [292]. Therefore, these
factors have provided guidelines for the design of microfluidic device and optimization of

particle production by rapid mixing.

1.4.2 Microfluidic techniques control the properties of the DDSs
1.4.2.1 Size

The size uniformity and reproducibility of the nanoformulation are essential requirements for
pharmaceutical applications. Controlling molecular assembly and particle growth (tag) plays
the key role in obtaining the desirable size of DDSs. Studies revealed that the determinant
factor for nucleation time is the precursors concentration in the microfluidic production of
nanoformulations, while tag is govern by Re, total flow rate (TFR) and the flow rate ratio (FRR)
between aqueous and organic phase [293, 294]. Increasing the FRR can reduce the mixing
time which results in reducing the diameter of the liposomes prepared by HFF mixer [295,
296]. One or more of these parameters can be manipulated in the microfluidic system to
achieve the required size range. For example, Ghazal et al. [275] has assessed the
dependence of multilamellar vesicles (MLVs) size and monodispersity on Hydrodynamic flow
focusing (HFF) device geometry and FRRs [275]. This study found that FRR has a significant
role in modulating the size distribution of the produced MLVs, while TFR exhibited much less
impact (Figure 1.11 A&B). Increasing the FRR from 10 to 50 at constant TFR (100 uL/min)
results in 27% reduction in both mean size and PDI (Figure 1.11B). The design of the
microfluidic chip has also shown a tangible effect on the MLVs size due to the impact of the
channel length and geometry on diffusion [275]. Another study conducted by Lim et al. [297]
investigated the impact of Re on various types of nanoparticle production including PLGA-
PEG, lipid vesicles, iron oxide nanoparticles and polysterne nanoparticles [297]. This work has
shown a significant reduction in the size of all tested formulation (from 150 to 20 nm) when
Re was increased from 500 to 3500 [297]. These results implied that the size and PDI of

nanoparticles can be easily controlled by microfluidic parameters.
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1.4.2.2 Shape and structure

The shape of DDSs is one important factor for regulating cellular uptake and enhancing API
encapsulation [298]. Moreover, modifying the structure such as increasing the porosity and
pore size in NPs were associated with increasing the drug release rate. Mesoporous silica
nanomaterial was successfully prepared using spiral-shaped microfluidic devices. By changing
the flow rate, it was possible to transform the morphology of mesoporous silica from
nanofibers to spherical nanoparticles [299]. In another research, the compactness of chitosan
nanoparticles was tuned by applying different FRR and changing the hydrophobicity of the
chitosan chains [300]. Liu et al. [301] have successfully prepared nanocarriers that enjoy
desirable features including high stability, biodegradability, pH-responsive and fast
dissolution. These nanocarriers were fabricated by integrating sorafenib (SNF) or itraconazole
(ICZ) nanocrystal drug core into a polymeric shell which made of acetylated dextran

functionalized with folic acid (ADS-FA) using a microfluidic platform (Figure 1.11 C&D) [301].

1.4.2.3 Surface engineering

One of the most common approaches for improving the targetability of DDSs to cancer cells
is surface modification. For example, Di Santo et al. [263] prepared hybrid nanoparticles
consisting of graphene oxide (GO) flakes coated with cationic lipids using microfluidic mixing.
The resulting particles had a size of (>150 nm) and charge of (¢ = +15 mV) that are suitable for
delivering plasmid DNA (pDNA) to human cervical cancer cells (HeLa) and human embryonic
kidney (HEK-293) cells [263]. One of the challenges in fabricating functionalized nanocarriers
is the lack of approaches for isolation and purification. In a study conducted by Wang et al.
[277], chemically modified exosomes were prepared for active targeted drug delivery to
cancer cells [277]. This study used three-dimensional (3D) nanostructured microfluidic chip
consists of an ordered series of micropillars functionalized with multiwall carbon nanotubes
(MWCNTSs) to efficiently capture exosomes [277]. Capture efficiency can be optimized by

changing height, spacing distances and flow rate (Figure 1.11 E&F).

1.4.2.4 Elasticity

Recent studies have found that mechanical properties such as elasticity of the DDSs have a
significant influence on cellular uptake, drug release, and stability [248]. The precise

manipulation of the flow and flow regime within the microfluidic system can modify the
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particle elasticity. Sun et al. [302] designed nanocarriers made of polymeric core (PLGA) and
lipid shell with tuneable rigidity for regulating cellular uptake (Figure 3G&H) [302]. In this
study, the particle elasticity was modulated in the microfluidics device by altering the
injection order of organic solutions containing PLGA and lipid-PEG. This technique allows for
variation in the water content leading to variation in Young’s modulus which influences the

internalization mechanism in Hela cells [302].

1.4.3 Industrial application

Pharmaceutical products have a very high value with estimated global market of one trillion
USS [303]. However, the process required from discovery, formulation to manufacturing the
final product is costly and time consuming [303]. Therefore, one of the main priorities of
pharmaceutical companies is to implement new strategies for rapid and controlled
manufacturing of pharmaceutical products to achieve cost effectiveness, sustainability and
on-demand production [304]. In microfluidics, the translation form bench-top instrument to
the industrial scale requires high production rate and compliance with good manufacturing
practice (GMP)[60]. Increasing the production rate by increasing the fluid velocity within the
microfluidic channel is undesirable due to the significant increase in the pressure drop across
the fabrication device. Therefore, generating a cumulative flow by increasing the number of
identical devices at the same fluid velocity is a better alternative strategy for production at
industrial level [252, 305]. In addition, using a multiple pressure sources (pumps) for each
microfluidic device can provide more control, thus more uniform size distribution but it is not
cost-efficient. Distributing a uniform flow from a main pressure source is more convenient
and practical for industrial applications and substantial research and development are
required in this area [306-308]. NanoAssembler GMP system is one of the recent
development in large scale production of pharmaceutical formulations using microfluidic
platforms[60]. This system offers a replaceable cartridge, which has the mixing elements, and
is equipped with custom pumps. Changing the cartridge is not only beneficial for maintaining
the mixing quality and sterility, but also allows for switching the mixer type (SHM & TrM)[60].
Switching to continuous flow production using microfluidics still has many challenges in
regard to quality control and cost efficiency. By implementing new approaches and modifying
the current designs, microfluidics can play a key role in large scale production of

pharmaceuticals, especially in nanomedicine.
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Figure 1.11. Examples of microfluidic fabrication of DDSs. A) A schematic representation of
the impact of two chip designs on the production of MLVs. B) DLS results for the MLVs
produced showing the effects of FRR and TFR on size and polydispersity. Reprinted from [275].
C) Schematics of the process to formulate the nano-in-nano vectors through the multistep
microfluidic nanoprecipitation. D) TEM images of nano-vectors prepared by multistep
microfluidic nanoprecipitation (HSFN@ADS) and (HSFN@ADS-FA), the effect of SFN and ADS-
FA weight ratio (6:4 to 9:1) on shell thickness and {-Potential of SFN nanocrystals in terms of
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pH values of the dispersion media. Reprinted from [301]. E) Schematics describing the process
of electroless plating and functionalizing MWCNT for capturing exosomes. F) The effect of
pillars height, pillars spacing distance and the flow rate on the capturing efficiency. Reprinted
from [277]. G) Assembling PLGA—lipid nanoparticles with varying amounts of interfacial water
to modify the particle rigidity, P-L nanoparticles (without interfacial water layer, top) and P-
W-L nanoparticles (with interfacial water layer, bottom). H) Size and Young’s modulus of P-L
nanoparticles and P-W-L nanoparticles from TEM and AFM scanning. Reprinted from [302].
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1.5 Research motivation

The main purpose of this research project is to develop efficient nanocarriers for the delivery
of small molecule hydrophobic anticancer drugs (e.g. ASC-]9). The development of
nanocarriers as successful anticancer drug delivery systems requires a simple and scalable
preparation technique, tunable physiochemical properties, modified release kinetics and the
ability to target tumor tissue. In order to meet these requirements, in-depth investigation of
novel formulations of nanocarriers and production techniques have been studied. The impact
of the stiffness of biopolymeric nanocarriers has been evaluated in terms of drug release,
encapsulation efficiency and cellular uptake in 2D and 3D cell culture in different biological
conditions. In addition, a new geometric design of microfluidic mixer has been developed to
improve the quality of mixing during the microfabrication process of protein nanoparticles.
The new design (swirl mixer) was compared to conventional microfluidic system (T-mixer) in
terms of percentage of yield, particle shape and particle size distribution. Finally, the new
microfluidic system was also employed to produce magnetic silk nanoparticles which was
functionalised with a short amphiphilic peptide (G(IIKK)3I-NH2) for targeted delivery of ASC-
J9 to cancer cells. The results obtained from characterization, cellular uptake and cytotoxicity
studies provide a complete evaluation of the nanocarriers properties, efficiency as drug

delivery system and the potential application in cancer therapy.
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1.6 Thesis outline

Chapter 1: provides a background of nanocarriers in nanomedicine and the chronological
development of the formulation strategies and applications. It also covers the
potential use of biopolymeric materials in pharmaceutical preparations and the

strategies and applications of microfluidic techniques.

Chapter 2: demonstrates the detailed methodology used in the experimental sections of this
PhD thesis. This chapter also explains the theoretical principles of the instruments

and techniques used in the experimental sections.

Chapter 3: presents original experimental research covers the design, preparation and
characterization of stiffness-tunable nanocarrier formulations for controlled drug

delivery of the hydrophobic anticancer agent (ASC-J9) to colorectal cancer cells.

Chapter 4: reveals the design and evaluation of novel microfluidic device (swirl mixer). Silk
nanoparticles were used as a model biopolymeric particle to assess the
performance of swirl mixer in nanoparticle production. A conventional T-mixer
design was used as comparison to investigate the impact of the mixer geometry

on nanoparticle formation.

Chapter 5: presents a new nanoparticle formulation prepared by microfluidic platform. These
nanoparticles consist of a magnetic silk nanoparticle which were functionalised by
short amphiphilic cationic peptide with anticancer activity. This chapter
characterize and evaluate the prepared nanoparticles in both cancer and normal

cells to investigate the augmented effect and the selective anticancer activity.

Chapter 6: is the conclusive chapter of this thesis where all the discussed data are highlighted
and summarised. It also describes the challenges and the future work in the field of

nanomedicine and microfluidics.
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2 2 Chapter 2: Materials and Methods
2.1 Materials

Bombyx mori silk was obtained from Jiangsu, P.R. China. Sodium carbonate was purchased
from Alfa Aesar. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from
Avanti Polar Lipids (Alabaster, AL, USA). ASC-J9 was obtained from Changzhou University,
China. Sodium alginate, sodium salicylate, ammonium hydroxide, calcium chloride and foetal
bovine serum, (FBS) were purchased from SIGMA-ALDRICH (Gillingham, UK). DMEM
(Dulbecco’s Modified Eagle Medium) and Trypan blue dye 0.4% were sourced from GIBCO®,
Thermo Fisher Technologies & Invitrogen™, Thermo Fisher Scientific. Hoechst 33342 and Flash
Phalloidin™ 594 stains were purchased from Thermo Fisher Scientific and biolegend

respectively. 96 well plates were purchased from Grenier Bio One.

HCT-116 epithelial cancer cells derive from a colorectal carcinoma extracted from an adult
male and provided by Dr. Spencer Collis CRUK Senior Cancer Research Fellow at Department
of Oncology & Metabolism, University of Sheffield Medical School. This line has a mutation in
codon 13 of K-Ras proto-oncogene on chromosome 12 and is positive for transforming growth
factor B1 (TGF-B1) and B2. HDFs (normal human primary dermal fibroblasts) obtained from
healthy human foreskin or adult skin (a kind gift of Dr. Zoe Hewitt, Project Manager UKRMP
Pluripotent Stem Cell Platform, Centre for Stem Cell Biology, University of Sheffield). All cell
lines used in this research were not directly obtained from patients and therefore ethics

approval for handling patients’ samples was not required.

2.2 Methods

2.2.1.1 Preparation of the nanocarriers stiffness-tunable nanocarriers

2.2.1.2 Preparation of silk fibroin (SF) solution and sodium alginate (SA) solution

The extraction of SF from silk cocoon was reported previously[309]. Briefly, the cocoons were
boiled in 0.02M Na2COs solution for 30 min. The cocoons were rinsed in UHQ water to remove
any traces of the dissolved sericin. After drying, the degummed fibres of SF were dissolved in
Ajisawa's reagent (CaCly/ Ethanol/ water = 1: 2: 8 molar ratio) at 80 °C for 90 min before
dialysed in a cellulose tube (MWCO 12 kDa) against UHQ water for 2 days to remove CaCl,.
The last step was to purify the solution from impurities by centrifugation (12,000 rpm) and

filtering the solution with a 0.45 um filter. The resulting solution was stored at 4 °C.
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The SA solution was prepared by dissolving SA powder in UHQ water at 30 °C (20 mg/ml) and
kept on constant stirring overnight under sterilised conditions. The solution was then

transferred to a 20 ml bottle and stored at room temperature.

2.2.1.3 Synthesis of SF/SA incorporated nanocarriers

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) 10 mg) was dissolved in chloroform (1 ml)
in a 25 ml round bottom flask [19]. The solvent was evaporated using a rotary evaporator to
form a thin layer of lipid. One millilitre of SF/SA mixture (different ratio for each formulation)
was added to hydrate the lipid layer at 40 °C for 10-15 min and form multilamellar lipo-gel
vesicles (MLV). MLVs were extruded through 200 nm polycarbonate membrane using Avanti
Mini Extruder for 8 times at 35 °C to form a uniform and small size distribution (Figure 2.1).

Unencapsulated SF/SA was removed by gel filtration using Sephadex G50 in PBS as eluent.

Figure 2. 1. A) Formation of multilamellar lipo-gel vesicles (MLVs) by hydration of the thin
lipid layer using a rotary evaporator. B) Extrusion of MLVs using Avanti Mini Extruder.

2.2.1.4 Preparation of ASC-J9 loaded nanocarriers

Three formulations of nanocarriers containing different ratios of the biopolymers (SF:SA 7:3,
1:1, 3:7) were prepared and loaded with the hydrophobic anticancer drug ASC-J9. The drug
loading and crosslinking of the SA monomers within the biopolymeric core were performed

simultaneously by adding the drug and crosslinker solution (ASC-J9 & CaCl, (10 mM))
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dropwise to the nanocarrier solutions (1:1, v:v). After 1 h incubation with constant stirring at
30 °C, the crossed-linked nanocarriers were dialyzed in FLOAT-A-LYZER G2 dialysis tubing
(MWCO 1000 kDa) in PBS for 8 h at 4 °C to remove the remaining CaCl,.

2.2.1.5 Encapsulation efficiency measurement of SF/SA nanocarriers

To measure the encapsulation efficiency (EE%), the unencapsulated drug was removed by gel
filtration using Sephadex G50 in a HR 10/30 column with UHQ water as eluent at flow rate of
1 mL/min. Next, 50 pL of the sample was diluted with DMSO in an eppendorf tube and
vortexed for 1 min. The encapsulated drug was quantified by UV-Vis spectrometry (JENWAY
6715, Bibby Scientific, UK) at A=435 nm using standard calibration curves for ASC-J9 in DMSO

and PBS. Each sample was assayed in triplicate. The EE% was determined by equation (1)

The encapsulated Dimethylcurcumin (ASC—J9) concentration
The inital added Dimethylcurcumin (ASC—]9) concentration

EE% =

x 100 (1)

2.2.1.6 In vitro drug release of SF/SA nanocarriers

The in vitro drug release profile of the ASC-J9 loaded nanocarrier solutions was determined
by transferring aliquots of ASC-J9 solution (63 uM) into FLOAT-A-LYZER G2 dialysis tubing
(MWCO 1000 kDa). The tubes were dialyzed against 50 mL sodium salicylate solution (1 M) at
37 °C with rotation at 150 rpm. The concentration of ASC-J9 released at various time points
was measured by UV-Vis spectrometry at 435 nm. The drug release profile of ASC-J9 solution

was determined under identical conditions for comparison.

2.2.2 Preparation of SF nanoparticles and SF-magnetic nanoparticles by microfluidic

platform

2.2.2.1 Fabrication of microfluidic device

The microfluidic devices used in this study have a swirl microchannel consisting of 1,2 or 4
elements. The geometry of the designed swirl mixer approximates the proportions of the
element (Figure 2.2), with elements on 1.2 mm centres having a nominal chamber of diameter
0.8 mm, depth 0.4 mm, and with orifice diameter 0.4 mm. It was manufactured by removing
material from a 1 mm thick Polyether ether ketone (PEEK) sheet using laser ablation (Layer
Micromachining Ltd). One chamber of each element and the connecting channels were
created by cutting from one side of the PEEK sheet and then the other chambers and the
connecting orifices are cut from the other (Figure 2.2). The volume of each element of this

mixer is estimated to be 0.612 pL. The mixer is completed by clamping the chip between two
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opposing blocks fitted with connection holes and fitting threads and accommodating O-rings
to seal the unit. Flow through the mixer was generated by connecting the two mixer inlets to
a dual syringe pump (Fusion 4000, Chemyx Inc.) (Figure 2.2). This pump has a maximum linear

speed (V,,a) Of 17.8 1cm/min and 289 N maximum force in each syringe.

Figure 2. 2. Angled view of the swirl mixer pattern from the two sides of the PEEK chip. A) One
mixing element. B) Two mixing elements. C) Four mixing elements. D) The complete swirl mixer
setup connected Chemyx syringe pump.
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2.2.2.2 Computation and modelling

A continuum computational method is used to determine and evaluate the performance of
the swirl mixer in comparison to standard tube mixer. The computations were by Dr Jordan
Maclnnes using a previously reported approach [310] using Ansys 2019.R2 software. The
modelling software used in the study is Ansys 2019.R2 (Engineering Simulation & 3D Design
Software) which generates modelling of the flow patterns by providing several precise inputs
including; the length, width and geometry of the microfluidic channels and mixing chambers

of the device.

2.2.2.3 Preparation of magnetic nanoparticles (MNP)

Production of magnetic particles has been reported previously [49]. Briefly, 4 g of FeCls and
4.5 g FeCl, were dissolved in UHQ water. The resulting solution was transferred to 500 ml
round-bottom flask and kept for 30 min under nitrogen. Then, 15 ml of NH40H was mixed
with the solution and kept at 25 °C under constant stirring. To collect the particles,
Neodymium magnets (20x10 mm) was used (Figure 2.3) and then washed multiple times with
UHQ water to ensure they are free from impurities. The last step was rinsing with 2 ml of

ethanol and dried overnight.

_alll
ﬁgl;

. O

0 min 1 min 5 min

Figure 2. 3. Magnetic nanoparticles collected using Neodymium magnet (20 x10 mm).

2.2.2.4 Preparation of SF nanoparticles using the microfluidic system
SF nanoparticles were manufactured using the microfluidic system equipped with the swirl
mixer (Figure 2.2). A 1.5 mg/ml aqueous silk solution and organic solvent (either methanol or

acetone) were loaded into the two syringes connected to the two inlets of the mixer. The SF
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nanoparticles were generated within the mixer channels by desolvation and collected by an
eppendorf tube at the outlet. In the study conducted on swirl mixer and tube mixer in Chapter

4, the total flow rate and was varied as shown in Table 2.1 & 2.2.

For the magnetic silk nanoparticles prepared in Chapter 5, the total flow rate (TFR) of the
solvent and silk solution was varied, from 1 to 50 ml/min. The flow rate ratio (FRR) was also
varied at 1:3 and 1:1. To remove the organic solvent, the formed SF nanoparticles were
centrifuged at 12000 rpm and the supernatant was discarded. The pellets were resuspended

in UHQ water and sonicated for 5 min to allow full homogenous dispersion in the suspension.

Table 2. 1 Expermental planner for the production of silk nanoparticle in the model Tube
mixer.

Total Silk Organic Flushing | Volume | Volume | Mixing | Re
flow rate | Solution | Solvent time S:Illl:tion) gg:f::t';: time

flow rate | flow rate
(mL/min) | (mL/min) | (mL/min) | (s) (mL) (mL) (ms)
8.154 6.116 2.0386 8 3.90 1.03 45.46 439
10.601 7.950 2.650 6 3.90 1.03 34.97 571
13.781 10.336 3.445 5 3.90 1.03 26.90 742
17.915 13.436 4.479 4 3.90 1.03 20.69 964
23.290 17.467 5.822 3 3.90 1.03 15.92 1254
30.28 22.707 7.569 2.1 3.90 1.03 12.24 1630
39.36 29.52 9.840 1.6 3.90 1.03 9.42 2119
51.17 38.38 12.792 1.3 3.90 1.03 7.24 2754
66.52 49.89 16.629 1.0 4.06 1.09 5.57 3580
86.47 64.85 21.618 0.7 4.56 1.25 4.29 4655
11241 84.31 28.10 0.6 5.21 1.47 3.30 6051
146.14 109.60 36.53 0.4 6.05 1.75 2.54 7866
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Table 2. 2 Expermental planner for the production of silk nanoparticle in the Swirl mixer.

Total flow | Silk Organic Flushing | Volume Volume Mixing Re
rate Solution Solvent time (Silk (Organic | time

flow rate | flow rate solution) | solvent)
(mL/min)  (mL/min) (mL/min) | (s) (mL) (mL) (ms)
2.20 1.65 0.549 28.4 3.84 1.02 16.72 94
2.86 2.14 0.714 21.8 3.84 1.02 12.86 123
3.71 2.78 0.93 16.8 3.84 1.02 9.89 159
4.83 3.62 1.21 12.9 3.84 1.02 7.61 207
6.27 4.70 1.57 9.9 3.84 1.02 5.85 269
8.2 6.12 2.04 7.6 3.84 1.02 4.50 350
10.6 8.0 2.65 5.87 3.84 1.02 3.46 455
13.8 10.3 3.45 4.52 3.84 1.02 2.66 592
17.9 13.4 4.48 3.48 3.84 1.02 2.05 769
23.3 17.5 5.82 2.67 3.84 1.02 1.58 1000
30.3 22.7 7.57 2.06 3.84 1.02 1.21 1300
39.4 29.5 9.8 1.58 3.84 1.02 0.93 1691
51.2 384 12.8 1.22 3.84 1.02 0.72 2198
66.5 49.9 16.63 0.94 4.00 1.07 0.55 2857
86.5 64.9 21.6 0.72 4.50 1.24 0.42 3714
112.4 84.3 28.1 0.55 5.15 1.46 0.33 4828

2.2.2.5 Preparation of magnetic SF nanoparticles using the microfluidic system

The magnetic particles were mixed with organic solvent (either methanol or acetone) to make
a 0.05 mg/ml suspension. Silk solution of 1.5 mg/ml and the magnetic suspension was
injected in the two mixer inlets and the magnetic silk nanoparticles were collected in an

eppendorf tube. TFR was set at 30 ml/min and FRR (3:1).

2.2.2.6 Yield measurement of SF nanoparticles

To measure the percentage of the SF nanoparticles produced by the microfluidic device, the
volume of SF nanoparticle suspension collected from the mixer outlet was determined. Next,
10 empty Eppendorf tubes (1.5 ml) were weighed (W1). The fabricated SF nanoparticles were
added to the tubes and dried in the oven at 40 °C for 24 h and the total weight of the
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nanoparticles and tubes was determined (W2). The yield percentage can be calculated using

equation (2)

% Yield of the silk ticles = (W2 — W1) x Total suspention volume 100 )
0Vield of the silk nanoparticles = The original amount of inroduced SF X sample volume @

2.2.2.7 Preparation of FITC-labelled G3

The synthesis of the fluorescent version of (G3) peptide was performed using a standard Fmoc
based solid-phase protocol. To minimize degradation during the last cleavage step of the N-
terminals FITC labelling, a 6-46 aminohexanoic acid (Ahx) group was introduced between the

last amino acid (A or G) and the fluorescein motif [311].

2.2.2.8 Preparation of (G3)- SF magnetic nanoparticles

Biofunctionalization of MSNP with G3 was performed by mixing 75 uM G3 solution with (5-
15 mg/ml) MSNP stock. The mixture was kept under constant stirring for 12 hrs in a dark
environment at 4 °C. The absorbance of the supernatant was measured at 495 nm after
collecting the G3-MSNP using in Neodymium magnet. A calibration curve of FITC-G3 was used

to determine the G3 grafted percentage on MSNP.

2.2.2.9 Preparation ASC-J9 loaded SF magnetic nanoparticles

ASC-J9 was dissolved in DMSO with a concentration of 50 mg/ml ACS-J9 DMSO solution. This
solution was diluted with UHQ water to make (100-50) uM of ASC-J9 solution. SF magnetic
nanoparticles produced by the microfluidic system were mixed with ACS-J9 for 50 min to
allow drug loading. Then, unencapsulated ASC-J]9 was removed by collecting the ASC-J9
loaded SF magnetic nanoparticles with Neodymium magnet (20 x10 mm) and the supernatant
was analysed to determine residual ASC-J9 concentration by UV-Vis spectrometry (JENWAY
6715, Bibby Scientific, UK). The maximum peak absorbance was identified by obtaining ASC-
J9 spectrum and slandered calibration curves in PBS, UHQ water were used. The

encapsulation (EE%) was calculated using equations (3)

Amount of Dimethylcurcumin (ASC — J9) in nanoparticles
EE% = — - - x 100 3
The initial Dimethylcurcumin (ASC — J9) added
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2.2.2.10 Release profile of ASC-J9 from SF and magnetic SF nanoparticles (MSNP)

The in vitro ASC-J9 release from SF and magnetic SF nanoparticles was measured by
suspending 5 mg of the nanoparticles in PBS (pH 7.4) in 5 ml vials and kept in the incubator at
37 °C under constant agitation. At various time points, the nanoparticles were centrifuged at
15000 rpm and the supernatant was collected for measuring the concentration of the
released ASC-J9. The removed supernatant was replaced with fresh PBS to measure the ASC-
J9 at the next time point. The experiments were performed in triplicate and the values were

reported as mean * SE

2.2.3 Characterization

2.2.3.1 Particle size and zeta potential analysis

The particle size and zeta potential of the SF/SA nanocarriers were obtained by Dynamic light
scattering (DLS) ((NanoBrook 90 plus Pals Particle size Analyzer, Brookhaven Instrument, NY,
USA). The prepared carriers were diluted 10 times in DI water and transferred to DLS cuvette
before placing it in the instrument sample cell. The DLS is equipped with 660 nm wavelength
laser and the refractive index was set to 1.331 & 1.540 for DI water and the nanocarriers
respectively. All measurements were carried out at 20 °C using a circulation bath. The

experiments were performed in triplicate and the values were reported as mean + SE.

The size distributions of SF nanoparticles produced by the microfluidic system were acquired
using nanoparticles tracking analysis (NTA, Nanosight LM 10, UK). SF nanoparticles samples
were diluted 15 times in DI water before carefully injecting the sample using 1 ml syringe into
the scattering cell to ensure that the cell is bubble-free, and the measurements were
performed at 20 °C. The tracking video was recorded for 1 min (1800 frame) and the valid

particles were tracked for a minimum of 5 frames.

2.2.3.2 Secondary structure measurements of SF/SA nanocarriers and SF nanoparticles

Fourier transform infrared (FTIR) spectroscopy (IR Prestige-21, Shimadzu, UK) was used to
investigate the chemical interaction between SF and SA and to detect the SF structural
transformations. Nanocarrier formulations were mixed with 1% Triton X-100 to disturb the
lipid shell and then centrifuged using 30k Amicon Ultra Centrifugal Filters at 10,000 rpm to
remove the remaining lipid. The samples were allowed to air dry on the diamond attenuated

total reflectance (ATR) attachment (ATR apparatus, Pike Technologies, USA) of the
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spectrophotometer. The range of wave numbers was set from 500 to 3000 cm™ and the
spectrum was read using the Happ-Genzel apodisation function over 64 scans with a
resolution of 4 cm™. Each peak in the spectrum is assigned to either SF or SA (Table 2.1). The
region (1575 - 1750 cm™) which is assigned to amide | was investigated to determine the

secondary structural changes of SF.

Table 2. 3. FTIR absorption peaks of silk fibroin (SF), sodium alginate (SA), and SF/SA mixture
in the nanocarrier [203].

00% A e 00% SA A 0 on of absorption pea
- 1731.9 1731.9 C=0 stretching
1620.1 1622.0 1635.5 Amide | and antisymmetric =COO= stretching overlap
1505.2 1522.0 - Amide Il
1228.5 1236.2 1238.2 Amide Ill and C=0 stretching overlap
- 1080.0 1076.2 O-H bending
- 1029.9 1027.9 O-H bending
- 927.7 927.7 C-O vibration

The SF nanoparticle suspension samples were dried at 40 °C for 24 h. The samples were
subjected to secondary structure analysis by Fourier transform infrared (FTIR) spectroscopy
(IR Prestige-21, Shimadzu, UK). Each sample was run for 128 scans at a 4 cm™! resolution and
the wavenumber range was set from 400 to 4000 cm™!, and the spectra were interpreted by
Happ-Genzel apodisation function. Unlike the nanocarrier, all FTIR absorption peaks are
visible in the SF nanoparticle analysis. To measure the secondary structure transformation,
the amide I region (1595 -1705 cm™) of the SF protein was investigated. Other SF regions were
identified and deconvoluted including side chain (1605-1615 cm™), random coil (1638-1655
cmt), a-helical bands (1656-1662), B-sheet structure (1616-1637 cm™ & 1697-1703 cm™) and
turns (1663-1696 cm™) [312]. OriginPro 9.2 Software was used to correct the baseline and

plot the data.

2.2.3.3 Atomic Force Microscopy (AFM) analysis

The size, shape and morphology of the SF/SA nanocarriers and SF nanoparticles were
characterized using AFM (Dimension FastScan with ScanAsyst, Bruker corporation, USA)
(Figure 2.8). Two drops of the nanocarrier or SF nanoparticles suspension were dropped on

mica substrates and dried with gentle air at room temperature before placing it on the
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instrument sample stage. The measurements were run using SCANASYST-AIR tips and tapping
mode. The resulting data were deconvoluted and analysed by NanoScope 1.5 software (Figure

2.9).

All Young’s modulus measurements were carried out under the same ScanAsyst-Fluid probe.
The AFM, with a 10 um piezoelectric scanner, was set to ScanAsys-Fluid mode to acquire
images. By navigating the image, the force-distance curves of selected nanocarriers were
obtained subsequently and 8-50 shooting target measurements were performed. The Young's

modulus of samples was calculated according to the Hertz model (Equation 4)[313].

2L _VR&? (a)

=3 a-v?)

where F is the force from force curve, E is Young’s modulus, v is Poisson's ratio, R is the radius
of the indenter tip, and 6 is the indentation depth. The original force curves were analysed

using NanoScope Analysis software (version 1.9).

2.2.3.4 Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) images were obtained using a FEI Tecnai BioTWIN
G2 sprint. The accelerating voltage was set to 80 Kv. 10 uL of the nanocarrier solution was
deposited onto carbon-coated copper grids for 1 min and blotted with a filter paper. The grids
were left to dry at 25 °C and stained with 0.1% (w/v) phosphotungstic acid for 1 min and
blotted again with a filter paper. Finally, the samples were washed with DI water and kept for
measurement at room temperature. Images were recorded using a Gatan Orius SC1000B

bottom-mounted digital camera and Gatan Digital Micrograph software.

2.2.3.5 Cellular uptake

Cellular uptake studies were carried out using HCT-116 human colorectal adenocarcinoma
cells. The cells were cultured in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin in 37 °C and under 5 % CO,. The HCT-116 cells were cultured in 96
well plates at a seeding density of 4 x 103 cells per well and were incubated for 24 hr. To
accurately calculate the seeding density, the cells were trypsinized following the regular
passaging protocol and resuspended in fresh DMEM. Then, the concentration of the cell
suspension was determined using an automated cell counter device Countess® Il Automated

Cell Counter to find out the dilution factor required for achieving the desired seeding density.
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20 uL of the cell suspension was mixed of trypan blue dye (1:1) and injected in Countess® Cell
Counting Chamber Slide and repeated twice to take the average number of cells per ml before
performing dilution. The diluted cell suspension was transferred to the 96 well plates (90 uL
per well). The plates were kept in the incubator at 37 °C overnight to allow for attachment of
the cells and used for cell uptake experiments the next day. In the next stage, the cells were
treated with the drug solution, the drug-loaded nanocarriers, or drug-loaded SF nanoparticles
according to predesigned experimental plan (Table 2.2) and incubated for 6 hr before

replacing the media with fresh DMEM.

In the case of SF/SA nanocarriers, the experiment was carried out in two different conditions.
The first set of experiments were performed in the cells growing in DMEM supplemented with
10% FBS. In the second set of experiments, the cells were starved in serum-free media for 4
hr prior to addition of the drug solution or drug-loaded carriers, and then the media were
replaced with media supplemented with 10% FBS. At designated time points, the cells were
fixed with 3.7% formaldehyde, stained with Hoechst 33342 and Flash Phalloidin™ 594 and
imaged with the high content fluorescent automated widefield microscope (ImageXpress®
Micro System). The images were analysed using MetaXpress® software 5.3.01 (Molecular
Devices). Two algorithms were used to determine the cellular uptake: one for quantifying the
drug or drug-loaded objects within the cell, and one for measuring the average integrated

intensity of the drug within the cytosol.

Table 2. 4. Experimental plan of silk magnetic nanoparticles prepared using the microfluidic
system using Methanol or Acetone and on 96-well plate seeded with HCT 116.

1 2 3 4 5 6 7 8 9 10 11 12
A (FITC-labled G3) loaded MSNP-MEOH (FITC-labled G3) loaded MSNP-ACE
B ASC-J9 (25 uM) ASC-J9 (10 uM)
C FITC-labled MSNP-MEOH FITC-labled MSNP-ACE
D ASC-J9 (50 uM) loaded MSNP-MEOH ASC-J9 (25 uM) loaded MSNP-MEOH ASC-J9 (10 uM) loaded MSNP-MEOH
E ASC-J9 (25 uM) loaded MSNP-ACE ASC-J9 (10 uM) loaded MSNP-ACE

F ASC-J9 (50 uM)&G3 loaded MSNP-MEOH  ASC-19 (25 uM)&G3 loaded MSNP-MEOH  ASC-J9 (10 uM)&G3 loaded MSNP-MEOH
G | EEN BN RGN aaea ISP ACEMIN ASC-19 (25 uM)&G3 loaded MSNP-ACE  ASC-J9 (10 uM)&G3 loaded MSNP-ACE
H Control

2.2.3.6 Uptake in 3D spheroids
In the domain of cancer therapy, investigating the activity of nanocarriers loaded with

anticancer drug in 3D cultures provides a better understanding of the extent of tumour
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penetration and drug activity in a 3D environment. Unlike the conventional 2D cellular
monolayers, the 3D culture can give a better insight into drug-tumour and nanocarrier-
tumour interactions due to its ability to mimic the complex heterogenicity of solid tumours in

patients[314, 315].

The 3D spheroids were prepared by growing HCT-116 cells in ultra-low attachment 96 well
plates at a seeding density of 8 x 103 cells per well for 48 hr. The spheroids were treated with
25 or 40 uM ASC-J9 solution or ASC-J9 loaded nanocarriers (lipid shell nanocarrier of magnetic
silk nanoparticles MSNP) for 12 hr and then fixed with 3.7% formaldehyde and stained with
Hoechst 33342 and imaged with the high content microscope. For the investigation of the
impact of magnetic field on the uptake of MSNP in HCT-116 spheroids, a magnetic plate was
placed under the cell culture plate for 30 min to drive the nanoparticles from the media
toward the spheroids in the bottom of the wells (Figure 2.4). This magnetic force was used
previously for drug and gene delivery to target tumor tissue or enhance transfection efficiency

[257, 316].

Cell culture plate

-

T~
/

Figure 2. 4. Schematic representation of the testing process of magnetic silk nanoparticles
(MSNP) under magnetic field [317].

2.2.3.7 Statistical analysis

The statistical analysis of the data was carried out using GraphPad Prism 7.04. The Student's
t-test was used for comparison between two groups, and the one-way ANOVA was used for
the comparison between multiple groups. All data were presented as the mean + standard
error unless otherwise mentioned. Statistical significance was considered when the p value

was less than 0.05.

70



2.3 Techniques and instrumental principles

2.3.1 Dynamic light scattering (DLS)

DLS is one of the earliest and the most common technique to characterise the particle size
and zeta potential for nanostructures. DLS is a physical technique that can measure
hydrodynamic quantities, transitional and/or rotational diffusion coefficients. Combining
these measurements allows for determining sizes of the measured nanostructures via
theoretical relations [318, 319]. The DLS equipped with a laser source which generates
monochromatic light passes through the sample cuvette (Figure 2.5). When the light
encounters particles, it scatters in multiple directions and the scattering intensity fluctuates
due to Brownian motion of the particles [320]. The relatively large particles tend to have
slower Brownian motion in comparison to smaller particles [319]. The scattered light was
measured by a photon detector which can identify the intensity fluctuation and correlate it
to the particle size (Figure 2.5). For perfectly monodisperse sample, the algorithms that
analyse the data should produce identical results. However, most of the tested samples are
unlikely to be perfectly monodisperse and hence, the collected results from these algorithms
tend to differ. The polydispersity (PDI) reflects the scattered light by various fractions of
particles with various sizes and is calculated by (width/mean)? for every individual peak [320].
PDI values smaller than 0.1 is considered as monodisperse and (0.1-0.4) are moderately
polydisperse while values larger than 0.4 are considered as highly polydisperse [320]. The zeta
potential of nanocarriers and SF nanoparticles was also measured using DLS using Zeta Pals
function. Zeta potential, also known as electrokinetics potential, is the potential difference
between electric double layer (EDL) of electrophoretically moving particles and the layer of
dispersant around them at the slipping plane (Figure 2.5) [320, 321]. To measure zeta
potential, an electric field is applied by the instrument electrode to induce the electrophoretic
mobility of the tested particles. The particles mobility generates different frequencies of the
scattered light from the laser source. The DLS detector can correlate the frequency shift to

the particles speed and measure the zeta potential through theoretical relations [320].
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Figure 2. 5. A) Schematic representation of the dynamic light scattering (DLS) instrument.
Reprinted from [322]. B) Schematic representation of the layers surrounding the surface of
negatively charged particles during Zeta potential measurement.

2.3.2 Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) was first introduced in 2006 as an innovative system for
measuring the nanoparticle size (30 to 1000 nm) and size distributions [323]. This technique
enjoys a lower detection limit that is dependent on the reflective index of the nanoparticles.
Unlike DLS, NTA records the light scattering from the laser source using a microscope
equipped with a (CCD) camera (Figure 2.6). The basic principle of NAT is illustrated in Figure
2.6, where the laser beam passes through the sample chamber at a low angle causing
illumination of the nanoparticles in the sample suspension [324]. Using the NAT software, the
mobility of nanoparticles can be recorded, and the Brownian motion of each recorded

nanoparticles is tracked on a frame-by-frame basis. To ensure accuracy, nanoparticles that
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are recorded for a small number of frames will be excluded. NAT software can relate the

nanoparticle movement to particle size following the Stokes-Einstein equation (5).

2KBT
3nnr

(x,y)* = (5)

Where (x,y)? is the mean squared speed of a particle at temperature, T, in solvent viscosity,

n, and hydrodynamic radius, r.

Microscopic lens

Laser beam
(50 pm wide)

Particles scattering

. Metalized surface

Figure 2. 6. A) Nanosight for nanoparticle tracking analysis (NTA). B) Schematic
representation of the NTA instrument configuration. C) Nanoparticle Tracking Analysis
software (NTA 3.1) using the scattered light in the recorded video for measuring the size
distribution and determining the standard deviation SD.
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2.3.3 Transmission electron microscopy (TEM)

Transmission electron microscope (TEM) is a very powerful technique for imaging a wide
range of micro and nanostructures. TEM allows for analysing the size, shape and inner
structure of nanomaterials, and it has been used for imaging the SF/SA nanocarriers and SF
nanoparticles. The TEM in its current form was invented in 1986 by Ernst Ruska [325]. The
principle of TEM relies on the ability of the electron beam to deflect and concentrate using
electrostatic and magnetic fields. Similar to the light microscope, TEM collects a detailed
image of the scanned sample. However, instead of detecting visible light (photons) from a
light source, TEM uses an electron beam which has a much smaller wavelength to allow for
higher magnification and more detailed information of the scanned sample [326]. To calculate

the wavelength of the electron beam, Louis de Broglie derived an equation (6)

A=— (6)

where his Planck's constant, m is the mass of a particle, and v is the velocity of a particle. This
equation showed that the electron beam accelerated by the energy of 60,000 volts would
have a wavelength of 0.05 A. TEM is equipped with an electron gun to launch the electron
beam into free space, and condenser lenses are used to generate a focused thin beam (Figure
2.7). The most important part of the TEM is the lens system (Ruska’s design), which can create
an extremely short focal length by concentrating the magnetic field. TEM utilizes the lens
system to collect electrons upon the specimen and series of lenses (diffraction, intermediate,
and projector) is employed to magnify the specimen image and reflect it on the fluorescent
screen [325, 326]. The objective aperture is designed to restrict high angle diffracted electrons
to provide better clarity and enhance the contrast of the collected image. The bright areas in
the sample image correspond to a relatively high number of electrons transmitted. While the

darker areas represent a denser material that restricts the electron transmission.
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Figure 2. 7. A) Transmission electron microscopy (TEM), FEI Tecnai BioTWIN G2 sprint (USA)
(the University of Sheffield). B) Schematic representation of the working principle of TEM.

2.3.4 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) has evolved into one of the most advance techniques for
performing in-depth characterisation of nano and microstructures. AFM is capable of
revealing the intramolecular forces at the nanoscale level with atomic resolution [327]. This
allows for studying a wide range of synthetic materials, polymers and biomaterials. AFM has
more capabilities than TEM, AFM provides further detailed information when scanning
nanomaterials [328, 329]. In addition to sample imaging, AFM has been used extensively in
the past two decades to characterize the mechanical properties, morphology and
homogeneity of the tested material. AFM system has a micro-machined cantilever probe
equipped with a tip which is mounted to a Piezoelectric (PZT) actuator (Figure 2.8) [327]. A
laser beam is reflected off the cantilever and detected by a sensitive photon detector. During
sample scanning, the tip moves over the sample surface at a constant force or constant height

above the surface. The deflected laser beam determines the difference in the intensities
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between upper and lower photon detector [327]. The acquired information from the
cantilever tip corresponds to the force between the probe tip and the surface of the sample,
and the force is related to the distance between the scanned sample and the tip following

Hook’s Law (equation 7)

F =—kx (7)

where F is the force between the sample and the tip, k is the spring constant of the cantilever

and x is the spring stretch or compression (the deflection of the cantilever) [330].

A

Photodiode

Micro-cantilever

Control Law

Amplifier

Figure 2. 8. A) Atomic Force Microscopy (AFM) Dimension FastScan with ScanAsyst, Bruker
(University of Sheffield). B) SCANASYST-AIR in PeakForce and Tapping Mode operating
software. C) Schematic representation of AFM basic principles (left), real micro-cantilever and
components (right) Reprinted from [327] with permission from Elsevier.

The difference in the detected signal is recorded and analysed by a special AFM software

which also assists in operating the instrument in different modes (Figure 2.8). In contact
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mode, the tip will be in a close contact with the sample throughout the scan, leading to
repulsive interaction forces (Van der Waals forces). In this mode, the surface profile can be
acquired either by fixing the height (constant height) or the force between the tip and the
sample (constant force). The main disadvantage in contact mode is the resulting shear force

which can damage soft samples [327].

Tapping mode is the most frequently used mode in the AFM technology due to its ability to
generate high-resolution images of relatively soft samples. Tapping mode avoids common
problems such as friction and adhesion. Instead of constant contact with the sample, tapping
mode applies a force on the cantilever tip to induce vibration. This vibration allows for the
probe tip to touch the sample and lift off at a specific frequency. The energy losses occurred
during intermittent contacting of the tip with the surface determines the surface topography
of the sample [327, 330]. The collected samples can be deconvoluted by using a specific
analysis software provided by the AFM manufacturer. In this study, NanoScope 1.5 (Figure

2.9) was used to obtain images of the tested samples in addition to size and morphology.

B S ptichis TR 9 10 11002 - HanoScope Aralysi

JH @ o, 4

1: Height Sensor S0

I Shn:
Total Count 115.000 115,000 115,000 0.000
Density 4600 Uym?) 4,500 tym) 4,600 Uym?) 2000 Upm?)
Height 14.258 o) 2.162 fm) 17.252 jom) 2.258 fam)
Area 9224104 Inm’”) 2384.196 tnm’} 102710.727 tom’) 1711159 i’}
Dismeter SR03T [nem) 55.007 fnm} 361,620 fomi 46187 fom

Figure 2. 9. AFM data analysis software (NanoScope 1.5) for measuring the size, shape and
morphology of the scanned sample.
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2.3.5 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) is an analytical technique which can detect the infrared
radiation (IR) absorbance of the dipole bonds within the functional group of the tested
material. IR radiation can induce vibration (bending or stretching motion) of the molecular
bonds by exciting the electrons within these bonds[331, 332]. Most compounds have a dipole
moment except molecules such as N2 and O, and therefore can be characterized qualitatively
using FTIR[333, 334]. The structural information of the tested molecules can be obtained from
the frequency and intensity of the peaks in the IR spectrum. As shown in Figure 2.10 the
principle of FTIR relies on utilizing the interference between two IR beams to generate a signal
known as interferogram using a Michelson interferometer. This signal is degraded later into
frequencies using Fourier Transform algorithms[335]. Michelson interferometer consists of IR
source, a semi-reflecting beamsplitter and two perpendicular mirrors. The IR beam is divided
equally by the beamsplitter and reflected back to the beamsplitter by the two mirrors to
recombine and interfere before reaching the detector (Figure 2.10). Depending on the path
length determined by the moving mirror, this interference can be destructive or
constructive[332, 334, 335]. FTIR reveal the absorbance of unknown sample by converting
the optical path length into wavenumbers and the sample and the light intensity into

transmittance.
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Figure 2. 10. Schematic representation of the principle of a Michelson interferometer.
Reprinted from [336] with permission from Taylor & Francis.

2.3.6 High content fluorescent imaging microscope

The high content fluorescent automated widefield microscope (ImageXpress® Micro System)
shown in Figure 2.11 was used to acquire fluorescent images of 96 well plates of HTC 116 cells
incubated with drug-loaded nanocarriers solutions. Three channels were used (DAPI, Texas
red & GFP) to identify the cells’ nucleus, cytoplasm, and ASC-J9 (location and intensity). The
images were then analysed using MetaXpress® software 5.3.01 (Molecular Devices) to obtain,
the cell population, drug fluorescent intensity and drug relative uptake. Using custom module
function in MetaXpress®, it was possible to design an algorithm to quantify the cell population
by selecting the approximate size and shape of HCT 116 nucleus as the target object (Figure
2.11). Similarly, the drug fluorescent intensity in 3D spheroids was analysed by designing an

optimized algorithm.
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Figure 2. 11. A) ImageXpress® Micro System. B) MetaXpress® software 5.3.01 using custom
module tool to design an algorithm that can find nucleus of HCT 116 cells and determine
cellular population. C) MetaXpress® software 5.3.01 using custom module tool to analyse

three different channels (DAPI, GFP & Texas red) to identify nucleus, drug & cytoplasm of HCT
116 cells.
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3 Chapter 3: Stiffness-tuneable nanocarriers for controlled delivery
of ASC-J9 into colorectal cancer cells

Abstract

Development of highly efficient and non-toxic drug delivery systems for hydrophobic
anticancer drugs is one of the main challenges in cancer therapy. The poor water solubility of
these drugs often leads to low bioavailability and low concentrations in the tumour tissue.
Although various types of polymer-based drug delivery systems have been developed for such
purpose, they often suffer from low encapsulation efficiency, uncontrolled release and lack
of long-term stability. Herein, we report the development of a novel core-shell nanocarrier
system with tunable stiffness and controlled release for the delivery of hydrophobic
anticancer agent ASC-J9. The nanocarriers were prepared from two naturally derived
biocompatible polymers silk fibroin (SF) and sodium alginate (SA) using a simple method
which does not require any organic solvents, excessive heat or changes to pH. The synthesized
nanocarriers had a high encapsulation efficiency (62-78%) and were physically stable for up
to 5 months at 4 °C. The stiffness of the nanocarriers dictated the release profile of the drug
which was easily tunable by changing the ratio of SF to SA in the core. Loading ASC-J9 into the
designed nanocarriers enhanced its cellular uptake and its anticancer activity in HCT-116
colorectal cancer cells as well as 3D tumour spheroids. Hence, the designed nanocarriers
could be considered as a highly efficient drug delivery system for enhanced bioavailability and

controlled release of hydrophobic anticancer drugs.

Keywords: nanocarrier; silk fibroin; stiffness tunable; controlled release; hydrophobic

anticancer drug; ASC-J9.

3.1 Introduction

One of the main obstacles to overcome in cancer therapy is designing non-toxic and
biodegradable carriers for safe and efficient anticancer drug delivery. Recent advances in
nanotechnology and polymer engineering have opened doors to new more efficient
approaches to cancer therapy using nano-formulations [6]. However, the inherent low
solubility of many anticancer agents in water and biological fluids complicates their

formulation process and hinders their clinical application [337]. Moreover, the low local
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concentration of these drugs in the tumour tissue due to insufficient diffusion and/or short
elimination half-life (t1/2) may result in multidrug resistance (MDR) which is one of the major
challenges in cancer treatment especially in the case of metastatic cancers such as breast and
colon cancers [338-340]. For example, t1/> of the hydrophobic anticancer agent ASC-J9 was
found to be less than 6 hrs following an intravenous injection in mouse, which reduces the
bioactivity in certain tissues [13]. Increasing the exposure time of ASC-J9 to the cancer cells
reduces the half-maximal inhibitory concentration (ICso) values due to cumulative cytotoxic
effect [94]. Therefore, development of novel drug delivery systems for efficient loading
enhanced aqueous solubility, and improved cellular uptake of hydrophobic anticancer agents
within the elimination time window has received more attention over the past decade [49,

96, 341].

In order to design effective nano-carriers, several factors must be taken into consideration
such as size, geometric shape, elasticity, and surface charge [7, 42, 342-344]. Recently,
nanoformulations, such as liposomes [19, 22], micelles [344], polymer conjugates, and
polymeric nanoparticles [96], have been prepared to function as vectors for many
hydrophobic anticancer agents showing great potential for delivering these agents to the
target cells. Although engineered nanoparticles with optimized size and shape can improve
drug delivery, they still lack efficient targeting and their accumulation in the tumour tissue is
limited to less than 1% [44]. Other limitations of the conventional nano-carriers include low
encapsulation efficiency (EE), uncontrolled release, “initial burst effect” (rapid release of the
loaded drug within the first few minutes) and lack of long-term stability [344-346]. Most of
the currently available literature has focused on improving the properties of the nanoparticles
and nanoliposomes through modifying their surface or their outer shell respectively [19, 347]
and only few recent studies have investigated the impact of modifying the physical
characteristics of the particle core on their properties such as EE, release profile, and cellular
uptake. In the present work, we present novel nanocarriers with tuneable physical properties
through incorporation of a combination of silk fibroin (SF) and sodium alginate (SA). Unlike
the previous studies, the focus is on modification of the physical properties of the core in

order to enhance the EE, improve the cellular uptake and achieve controlled drug release.

Silk fibroin (SF) is an FDA approved naturally derived biopolymer obtained from cocoons of

bombyx mori silkworm which exhibits unique features such as biocompatibility,
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biodegradability, and the ability to enhance the stability of the loaded drug [33, 145, 348]. SF
can undergo diverse structural transformations at the molecular level. The most studied
transformation is the shift in the ratio of a-helix to B-sheet [144]. This transformation results
in insolubilizing SF to form micro and nanoformulations that can be employed for drug and
gene delivery [33] Furthermore, SF can be easily processed by various techniques to prepare
a variety of micro and nanostructures including sponges, microspheres, nanogels, and
nanoparticles for biomedical applications [128]. The physical properties of silk can be
improved by blending it with other polymers. A recent study by De Moraes et al. [203] have
reported modified physical characteristics of SF when blended with polysaccharides such as
sodium alginate (SA) [203]. SF/SA blends have almost no toxicity, high miscibility, less
heterogenicity and restricted phase separation due to the interaction between SA carboxyl
groups and SF amino groups [203]. Furthermore, mixing SA with SF allows SF to shift to B-
sheet predominant form (Silk Il) which can provide a platform for loading poorly water-soluble
compounds through hydrophobic interactions [33, 203]. Therefore, the combination of SF and
SA has been selected in this study to form the core of the nanocarriers. This combination of

polymers also allows for controlling the elasticity of the nanocarriers.

Particle elasticity hypothesis has drawn increasing attention in the field of nanomedicine in
the past few years [349]. Modifying the rigidity of the nanoparticles can alter their cellular
uptake pathways (e.g. fusion and/or endocytosis), as well as other properties such as EE and
drug release [7, 15, 302]. For example, Sun et al. [302] developed modified PLGA-lipid
nanoparticles with different rigidity by altering the injection order of PLGA and PEG-lipid
solutions in the microfluidic system to vary the amounts of water in between the polymeric
core and the lipid shell [302]. However, this method involves synthetic polymers and organic
solvents which is not desirable for biomedical applications. In a more recent study conducted
by Guo et al. [15] the elasticity of the crosslinked nanogel cores was altered by changing the
crosslinker concentration [15]. In the present study, nanocarriers consisting of a lipid shell
and a core composed of a combination of SF and SA have been developed using a simple
procedure that does not require any organic solvents, synthetic polymers or high
concentrations of the crosslinkers, and used for delivery of highly hydrophobic anticancer
agent ASC-J9 to HCT-116 colorectal adenocarcinoma cells. ASC-J9 has been used for the

treatment of different types of cancer including the prostate cancer and breast cancer due to
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its ability to enhance the degradation of androgen receptors (AR) and increase the
downstream apoptotic markers [94, 96]. However, there are no reports of the use of ASC-J9
for treatment of colorectal cancer. The stiffness of the designed nanocarriers was simply
tuned by changing the ratio between SF and SA. To the best of our knowledge, using the
combination of SF and SA for tuning the stiffness of the nanocarriers, regulating their cellular

uptake and drug release has not been reported elsewhere.

3.2 Results & Discussion

Due to its strong activity to cancer cells, curcumin has been one of the most studied natural
compounds for cancer therapy [30]. Recently, curcumin analogues with higher anticancer
efficacy such as ASC-J9 have been developed through structural modifications such as
methylation [30, 31]. Nonetheless, these structural changes have led to a tangible increase in
the hydrophobicity of the resulting drug molecules [32]. ASC-J9 increases the downstream
apoptotic markers to a higher extent compared to curcumin which results in enhanced
anticancer activity [7]. On the other hand, ASC-J9 is more hydrophobic than curcumin, and
has relatively short elimination time (t1/2 < 6 hrs) which can limit its anticancer activity in the
tumour tissue [6]. The present work was aimed at developing nanocarriers (Figure 3.1) with
tuneable properties for enhanced loading, improved aqueous solubility and enhanced cellular

uptake of ASC-J9 before it is cleared from the body.

DOPC lipid bilayer
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Figure 3. 1.. A) DOPC liposome suspension before and after 200 membrane extrusion. B)
AFM image of a DOPC liposome dfter extrusion entrapping crosslinked Sodium alginate (SA).
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3.2.1 Physical characterization of the ASC-J9 nanocarriers

The designed nanocarriers consist of a lipid bilayer shell and a biopolymeric core which serves
as a vector for ASC-J9. After extrusion through the polycarbonate membrane, the liposomal
suspension becomes more transparent and less turbid due to the difference in the light
scatter between the heterogenous liposomes and the extruded homogeneous liposomes
(Figure 3.1). Crosslinking SA with calcium within the core transforms the core into a hydrogel.
The rigidity of the resulting hydrogel core is modulated by blending SA with SF which alters
the amount of the SA monomers required to make the hydrogel network (Figure 3.2.A). The
DOPC lipid shell provides a template for controlling the overall size of the nanocarriers via
extrusion method [33]. This shell maintains the size of the nanocarrier in the aqueous phase
as shown in Figure 3.4.A. The DLS characterization showed a similar hydrodynamic diameter
of ~170 nm for all three formulations. The zeta potential was slightly negative in the
nanocarrier formulation SF:SA (3:7). However, the zeta potential became more negative when
the ratio of SF to SA was increased in the nanocarrier formulation (Figure 3.4.C). SF is
negatively charged protein and therefore increasing the ratio of SF to SA allows more SF
molecules to incorporate in the lipid shell and alters its charge. The three nanocarrier
formulations demonstrate size stability for up to 5 months when stored at 4 °C (Figure 3.4.F).
After 6 months, significant variation in the size of the nanocarriers was observed in the SF:SA

(7:3) formulation which is supposed to be due to aggregation.
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Figure 3. 2. (A) Schematic representation of the three synthesized nanocarriers entrapping
different ratios of silk fibroin (SF) to sodium alginate (SA). (B) TEM images of the synthesized
nanocarriers. (C) AFM images of the nanocarriers showing the polymeric core and the lipid
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shell in dry mode. (D) Hight profiles of the nanocarriers obtained by AFM. (E) 3D AFM images
of the nanocarriers.

The nanocarrier cores were made of multiphase blends of SF and SA which can exhibit
different morphological states. Typically, dispersing one polymer in the matrix of another
causes changes in the properties of the mixture, and these changes are mainly controlled by
the matrix properties [34]. TEM and AFM were used to provide a clearer insight into the
interior structure of the nanocarriers. As shown in Figure 3.2, spherical nanocarriers were
formed in the three formulations. The dense hydrogel core appears darker than lipid bilayer
in the TEM image (Figure 3.2.B). The AFM scanning was carried out to determine the
morphology of the nanocarriers. The stiffness of the cores correlates to the ratio of SA to SF
in the nanocarrier formulation. The AFM scans revealed that the formulation with low SA to
SF ratio (low stiffness) has an increase in the core size in comparison to the formulation with
high SA to SF ratio when scanned in the dry mode (Figure 3.2.C & Figure 3.4.B). This can be
explained by higher core deformation during scanning due to less SA hydrogel network which
maintains the structure of the core. The height profiles obtained by AFM show an increase in
the surface roughness of the core structure by increasing the SF to SA ratio (Figure 3.2.D). On
the other hand, high SA content provides a smooth core surface because of forming a tighter
hydrogel network. The Young’s modulus was measured using AFM in liquid mode (Figure 3.6
& 3.7). The stiffness of the prepared formulations of the nanocarrier was quantified by
applying Hertz model (Equation 5) using the values obtained from the force curves (Figure
3.6). The calculated Young’s modulus increased by increasing the amount of sodium alginate
(SA) in the formulation (Figure 3.7). The maximum acquired Young’s modulus is 43.7 MPa,
which higher than previously reported nanolipogels entrapping SA only [15]. These results
indicate that larger stiffness range can be obtained by using a combination of biopolymers in
the nanocarrier formulation. Unlike conventional approach which modifies nanocarrier
stiffness by changing the crosslinker concentration, the approach used in this study allows for
adjusting the stiffness by adding another polymer (SF protein) which also increase the B-sheet
percentage, modify zeta potential and nanocarrier enzymatic degradation in the biological

environment [313, 350].
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Figure 3. 3. (A) The maximum absorbance of ASC-J9 using UV spectroscopy. (B) ASC-J9
calibration curve in PBS.
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Figure 3. 4. Characterization of the synthesized nanocarrier formulations with varying
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The core size of the nanocarriers obtained by AFM scans in dry mode. (C) zeta potential of the
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nanocarriers measured by dynamic light scattering. (D) Encapsulation efficiency (EE) of ASC-
J9 in different nanocarrier formulations. (E) Release profiles of ASC-J9 encapsulated in
different nanocarrier formulations. (F) Changes to the diameters of nanocarriers over 6
months measured by dynamic light scattering. * Denotes values of P < 0.05.

FTIR spectroscopy has been a useful technique to investigate the transformation of SF to B-
sheet predominant SF. The main absorption peaks for unprocessed SF and SF blends in the
nanocarrier formulations are presented in Figure 3.5. The FTIR spectrum of unprocessed SF
shows the absorption bands assigned to amide | (1616.2 cm™) and 1l (1508.2 cm™?) that
correspond to B-sheet predominant (silk 11) [27]. Amide Il absorption band (1228.5 cm™)
corresponds to silk | conformation with a-helix predominance. The nanocarrier formulations
containing blends of SF and SA (7:3, 1:1 & 3:7) present spectra similar to the unprocessed SF
with additional absorption bands that are assigned to the C=0, O-H, and C-O stretching in the
SA structure [27, 35]. SF amide | and Ill absorption bands are overlapping with structural
groups of SA; therefore, the amide Il band was used to analyse the spectra and detect the
transformation to silk Il. As illustrated in Figure 3.5, the amide Il band clearly shifted to higher

wavelength and was detected at 1528.2 cm™ indicating silk Il conformation.

89



[

Blending SF with SA & Q

’

*

'y

Gy Aa Gy Aa Gy T
Gy Ser Gy Aa Gy Ala ( | - L
— P e RN S I Amorphous domain |
Random coil of I I o nc ¢
unprocessed SF \ | Ef " B B B B i
el i N\ 1“ < | B-sheet crystalline
o H R | domain
I
ST T 1) e H,0 and SA
|‘=.\ i He | Hydrogen w
e emm— WL
E =4
B
1508.2
0.7+ -
v - SF
; — SF:SA (7:3)
[ — SF:SA (1:1)
— SF:SA (3:7)

Transmittance
(arbitarary unit)

o
o

T T T =
1200 1400 1600 1800

Wavelength (cm™)

1
800 1000

Figure 3. 5. (A) Schematic representation of silk fibroin (SF) structural transformation in the
designed nanocarriers as a result of blending with sodium alginate (SA). (B) FTIR spectra of SF
and SF/SA blend with a different ratio in the nanocarrier core

3.2.2 ASC-J9 encapsulation and release

Drug encapsulation efficiency (EE) is one of the most important features for determining the
effectiveness of the designed delivery system as drug carrier especially in nanoformulations
[20]. To calculate the ASC-J9 EE, the maximum absorbance was measured, and a calibration
curve was produced (Figure 3.3). For efficient entrapment of ASC-J9 in the polymeric core
matrix, the drug and the crosslinking agent (CaCl,) were added simultaneously. The drug

molecule enters the matrix with calcium ions that are transforming the structure of SA to form
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the hydrogel network. Changing the nature of the core from liquid state to polysaccharide
hydrogel during crosslinking can restrict the Brownian motion of the ASC-J9 molecules and
enhance their retention in the nanocarrier. A previous study has shown a significant increase
in the encapsulation efficiency as a result of hydrogel network formation. However, no
significant change in EEs was observed in different hydrogel stiffness when one polymer was
used [28]. In the current study, two polymers have been used (SF & SA) and the interaction
between the two during crosslinking allows SF to transform to  sheet providing a platform
for hydrophobic interaction with ASC-J9 molecules. This can explain the higher EE observed
in high SF content nanocarrier formulation (SF:SA=7:3) in comparison to the formulation with

lower SF content (SF:SA=1:1, 3:7) (Figure 3.4.D).

The effect of modifying the nanocarrier stiffness on the drug release kinetics was also
investigated. The nanocarrier formulation with higher stiffness (higher young’s modulus)
exhibited slower drug release (Figure 3.4.E). The high percentage of SA results in a tighter
hydrogel network and smaller pore size (Figure 3.2.D) which consequently results in higher
retention and slower release of the encapsulated drug (Figure 3.4.E). These results suggest

enhanced EE and tunable drug release.
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Figure 3. 6. Representative force curves for extend and retract processes with a single
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Figure 3. 7. Characterization of the synthesized nanocarrier formulations by force mapping
mode of the AFM (A) Schematic illustration of high and low stiffness nanocarriers during
Young’s moduli measurements. (B) The Young’s moduli of the nanocarriers characterized in
liquid mode by AFM calculated using Hertz model. * Denotes values of P < 0.05.

3.2.3 Invitro cellular uptake study

The designed nanocarriers consist of a combination of biopolymers that are individually
approved by FDA for pharmaceutical applications and regarded as biocompatible,
nonimmunogenic, and nontoxic polymers [33, 351]. To confirm the lack of toxicity of the
unloaded nanocarrier formulations, the cell population was evaluated after treatment with
unloaded (SF:SA=7:3, 1:1 & 3:7) (Figure 3.9.D). The reduction in the cell population ranged

between 1-11% indicating very low toxicity.
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To investigate the internalization of the nanocarriers and their payload release in HCT-116
colorectal adenocarcinoma cells, the cells were treated with ASC-J9 (25 uM) or ASC-J9 loaded
nanocarriers for 6 hrs to simulate the drug availability time in vivo before elimination. The
guantitative cellular uptake study was carried out in two conditions (10% FBS & 0% FBS) to
mimic different in vivo physiological conditions. The treatments were removed after 6 hrs by
replacing the media to ensure that the intensity measurements are assigned only to the
uptaken drug. Like curcumin, ASC-J9 molecule is auto-fluorescent ((Aexc= 432 nm; Aemi = 522
nm) and this property has been used previously for cell tracking and measuring cellular uptake
[49, 96, 352]. The enhanced cellular uptake by HCT-116 is evident from the high content
images presented in Figure 3.8. A weaker fluorescent signal was observed in cells treated with
unprocessed ASC-J9 in comparison to ASC-J9 loaded nanocarriers. As it could be observed in
Figure 3.9 the relative uptake of the ASC-J9 was significantly enhanced when it was loaded
into the different nanocarrier formulations. Moreover, the ASC-J9-loaded nanocarriers
remained in the cells for up to 72 hrs after internalization serving as a reservoir for the drug
and providing sustained drug release whereas the amount of free ASC-J9 within the cells
showed a reduction after 72 hrs. This is supposed to be due to cellular efflux mediated by

transporters such as P-glycoprotein [340].

The anticancer activity of the drug was assessed by measuring the percentage of cells within
a population that survived treatment with the free drug and the drug-loaded nanocarriers at
different time points (Figure 3.9.C). The free ASC-J9 showed higher activity at 12 hrs than the
drug-loaded into the nanocarriers, causing a 50-60% reduction in the number of cancer cells.
However, due to the low concentration of the drug within the cells resulting from lower
cellular uptake compared to the drug-loaded nanocarriers, the cells recovered from the drug
treatment and restarted growing after 24 hrs. In the case of drug-loaded nanocarriers, on the
other hand, the antiproliferative activity started more slowly but was maintained over a
longer period of time (72 hrs) resulting in a considerable reduction in the cell population
(Figure 3.9.C). A variation in the anticancer activity was observed among the three
nanocarrier formulations at 12 hrs especially in the absence of FBS. However, all nanocarriers
formulations showed similar pattern after 24 hrs. This behaviour can be explained by the
different drug release trend exerted by different formulations. Overall, it can be conferred

from these data that the anticancer activity of the ASC-J9 in HCT-116 cells t was enhanced by
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loading into the designed nanocarriers and that the sustained release of the drug from the
nanocarriers resulted in a prolonged antiproliferative activity which prevented the cells from

recovering.

3.2.4 Uptake in 3D tumour spheroids

3D tumour spheroids were used as a mimic of the tumours tissue in the human body. 3D cell
cultures are very useful in cancer research as they can study the efficiency and activity of
drug-loaded nanoformulation in tumour tissues, where the 2D cellular monolayers can’t
simulate the complex organisation and heterogeneity of solid tumours found in patients [314,
315]. Spheroids generated form HCT-116 cells (with a diameter of 600-800 um) were used to
assess the penetration and anticancer effect of the ASC-J9 loaded into the designed
nanocarriers into the tumours. As it could be clearly observed in Figure 3.10.A the drug
fluorescence appears to be quite uniformly distributed across the spheroids. A drastic
increase in the fluorescent intensity was detected in the spheroids treated with ASC-J9 loaded
nanocarriers in comparison to the spheroids treated with the free drug. Furthermore, there
was a significant difference in the fluorescence intensity of the drug within the spheroids
treated with different nanocarrier formulations (Figure 3.10.B). The SF:SA (7:3) formulation
(with low stiffness) had the highest fluorescence intensity followed by SF:SA (1:1) and SF:SA
(3:7) respectively. The observed difference in the drug penetration into tumour spheroids is
attributed to the different elasticity of the nanocarrier formulations providing a tool for tuning
the cellular uptake of the drug-loaded nanocarriers through changing the composition of the

nanocarrier cores.
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Figure 3. 8. High content fluorescent microscope images of HCT-116 showing cellular uptake
of the free ASC-J9 and different ASC-J9 loaded nanocarriers (SF:SA=7:3, 1:1, & 3:7) after 24
hrs (x20 magnification, the scale bar represents 40 um).
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Figure 3. 9. (A) Relative cellular uptake of ASC-J9 loaded nanocarriers formulations and
unformulated ASC-J9. (B) Fluorescence integrated intensity of ASC-J9 at multiple time points
in unformulated form and in nanocarriers form. (C). The percentage of survived cells after ASC-
J9 and ASC-J9 loaded nanocarriers treatments at multiple time points. (D) The effect of the
unloaded nanocarrier formulations the cell population %. An asterisk denotes statistical
significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. 10. (A) High content fluorescent microscope images showing uptake of ASC-J9
solution and ASC-J9 loaded nanocarrier formulations by HCT-116 tumour spheroids (x2
magnification, scale bars represent 400 um). (B) The fluorescent intensity of ASC-J9 within the
spheroids. An asterisk denotes statistical significance as follows: *P < 0.05, **P < 0.01, ***P <
0.001.
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3.3 Conclusion

SF is a biocompatible biopolymer which has been approved by FDA for pharmaceutical
applications. Therefore, it has gained great attention as the main ingredient in various drug
delivery systems. Although the nature of SF protein is desirable, formulating SF as stable
nanocarriers with controllable properties remains a challenge. Herein, we report the
development of a very versatile, stable nanocarrier system using a blend of SF and SA for
enhanced encapsulation and controlled release of the hydrophobic anticancer agent ASC-J9.
The designed nanocarriers were prepared using a simple method which avoids harsh
preparation conditions such as extreme heat, pH or organic solvents and enjoyed controllable
size (using the extruded lipid template technique) and tunable stiffness (via changing the
SF/SA ratio). Tuning the stiffness of the nanocarriers resulted in changes to the drug release
and anticancer activity of the ASC-J9 in HCT-116 colorectal cancer cells. Our findings also
display a significant increase in cellular uptake of ASC-J9 within the ti> window when loaded
into the nanocarrier systems and prolonged anticancer activity resulting in the prevention of
the cancer cell recovery in comparison to the free drug which may be of significance in
preventing MDR. Modifying the nanocarrier properties also affected their penetration into
the 3D tumour spheroids which serve as a model for solid tumours. Despite the large number
of factors that govern the mechanism of cellular uptake in tumours, this study results suggest
that tailoring the stiffness of the anticancer nanocarriers should be considered in the rational

design process of anticancer drug delivery systems.
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4 Chapter 4: Swirl mixer for the production of silk fibroin
nanoparticles

Abstract

Drug delivery systems (DDSs) have great potential for improving treatment of several
diseases, especially microbial infections and cancers. However, the formulation procedures
of DDSs remain challenging at the nanoscale. Reducing batch-to-batch variation and
enhancing production rate are some of the essential requirements for accelerating the
translation of DDSs from small scale to the industrial level. Microfluidic technologies have
emerged as an alternative to the conventional bench methods to address these issues. By
providing precise control over the fluid flows and rapid mixing, microfluidic systems can be
used to fabricate and engineer different types of DDSs with specific properties for efficient
delivery of a wide range of drugs and genetic materials. Here, we demonstrate the potential
of the newly developed microfluidic device (Swirl mixer) for the continuous production of silk
nanoparticles with tuned particle characteristics. Our new microfluidic design demonstrated
efficient mixing of organic and aqueous phases, which allows for controlled production of silk

nanoparticles.

4.1 Introduction

In the past decade, there has been significant development in microfluidic devices for
nanoparticle production [353]. Rapid mixing within the microfluidic system generates
nanoparticles by fast nanoprecipitation and this process is simple, scalable, and convenient
for the pharmaceutical industry [354]. The ability to incorporate more than one component
in the nanostructure and control the particle formation by changing the processing
parameters, is an important feature for drug delivery applications [355]. The high precision
control of flow rates, flow regime (Reynold’s number), and mixing time allows for optimizing
the properties of the prepared nanoparticles such as size, shape, and size distribution.
Creating a supersaturated solution of constituent molecules is an important route to
nanoparticle synthesis [356]. Approaches to date have relied either on the rapid distortion of
the aqueous particle component stream by acceleration into adjacent diluent solvent streams
[357] or by folding the streams together in mixer elements [210]. In the first approach

particles necessarily form under conditions of highly non-uniform composition, while mixer
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designs employed in the second are far less effective than the best available again resulting
in formation in a non-uniform particles [310, 358, 359]. To generate uniform particles under
controlled conditions, a microfluidic mixer must be designed to achieve a uniform mixture in
a time shorter than the time scales required for particle growth and aggregation as previously

discussed (Chapter 1, section 1.4.1).

The current microfluidic designs (e.g. Staggered herringbone) that can achieve uniform mixing
are limited by the pressure drop which takes place in the microchannel [358]. This problem
makes the majority of the current microfluidic mixers costly, unsuitable for scaling up, and
inconvenient for processing many pharmaceutical ingredients. Although increasing the size of
the channel of the mixer can reduce the pressure drop, it can also reduce the uniformity of
the resulting mixture. Therefore, the preferred mixer in pharmaceutical processing should
have a geometric design that generates the lowest pressure drop, which allows for a high
total flow rate, without affecting mixing uniformity and residence time. To obtain the desired
particle size and narrow size distribution, specific mixing time (t») and mixture uniformity
must be reached [310]. Rapid mixing is likely to require flow in the high Reynolds number
regimes in which inertial effects are large. The mixer used in this study has a novel swirl design
for the efficient preparation of nanoparticles. It consists of one or more mixing elements,
each with an initial chamber for generating angular momentum, followed by an orifice leading
into a second chamber as illustrated in Figure. 4.1. The flow pattern and concentration are
shown for computation at Re = 100. The swirling flow in the initial chamber is evident and

one can see the complex flow produced in the second chamber.

FLOW CONCENTRATION

Figure 4. 1. Swirl mixer element: flow and concentration modeling at Re= 100.
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In this study, four-elements, two-elements and one element swirl mixers were designed and
tested using the example of silk nanoparticle production. The objective is to achieve the
smallest possible mixing time with this particular mixer using a dual syringe pump and to
document the effect of flow rate, Reynold’s number and mixing time, on particle size
distribution. To evaluate the performance of the developed swirl mixer in terms of mean size
and particle size distribution, a T-mixer operating at the same conditions was used. Size

distribution measurement was obtained using nanoparticle tracking analysis (NTA).

A 20
Standard swirl mixer (4X)
18 |
\
1
16 \1 Flow system
\ characteristics
14 F \
\
A
12 | gy Y
_ Syringe pump 3
® characteristic |
= 10 F Y
3{ %

6 I /
] 20mLsyringe =
4 F e
/x 30 mL syringe T ———
2k &0 mL syringe

o L L 1 L

a 50 100 150 200 250
TFR (mL/min)
B 20
Standard tube mixer Flow system
18 | characteristics
i
\
16 11
\
A
14 \
\
\\
12 Syringe pump,
= characteristic®,
=
S N
=]

. 60 mL syringe -~

] e 1
~
] -
6 L s 50 mL syringe
e 30 mL syringe

TER (mL/min)

Figure 4. 2. Syringe and flow system characteristics for FRR =3.0. (A) Swirl mixer with 4
mixing elements (4X). (B) The model T-mixer.

102



4.2 Result and discussion

Protein-based nanoparticles (e.g. silk fibroin) emerge as promising nanomaterials for drug
and gene delivery [261]. Although silk-based nanoparticles are increasingly reported in cancer
therapy research, most of these particles are produced in the conventional precipitation
methods [360]. These methods are batch-based and provide no in-process control of the
nanoparticle properties. The development of microfluidic systems to produce pharmaceutical
nanostructures and fine tune their properties has been explored by several studies [246]. In
fluid mixing, there are two main flow regimes: turbulent flow and laminar flow. Either flow
can occur depending on Reynold’s number which is determined by the velocity and viscosity
of the fluid in the mixer microchannels [361]. Most microfluidic platforms uses laminar flow
(low Re) which initiate mixing only by molecular diffusion, this is inefficient for producing a
uniform mixture in the available microfluidic devices [361-363]. The channel geometry and
the design of the microfluidic designs have been modified to optimize the mixing, and
produce particles with desirable properties [60]. For example, the staggered herringbone
design creates chaotic flow by forcing the streams to pass over a herringbone structure, which
creates transverse vortices to produce a uniform mixture [364]. Although this design has been
used to produce size control nanostructures (e.g. silk nanoparticles and liposomes), it has few
limitations, such as complicated fabrication of the device channels and high pressure drop
which limits the TFR to 20 ml/min [60]. Therefore, increasing the maximum TFR is one of the
issues to address to scale up the microfluidic device, and to comply with Good Manufacturing
Practice (GMP) standards. The alternative design that is developed in this study offers
maximum TFR (112 ml/min) with novel swirl design to produce a uniform nanoparticle size at
different TFRs and different flow regimes. To evaluate the performance of the swirl mixer, a

standard T-mixer is operating at the same conditions was also used for comparison.

The flow through the swirl mixer and T-mixer was generated using dual syringe pumps (Fusion
4000, Chemyx Inc.) one for aqueous phase and the other for organic phase. Although each
pump is capable of 17.8 cm/min maximum linear speed (Vmax) and 289 N maximum force
(Fmax), the force used to generate the flow is affected by the volume of mounted syringes.
Part of the force is required to drive against the syringe plunger, and therefore the allowed
pressure and flow rate are dependent on syringe diameter and the pump characteristic. This

characteristic is plotted in Figure. 4.2, together with the flow system characteristic estimated
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using a simple network model, for the flow ratio. The maximum flow states corresponding to
the maximum pressure allowed for each of three available syringe sizes (Figure 4.2). Since all
are below the pump characteristic (dashed curve) the flow states indicated are possible and
specify the maximum flow rate that can be achieved with each of these syringes. With the 20
mL syringe, the maximum total flow rate is 83 mL/min (t,» = 0.44 ms). As the 20 mL syringe is
on the borderline for this preliminary study the 30 mL syringe is used (TFR =50 mL/min and
(tm =0.73 ms) to avoid difficulties associated with operating at the limits of the syringe pump.
In the case of the standard tube mixer (T-mixer), the channels geometry allows for larger

syringes (60 ml) to be used (Figure 4.2).
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Figure 4. 3. Percentage yield of silk nanoparticles produced with Swirl mixer and T-mixer at
two different TFR.

The percentage yield of the silk nanoparticles that is manufactured using the swirl mixer and
the T-mixer is dependent on the applied TFR in both microfluidic platforms (Figure 4.3). The
production efficiency for the manufacturing of silk nanoparticles demonstrates that relatively
low TFR has higher nanoparticle yield. Slow TFR allows more time for silk solution to interact
with organic solvent and induce the structural changes required for more nanoparticles [210].
The developed swirl mixer showed a higher percentage yield than the T-mixer in both tested
TFR (10 & 50 ml/min) (Figure 4.3). The higher mixing efficiency which takes place in the swirl
mixer, in comparison to the T-mixer, enhances the removal of the water molecules and

ultimately high precipitation of silk nanoparticles.
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The mixing element within the swirl mixer produces a complex flow pattern that helps to fold
the two solutions (Silk solution and methanol) together. It functions by creating angular
momentum in the first chamber of the mixing element, using the tangential inlets, and
creating a complex flow in the second chamber when the high angular momentum fluid is
then passed to it through a small passage. This flow pattern brings the first solution in contact
with other and triggers rapid precipitation of homogenous silk particles even at low Re (Figure
4.1 & 4.4). On the other hand, T-mixer requires much high Re and TFR to achieve
homogeneous nucleation and rapid precipitation of the nanoparticles [354, 356]. Figure 4.4
shows that varying the TFR in the transitional and laminar flow (Re 100 to 2700) affects the
size distribution in both mixers. Increasing the TFR reduces the mixing time (tmix) and this
minimize the available time for the particles to grow and aggregate (tagg) [356]. Therefore, at
TFR = 50 ml/min in the swirl mixer, the size distribution becomes significantly sharper with
smaller average size than lower TFR. However, the picture that emerges from T-mixer is
completely different. Even at the highest TFR investigated within the transitional flow regime
(TFR=50 ml/min, Re=2700), the T-mixer demonstrates much wider distribution in comparison
to the developed swirl mixer. Varying the TFR in the T-mixer also shows very little effect of

the mixing performance in the flow regime.

Before experimentally investigating the performance criteria in the turbulent flow, a
computational study using Ansys 2019 R2 software was conducted to look qualitatively at
the flow pattern and associated mixing of two solutions in both T- mixer and swirl mixer.
Figure 4.5 shows mean flow patterns computed using a turbulence model to represent the
effect of fluctuating motions, for the tube mixer on the left and a swirl mixer on the right,
each at Reynolds number 5000 (based on average velocity in the tube and connecting hole,
and on those diameters). The streamlines shown are coloured by local mean concentration,
which ranges from red for pure solution A, through green to blue for pure solution B. The
flow rates of the two solutions in this example are the same. The main two observations are:
(1) The swirl mixer volume is much smaller than that of the tube mixer, (2) the outlet of the
tube length shows the mean concentration remains highly non-uniform, with both slight
orange and blue colouring of some of the streamlines evident. The swirl mixer, with the very
compact space occupied, has produced an apparently uniform (green) mixture of the two

solutions.
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Figure 4. 5. Mean flow patterns for turbulent flow in the tube mixer (left) and the swirl mixer
(right). Streamlines are coloured with local concentration from red (pure Solution A) to blue
(pure Solution B) with mid-green being the perfect mixture between the two. Produced by
Ansys 2019 R2 software.

To investigate the performance of the swirl and T-mixer in fully turbulent flow (Re> 3700), the
size distribution is measured at relatively high TFR (86, 112 ml/min) as seen in Figure 4.6.
Overall, the distributions gradually shift in a regular manner towards smaller particle size as
the TFR increases in both mixers. Although the performance of T mixer improves in the
turbulent flow, the swirl mixer continues to show sharper distributions at the same TFRs in

fully turbulent regime.
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By comparing Figures 4.4A and 4.6B, the size distribution produced by swirl mixer at TFR= 50
ml/min (Re =2700) is almost identical to the size distribution produced by the T-mixer at TFR=
112 ml/min (Re= 6050). Generating this high flow rate in the turbulent flow requires much

higher pressure than the swirl mixer at laminar flow that produces the same size distribution.

Although both mixers respond to the increase in TFRs by producing smaller particle size, the
standard deviation trend in case of the T-mixer is dependent on the TFR. This means that the
smaller standard deviation can only be achieved at high TFR. Due to the efficient mixing that
takes place in the swirl mixer, the standard deviation trend is independent from the TFR, as
seen in (Figure 4.7 C & D). This allows for particle size tuning by changing the TFR without
risking large standard deviation (undesirable large particles). Solomun et a/.[365] produced
silk nanoparticles using a commercial Staggered herringbone micromixer (Nanoassembler) at
maximum TFR= 12 ml/min [365]. The silk nanoparticle size produced by this mixer is in the
range (110-310 nm). At the same flow rate ratio (3:1) organic phase: aqueous phase, the swirl
mixer produces silk nanoparticles in the range (230- 95 nm) with maximum TFR of 112 ml/min

observed in Figure 4.7C.

To understand the influence of mixing on the trend of mean particle size and shape of the size
distribution, with increasing TFR and Re, mixing time should be considered. As shown in Figure
4.7C & D, T-mixer doesn’t produce particles size below 200 nm until it is operating in the
chaotic turbulent flow with mixing time > 4 ms. On the other hand, the designed swirl mixer
produces particle size below 200 nm in the transitional and turbulent flow (mixing time > 8
ms) and performs significantly better even in the laminar flow. Due to the difference in
geometric design, laminar and transitional flow can occur at shorter time in the swirl mixer
than in the T-mixer. This property allows for a lager margin to reduce the mixing time without
shifting to another flow regime, this can be extremely useful in tuning the formation and

maintain reproducibility.

The silk nanoparticle stability was also investigated in water over 30 days, because the
nanoparticles prepared for biomedical applications are required to possess long-term stability
during storage and transportation. Silk nanoparticles were produced at the same total flow
rate (TFR 50 ml/min, Re =2700) in the two tested mixers (swirl mixer & T-mixer). The particle
size of the silk nanoparticles produced by swirl mixer retained their size at 4 °C, and have an
increase of only 10 to 20 nm at 37 °C (Figure 4.7 H). On the other hand, the silk nanoparticles

109



B . .
I ‘\\.‘_\ ,//;%
¢ D 400
400+ -+ Mean size
[ ] Sl
- 300 = Standard deviation
£ E
£ = 500 %o
(] 200+ QN, \
N ) °
(/2] |=
100 .'\.'\r\- L [ N
|
0 T T T T T ] 0 y y y 7 1 )
0 20 40 60 30 100 120 0 20 40 60 . 80 100 120
TFR ml/min FR )i
E
[Transitional flow] ~ [Laminarflow]  [Turbulent flow| [Transitional flow] [Laminar flow
£ P i N : N
™ =% 7
. 7 .
100 1
/ / § 00
0 E T = y — 0 E
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14
Mixing time (ms) Mixing time (ms)
G H
400 400
[a— 4 OC
300 300 —37°C
£ £
= £
o 200 o 200
B N
» n M
100 100
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (days) Time (days)

Figure 4. 7 (A) The flow pattern modelling of the T-mixer. (B) The flow pattern modelling of the Swirl
mixer (Mesh modelling). (C & D) The mean particle size and standard deviation produced by the T-
mixer and swirl mixer using different TFR. (E & F) The mean particle size at different mixing time in T-
mixer and swirl mixer. (G & H) Stability of silk nanoparticles generated by T-mixer (G) and swirl mixer

(H) using the same Total flow rate (TFR = 50 mi/min). The particle size of the silk nanoparticles stored
at 4 °C and 37 °C was measured in DI water over 30 days.
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generated by the T-mixer showed an increase in the particle size ranging from 30 to 50 nm
over the tested time period (Figure 4.7 G). The difference in stability between the particles
produced by T-mixer and those produced by the designed swirl mixer can be explained by the
difference in their size distribution. In the case of the swirl mixer, the distribution is sharper
and narrower than the distribution of the particles produced by the T-mixer with the same
processing conditions (Figure 4.4). The wide distribution indicates very low size uniformity in
the case of T-mixer, which can increase the tendency of small particles to aggregate on the

larger ones with time leading to a shift in the mean size during the stability test.

The shape and morphology of the silk nanoparticles produced by the swirl and the T-mixer at
TFR =50 ml/min are analysed by AFM and TEM (Figure 4.8). The silk nanoparticles generated
by the swirl mixer have spherical shapes and uniform size distribution, which correlates with
the NTA measurements (Figure 4.4). More irregular shapes and larger sizes with wide
distribution are observed in the nanoparticles produced by the T-mixer. This difference in the
nanoparticles produced by the two mixers can be explained by the inefficient mixing that is
generated by the T-mixer during the particle formation. This results in loose fusion and
aggregation of the silk nanoparticles. The silk protein has a relatively high molecular weight
(390 KD) which requires a sufficient amount of organic solvent to encounter the silk solution,
and rapid removal of water molecules to produce packed and uniform silk particles. These
conditions are achieved in the swirl mixer, which can induce more efficient rapid mixing than

the T-mixer.
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Figure 4. 8. Atomic force microscopy (AFM) scans of silk particles produced at (TFR = 50
ml/min, mixing time = 7.25 ms) using T-mixer and swirl mixer. (I & J) TEM images of silk
nanoparticles produced at (TFR = 50 ml/min, mixing time = 7.25 ms) using T-mixer and swirl
mixer.

The impact of the number of mixing elements in the swirl mixer on the mean size and standard
deviation is also investigated at two different TFRs (10 & 50 ml/min) (Figure 4.9). At the
relatively high TFR (50 ml/min), no significant difference in the mean size or standard
deviation is recorded among 1, 2 & 4 mixing elements. However, the lower tested TFR (10
ml/min) shows a tangible increase in the mean size and standard deviation of the silk
nanoparticles produced by the 4 mixing elements, in comparison to the 1 & 2 elements (Figure
4.9). The impact of the number of mixing elements can vary depending on the concentration

and the composition of the nanoformulation (Figure. S.1 in Supplementary data).
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Figure 4. 9. (A) The effect of the number of swirl mixing elements in the chip on the mean size

particle and the standard deviation. (B) Microscopic images of the swirl mixing elements of
mixing chips.
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4.3 Conclusion

Biopolymeric nanoparticles are a well-recognised drug delivery system for their ability to
enhance the drug activity, improve cellular uptake, and reduce off-target toxicity by
increasing accumulation at the target tissue. There is an increasing demand for nanoparticles
as nanocarriers for several active pharmaceutical ingredients, especially hydrophobic
anticancer drugs. Therefore, controlled and large-scale production of nanoparticles with
desirable properties have become an important strategy in pharmaceutical industry.
Microfluidic platform allows for controlled preparation of nanoparticles with specific
properties, thereby reducing the risk of their application as formulation in nanomedicine.
Although several microfluidic devices address the limitations of the conventional methods,
such as reproducibility and tunable properties, the main remaining challenge is scaling up
production without using very high pressure. These challenges slow down the translation of
many nanoparticle formulations from bench-top to pharmaceutical industry. In this study, we
present a new microfluidic swirl mixer which has higher TFR than many of the current
complicated designs (e.g. Staggered herringbone) and better performance than the common
simple designs (e.g. T-mixer). The findings presented in this study showed that the swirl mixer
is more efficient than the T-mixer in mixing two solution in different flow regimes. Moreover,
the swirl mixer can be optimized by adding additional mixing elements and inlets and has
achieved higher mixing performance than the T-mixer, despite having a much smaller size.
The swirl mixer design enables size tuning of silk nanoparticles (220-95 nm), and can reach a
TFR of 112 ml/min making it a promising microfluidic platform for the pharmaceutical

industry.
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5 Chapter 5: G3-Functionalised magnetic silk nanoparticles
produced by the swirl mixer for enhanced anticancer activity

Abstract

Silk fibroin is an FDA approved biopolymer for clinical applications with a great potential use
in nanomedicine. However, silk-based nanoformulations are still facing several challenges in
processing (e.g., Reproducibility) and drug delivery efficiency (e.g., Targetability) especially in
cancer therapy. To address these challenges, robust and controllable production methods are
required for generating nanocarriers with desired properties. The aim of this study was to
develop a novel method for production of peptide-functionalized magnetic silk nanoparticles
with higher selectivity for cancer cells for targeted delivery of the hydrophobic anticancer
agent ASC-J9. A new microfluidic device with a swirl mixer was designed to fabricate magnetic
silk nanoparticles (MSNP) with desired size and narrow size distribution. The surface of MSNPs
was functionalized with a cationic amphiphilic peptide, G(IIKK)3I-NH2 (G3), to enhance their
selectivity towards cancer cells. The G3-MSNPs increased the cellular uptake and anticancer
activity of in colorectal cancer cells HCT 116 compared to free G3. Moreover, the G3-MSNPs
exhibited considerably higher cellular uptake and cytotoxicity in HCT 116 colorectal cancer
cells compared to normal cells (human dermal fibroblasts). Encapsulating ASC-J9 in G3-MSNPs
resulted in augmented anticancer activity compared to free ASC-J9 and ASC-J9 loaded MSNPs.
These results show that functionalizing MSNPs with enhanced the selectivity and anticancer

activity of ASC-J9 within its biological half-life.

Keywords: Drug delivery, Magnetic silk nanoparticles, Microfluidics, G3- peptide and
targeted cancer therapy.
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5.1 Introduction

Cancer is one of the main causes of deaths worldwide [366]. In the united states, colorectal
cancer (CRC) is the second cause of cancer death and was estimated to be responsible for
53,200 deaths in 2020 out of 147,950 newly diagnosed individuals with CRC [367]. To fight
this life threatening disease, tremendous efforts in nanomedicine research were devoted in
the past few decades [208]. Drug delivery systems (DDSs) have improved the treatment
efficiency in terms of targetability, drug resistance and controlled release of the payload [6,
368, 369]. Engineered nanoparticles (NPs) for targeted drug delivery have emerged as
effective drug nanocarriers in cancer therapy [6]. Many recent studies have focused on
modifying the properties of NPs to improve drug selectivity, minimize side effects, prolong
blood circulation, and reduce drug resistance in tumours [208, 370]. Nanoparticles are
suitable for tumor targeting due to their ability to take advantage of the leaky neo-
vasculatures of solid tumours which allows for their passive accumulation [371]. This
accumulation is a result of enhanced permeability and retention (EPR) effect which attracted
more attention to the production of nanostructures with specific size distribution (>200 nm)
[356, 372, 373]. The remote control of the properties (size, shape & charge) of the generated
nanocarrier is a key factor in enhancing the loaded drug activity and determining the in vivo
fate of the nanocarrier [374-377]. Therefore, many nanoparticles with different properties
and compositions are currently in clinical trials for a wide range of applications in drug and

gene delivery [378, 379].

Due to the low solubility, short half-life and poor targetability many anticancer drugs such as
curcumin and ASC-J9 have shown limited activity in tumor tissues [49, 166]. Loading the
anticancer agent to a nanocarrier with specific properties can deliver the drug to the target
tumor microenvironment and exert the required anticancer activity [16, 380]. Since the
majority of anticancer agents are prepared for parenteral administration, it is essential to
prevent drug opsonization in the bloodstream or elimination before reaching the target tissue
at effective concentration. Low drug concentration at the tumor tissue is one of the main
reasons for multidrug resistance (MDR) in metastatic cancers [338-340]. For example, the
half-life (t1/2) of ASC-J9 is less than 6 hrs following an intravenous injection in mouse [13]. A
common strategy to overcome these limitations is to design drug nanocarriers that reduce

immune response and enhance cellular uptake within the ti,, of loaded drug [381-383].
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Biopolymeric nanoparticles such and silk fibroin (SF) particles are preferred in drug delivery
due to their biocompatibility, biodegradability and low immunogenicity [33, 49]. SF-based
nanoparticles have shown strong ability to capture and release several model drugs [165, 209,
384, 385]. Seib et al., produced SF nanoparticles for pH dependant release of doxorubicin to
overcome drug resistance in human breast cancer cells MCF-7 [386]. In addition, SF
nanoparticles can be decorated or functionalized with different ligands in multiple ways to
promote cellular uptake and improve the delivery of the loaded drug [239]. However, low
tumor targeting is one of the main issues that undermine the efficacy of many anticancer
formulations due to insufficient tumor accumulation [6]. To enhance tumor-specific delivery
of the anticancer agents and minimize off-target effects, active targeting approach using
functionalised nanocarriers has shown promising results [387]. This approach formulates
nanocarriers (liposomes or nanoparticles) by functionalising a targeting ligand (monoclonal
antibody, or peptide) on the carrier surface to favour specific tissue or cell line [388-391]. Riaz
et al. [71] augmented the therapeutic efficacy of quercetin for lung cancer therapy by using
liposomes functionalised with T7 (HAIYPRH) peptide which targets the overexpressed
transferrin receptors in Lung tumors [71]. The use of magnetic field is another effective
strategy to drive the anticancer formulation toward the targeted tissue and enhance drug

accumulation at the tumor sites [392, 393].

Producing nanoparticles with controllable properties using a robust method remains a
challenge. Although SF nanoparticles can be produced in a broad spectrum of methods,
desolvation method using microfluidic devices is found to be the most robust and
reproducible technique [33, 210, 365]. Size variation can affect several performance factors
in drug delivery such as loading efficiency, targetability, cellular uptake and pharmacokinetics
[394]. The recent advances in microfluidics allow for precise manipulation of fluids mixing
through modifying the geometric designs of the microfluidic device, and altering the process
parameters such as total flow rate (TFR) and flow rate ratio (FRR) between different phases
(organic & aqueous) [395, 396]. For example, staggered herringbone was utilized to prepare
SF nanoparticles (100-300 nm) with controllable properties at a maximum production rate of
12 ml/min [210, 365]. In this paper, we present a new microfluidic device (swirl mixer) which

provides a relatively high production rate (100 ml/min) and controlled preparation of
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magnetic SF nanoparticles. The design principles and the performance of the swirl mixer are

discussed in Chapter 4.

Recently, several short amphiphilic peptides have been designed as a promising new
generation of anticancer agents with selective toxicity and low probability of causing
resistance [397-399]. Despite these advantages, anticancer peptides (ACPs) demonstrated
poor proteolytic stability in the body which limits their translation to the clinical application
[400-402]. G(lIKK)3I-NH2 (named G3 by the designers) is an alpha-helical anticancer peptide
which is shown to be effective against Hela and HTC 116 cancer cell lines [399, 403, 404]. In
this study, G3 was used to decorate magnetic SF nanoparticles to achieve targeted delivery
and enhance the anticancer activity (augmented effect) of ASC-J9 towards HCT 116 colorectal

cancer cells.
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Figure 5. 1. (A) Formation of magnetic silk nanoparticles (MSNP) using the microfluidic
platform followed by G3 functionalisation to prepare (G3-MSNP). (B) AFM scans of G3-MSNP.
(C) The helical wheel projection of G3 peptide[404].

118



5.2 Results and discussion

In cancer therapy, combining two therapeutics is a common strategy to maximize treatment
outcomes. Pharmacokinetics, elimination time and intracellular concentration are mainly
affected by the physiochemical properties of anticancer drugs which can be modified by
formulating the drug in nanocarriers. Recent studies suggest that cellular drug concentrations
are essential for maximizing not only the drug activity but also the synergetic effect when
combining more than one active pharmaceutical ingredient [405]. For example, liposomes
loaded with a combination of cytarabine and daunorubicin have been used in clinical trials for
treating patients with acute myeloid leukaemia (AML) [405]. The use of nanocarriers that
modify the drugs’ properties to improve their efficiency in the body is an effective approach
in cancer treatment. However, the preparation of suitable, reliable, and reproducible
nanocarriers at a large scale is one of the main challenges for moving many drug-carrier
formulations from proof of concept to clinical applications. The microfluidic technologies
have been employed previously to produce different types of drug delivery systems such as
liposomes and polymeric nanoparticles [34, 355, 406, 407]. In this study, magnetic silk
nanoparticles (MSNPs) were fabricated in a controlled manner using a newly developed
microfluidic device. These MSNPs served as nanocarriers for the hydrophobic anticancer drug
(ASC-J9) to enhance its intracellular concentration within the tumour tissue. To improve ASC-
J9 activity and selectivity toward cancer cells, G3 peptide was grafted on the surface of the
nanoparticles. Although using cationic helical peptides with anticancer activity such as G3 has
been reported [399], functionalising G3 on nanoparticles and combining G3 with an

anticancer agent has not been reported elsewhere and is studied here for the first time.

5.2.1 Characterization and surface analysis of MSNP and (G3)-MSNP

The rapid nanoprecipitation generated by the microfluidic device produced magnetic silk
nanoparticles with a size range (129-232 nm). The size and zeta potential were characterized
by dynamic light scattering (DLS) (Table 5.1). The net charge of the MSNPs was negative with
zeta potential ranging from -36 mV to -19 mV in DI water depending on the processing
conditions such as TFR, FRR, and the organic phase selection. Two FRRs (3:1) and (5:1) (organic
phase: aqueous phase) were used in this study. The MSNPs prepared using acetone at FRR

acetone: aqueous (3:1) and (5:1) demonstrated the smallest particle size (~130 nm).
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Table 5. 1. Dynamic light scattering characterization of MSNP produced by the microfluidic device by varying
total flow rate (TFR) and flow rate ratio (FRR).

Sample (TFR: ml/min)  Organic phase (FRR) Size (nm) Zeta potential (mV)
MSNP (10) Methanol (3:1) 232 11 0.22 -26.3 4.0
(5:1) 219 +13 0.20 -29.1+2.9
MSNP (50) Methanol (3:1) 190 +14 0.18 -21.242.2
(5:1) 172 49 0.19 -22.5+1.8
MSNP (10) Acetone (3:1) 211 +17 0.26 -15.8 +3.3
(5:1) 218 +21 0.24 -16.2 £3.8
MSNP (50) Acetone (3:1) 132 +15 0.21 -12.9+3.9
(5:1) 129 +18 0.22 -12.3 4.3

The high solvent ratio and low total flow rate enable better removal of water molecules from
the silk structure which results in rapid nanoparticle formation [408]. Miscible organic
solvents that can form hydrogen bonds with water (aqueous phase) are the suitable solvents
for microfabrication of nanomaterials using the microfluidic platform. However, the ability to
form hydrogen bonds with water is not the same among organic solvents. The polar protic
organic solvent such as methanol and isopropanol have a higher capacity to form hydrogen
bonds with water than aprotic organic solvents such as acetone and DMSO [210]. Therefore,
methanol and acetone were used to investigate their impact on the nanoparticle production
and to select the solvent which provides desirable nanoparticle properties for drug delivery.
In agreement with a previous study on silk nanoparticle production using microfluidic systems
[210], the higher organic solvent to silk solution ratio (5:1) generated smaller particle size and
zeta potential in both tested organic solvents than the lower ratio (3:1). As speculated, the
nanoparticles produced using methanol showed a larger particle size than the ones processed
with acetone under the same microfluidic parameters (TFR). This can be explained by the
difference in the ability of the two solvents to strip the silk structure of water molecules when
rapidly mixed with the silk solution in the mixer chambers. The type of the organic solvent is
not the only factor that affects the particle size and surface charge. The applied TFR plays a
key role in controlling the properties of nanoparticles. Although swirl mixer can initiate
uniform mixing at low TFR (low Reynolds number), the mixing time at high TFR (50 ml/min) is

significantly smaller than low TFR (10 ml/min). This may shorten the available time for the
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nanoparticle growth and change packing arrangement leading to different particle size and

surface charge.
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Figure 5. 2. (A) FTIR absorbance spectra of unpressed silk and silk nanoparticles produced by
microfluidic device using Methanol or Acetone as the organic phase. (B) Silk fibroin secondary
structure analysis of the nanoparticles generated by the microfluidic device by changing the
organic phase and the total flow rate.
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The structural transformation of the silk fibroin when processed under different microfluidic
conditions was assessed using FTIR. The FTIR spectra of the amide | region (1610-1650) of SF
was used for comparing the fabricated nanoparticles with unprocessed SF (Figure 5.2 A). The
spectra were normalized and the areas under the curve of the amide | region were analysed
as reported previously [312, 409]. Overall, the secondary structure of the nanoparticles
produced by the microfluidic system showed a higher percentage of B-sheets and a lower
percentage of a-helices than unprocessed water-soluble SF (Figure 5.2 B). However, the silk
nanoparticles processed with methanol showed a slightly higher percentage of B-sheet
(37.1%) than the particle processed with acetone (35.8%) at TFR 10 ml/min. This can be due
to the stronger ability of methanol to reach silk molecules and induce structural

transformation.

To investigate the changes in size and shape of the nanoparticles during production and
functionalisation, morphological assessment using atomic force microscopy (AFM) was
performed after every processing step (Figure 5.3). The magnetic nanoparticles (MNP) were
scanned before being loaded to the organic phase syringe. Then, the magnetic silk
nanoparticles (MSNPs) produced by the microfluidic system at TFR=50 ml/min were analysed.
In agreement with DLS size measurement, the size and morphological assessment by AFM
showed smaller MSNPs produced by acetone. However, more irregular shapes were observed
in the sample processed by acetone. On the other hand, the nanoparticles produced using
methanol showed more size and shape uniformity (Figure 5.3 B). After functionalisation with
G3 peptide, the nanoparticles demonstrated slightly larger size and completely different
morphology from the unfunctionalised nanoparticles. We speculate G3 functionalisation
occurs through electrostatic interaction between the MSNP and G3 peptide. This is confirmed

by the AFM scans in the G3-MSNP produced using methanol and acetone (Figure 5.3 C).
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Figure 5. 3. AFM scans of the different steps involved in production and functionalisation of
MSNPs using methanol or acetone as the organic phase. (A) MNP Scans before mixing with
silk solution in the microfluidic system. (B) AFM scans of MSNPs produced by the microfluidic
system at TFR = 50 ml/min. (C) AFM scans of G3 functionalised MSNPs after 12 h incubation

with G3 solution.
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Due to the substantial difference in zeta potential between the positive G3 peptide (~+ 6 mV)

and the negative biopolymeric surface of MSNPs, it was possible to functionalise the MSNPs

surface with G3 peptide through electrostatic interactions. This functionalization results in a

significant increase in the surface charge between MSNP and G3-MSNP associated with a

slight increase in the size of the G3-MSNP as shown in the DLS measurements (Figure 5.4).

The change in zeta potential value and mean size of the nanocarriers after interaction with

the peptide was used previously as indicators to confirm the functionalisation of mApoE and

dApoE peptides on the surface of nanoliposomes [135].
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system before and after functionalisation with G3 peptide.
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The amount of peptide grafted on the surface of MSNPs was calculated by measuring the
concentration of the peptide before and after incubation with MSNPs using the UV
absorbance calibration curve Figure 5.5 A. The grafting efficiency of MSNPs produced with
the desired size range (at TFR 50 ml/min) using either acetone or methanol was measured.
The G3 peptide grafting efficiency of the MSNPs processed with methanol was slightly higher
than MSNPs processed with acetone Figure 5.5 B. This can be a result of the difference of the
surface charge between the particles generated by the two solvents Table 5.1. Therefore, the
MSNPs batch produced by methanol at TFR: 50 ml/min was routinely used for all subsequent

studies.
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Figure 5. 5 (A) The maximum absorbance and calibration curve of FITC labelled G3 peptide.
(B) The percentage of G3 grafted on the surface of MSNP processed with acetone or methanol.
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To investigate the MSNP encapsulation efficiency (EE%) 90 uM of ASC-J9 and 2 mg or 5 mg of
nanoparticles were used (Figure 5.6.A). The encapsulation efficiency was lower with 2 mg of
MSNP compared to 5 mg of MSNP (61% vs. 84% respectively) but there was no statistically
significant difference between the encapsulation efficiency of MSNPs and G3-MSNPs.
Compared to other protein-based nanoparticles, MSNPs demonstrate very high
encapsulation efficiency for hydrophobic model drugs [257, 410, 411]. The release behaviour
of ASC-J9 was also studied to obtain information about drug diffusion timing. Also, this study
typically allows for investigating the impact of modifying the polymeric matrix of the
nanoparticles on the interaction between the drug molecules and the nanoparticles. Similar
to curcumin, there are multiple steps involved in the release of ASC-J9 from the surface of the
nanoparticles including initial diffusion, water penetration to release the entrapped drug and
the nanoparticle degradation [412]. In agreement with a previously reported study [96], more
than half of the loaded drug was released in the first 12 hours of incubation at 37 °C (Figure
5.6). This was followed by a slower release with 70-74% of the loaded drug released after 72
h. The cumulative drug release reached a plateau, suggesting a continuous and sustained
release by MSNPs and G3-MSNPs with no statistically significant difference between the two
(Figure 5.6).
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Figure 5. 6. (A) Encapsulation efficiency (EE%) of ASC-J9 demonstrates the amount of drug
loaded to the nanoparticles to the amount of drug that initially mixed with the nanoparticles.
(B) Drug release profile of ASC-J9 shows the amount of released drug (unloaded) from the
nanoparticles with time at 37 °C.
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5.2.2 Cellular uptake and cytotoxicity study

Naturally occurring or synthetic cationic amphiphilic peptides with the ability to penetrate
the cell membranes have been widely used for drug delivery and targeting [413]. Many of
these peptides have a-helical structures or can form transmembrane a-helices [414]. Recent
mechanistic simulation studies reported that the formation of transmembrane helix allows
for a firm amphiphilic structure that can enhance membrane interaction and promote
permeability [415, 416]. Recently, a short a-helical cationic amphiphilic peptide named G3,
with the structure G(IIKK)sI-NH;, has been designed by Hu et al with the ability to penetrate
into the cancer cells and selective anticancer activity [404]. The higher selectivity of G3 for
cancer cells over normal mammalian cells has made it a promising tool for targeted drug or
gene delivery to cancer cells [399, 403]. However, the cellular uptake of the peptide was
found to be concentration and time-dependent [403]. In our cellular uptake study, the impact
of grafting G3 on MSNP on cellular uptake was evaluated and the corresponding cytotoxicity

was also assessed (Figure 5.7).
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Figure 5. 7.The cellular uptake and cytotoxicity study of free G3 peptide and magnetic silk
nanoparticles grafted with G3 peptide (G3-MSNP) assessed in both cancer and non-cancer cell
lines to investigate the impact of G3-MSNP on the activity of G3 peptide in the cellular
microenvironment. (A & B) The cellular uptake of free G3 and G3-MSNPs in colorectal cancer
cells (HCT 116) and normal human dermal fibroblast cells (HDF). (C &D) Cytotoxicity of free G3
peptide and magnetic silk nanoparticles grafted with G3 peptide (G3-MSNPs) in HCT 116 and
HDF cells. An asterisk denotes statistical significance as follows: *P < 0.05, **P < 0.01, ***P <
0.001.
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Figure 5. 8. High content microscopy images of colorectal cancer cells (HCT 116) (A) and
normal human dermal fibroblast (HDF) cells (B) treated with fluorescently labelled G3 peptide
(FITC-G3) or magnetic silk nanoparticles grafted with FITC-labelled G3 (FITC-G3-MSNP) at the
concentration of 25 uM for 6 h. The nuclei of the cells are stained with Hoechst 33342 stain
(blue), the cytoplasm is stained with Flash Phalloidin™ 594 (red) and the fluorescent from FITC
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is observed in the green channel of the fluorescence microscope. x20 magnification, scale bars
represent 50 um.

The cellular uptake of the free FITC-labelled G3 and FITC-labelled G3 grafted on magnetic silk
nanoparticles (FITC-G3-MSNP) was studied by measuring the fluorescence intensity of FITC
using high content microscopy. After 6 hrs incubation, higher cellular uptake was observed in
the FITC-G3-MSNP in comparison to free FITC-G3 (Figure 5.7 & 5.8). This tangible increase in
the cellular uptake of FITC-G3 can indicate that MSNPs facilitate the peptide internalization
by the HCT 116, thereby allow for a higher accumulation of G3 peptide in the cell’s cytoplasm
in the exposure time window (6 hrs) (Figure 5.7 A&B). Although the relative uptake of FITC-
G3 was reducing with time, the FITC-G3-MSNP uptake remained higher than free FITC-G3 in
all tested time points. The uptake of FITC-G3 and FITC-G3-MSNP was significantly lower in
HDF cells in comparison to HCT 116 which is consistent with the results of previous studies
[403]. The cytotoxicity study was performed by measuring the reduction in the cell
population using high content microscope. The cells proliferation plots showed a significant
reduction in the cell population in both treatments before it starts to show recovery after 24
hrs (Figure 5.7 C&D). However, FITC-G3-MSNP demonstrated higher growth suppression than

free FITC-G3 which might be a result of the difference in their cellular uptake.

The cellular uptake study of the tested anticancer drug (ASC-J9) was also performed on HCT
116 and HDF cells after 6 hrs incubation at 37 °C with MSNP and G3-MSNP, both loaded with
ASC-J9 (40 uM). In this case, the fluorescence from ASC-J9 (Aexc= 432 nm; Aemi = 522 nm) was
used to measure the cellular uptake [96] and the G3 was not fluorescently labelled to allow
for accurate detection of the cellular uptake of the drug. Due to its high hydrophobicity and
relatively short half-life (less than 6 hrs), free ACS-J9 has low cellular uptake. Similar to FITC-
G3 cellular uptake study, the two nanoparticle formulations (MSNP-ASC-J9 and G3-MSNP-
ASC-J9) demonstrated significantly higher uptake in HCT-116 than free ASC-J9 (Figure 5.9
&5.10). On the other hand, all the tested treatment of ASC-J9 showed very low cellular uptake
in HDF (Figure 5.11). The two formulations of ASC-J9 loaded nanoparticles suppressed the
HCT 116 growth more strongly than free ASC-J9. In addition, the G3-MSNP-ASC-J9 showed

the highest anticancer activity among all of the treatments, reducing the cell population to
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less than 10 percent and preventing recovery (Figure 5.9). These results indicate that G3-

MSNP-ASC-J9 has an augmented anticancer effect compared to ASC-J9 and G3 alone.
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Figure 5. 9. (A & B) Cellular uptake of MSNP and (G3)-MSNP loaded with ASC-J9 compared to
free ASC-J9 in HCT 116 cells and HDF cells. (C & D) Cytotoxicity study of MSNP and (G3)-MSNP
loaded with ASC-J9 compared to free ASC-J9 in HCT 116 cells and HDF cells. An asterisk denotes
statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. 10. High content microscopy images of HCT 116 cells treated with free ASC-J9, MSNPs
loaded with ASC-J9 and G3-MSNPs loaded with ASC-J9 for 6 h. The nuclei are stained with
Hoechst 33342 (blue), the cytoplasm is stained with Flash Phalloidin™ 594 (red) and the
fluorescent from ASC-J9 is observed in green. x20 magnification, scale bars represent 50 um.
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Figure 5. 11. High content microscopy images of HDF cells treated with free ASC-J9, MSNPs
loaded with ASC-J9 and G3-MSNPs loaded with ASC-J9 for 6 h. The nuclei are stained with
Hoechst 33342 (blue), the cytoplasm is stained with Flash Phalloidin™ 594 (red) and the
fluorescent from ASC-J9 is observed in green. x20 magnification, scale bars represent 50 um.
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5.2.3 Tumor-spheroid penetration study

Three-dimensional spheroids are typically used in in vitro studies, but they can resemble the
in vivo microenvironment more closely than the 2D monolayer cell culture system. 3D
spheroids can serve as in vitro models for simulating drug penetration into the tumor tissue
[417]. In this study, the 3D colorectal tumor spheroids were formed after 48 hrs incubation of
8x 103 HCT 116 cells in each well of ultra-low attachment 96 well plates. 10 pl treatments
containing 40 uM of free ASC-J9 or ASC-J9 loaded into MSNP were added to the designated
wells and incubated for 12 hrs. For the investigation of the impact of the magnetic field on
the spheroid penetration, a Neodymium magnet (120 x 80 mm) was placed under the plate
for 30 min. The spheroids were then fixed and stained for further analysis in the high content
microscopy. Due to the inherent fluorescence of ASC-J9, the analysis of cellular uptake and
penetration in spheroids is feasible using the high content microscopy. The spheroids treated
with free ASC-J9 showed less fluorescence than all tested formulations (Figure 5.12 & 5.13).
In agreement with the results from 2D cell culture (Figure 5.9), both MSNP and G3-MSNP
enhanced ASC-J9 cellular uptake and penetration in HCT 116 spheroids. Further cellular
uptake and penetration in both nanoparticle formulations (MSNP & G3-MSNP) was observed

when magnetic field was applied (Figure 5.12 & 5.13).
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Figure 5. 12. Mean normalised fluorescence intensity of MSNP, G3-MSNP with and without
magnetic field (+M) in comparison to free ASC-J9 after 12 h of treatment compared to the
untreated controls. Data are presented as mean #SD (n=3). An asterisk denotes statistical
significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. 13. High content microscope images of HCT 116 three dimensional multicellular
tumor spheroids 12 h after treatment with ASC-J9 loaded MSNP, ASC-J9 loaded G3-MSNP or
free ASC-J9 in the presence (+M) and absence of magnetic field in comparison to untreated
controls. x2 magnification, Scale bar represents 400 um.
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5.3 Conclusion

In summary, this study reports magnetic silk nanoparticles (MSNP) with tunable properties
prepared by microfluidic platform (swirl mixer) and functionalised with G3 peptide for the
delivery of ASC-J9. The developed nanoparticles were characterized and evaluated as a
potential drug delivery system with augmented anticancer activity. The G3 peptide, which is
known for its anticancer activity, was successfully grafted on the surface of the
microfabricated MSNPs. The anticancer activity of the formulated nanoparticles was
investigated in colorectal cancer cells HCT 116 and fibroblast HDF. The G3 functionalised
MSNP demonstrated significantly enhanced cellular uptake and cytotoxicity compared to
non-functionalised MSNP despite the limited incubation time 6 hrs. However, no significant
variation was recorded in HDF following treatment with either MSNP or G3-MSNP. Loading
ASC-J9 onto the two formulations, enhanced the anticancer activity and cellular uptake
leading to a steeper reduction in the cancer cell population and lower cancer cell recovery
than free ASC-J9. These findings indicate a selective and augmented anticancer effect as a
result of combining G3 with ASC-]9. Incorporating magnetic particles in prepared
nanoformulations made the MSNPs and G3-MSNPs responsive to the magnetic field which
could enhance the loaded drug accumulation in the tumor tissue. This was confirmed in the
tumor-spheroid penetration study that did not only show an enhanced penetration of MSNPs
and G3-MSNPs in comparison to free ASC-J9, but also higher penetration was observed in
both nanoformulations when a magnetic field was applied. The reported data support the
advantages of formulating short amphiphilic peptides with anticancer agents for cell selective

and targeted anticancer therapy.
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6 Chapter 6: Conclusion and the future perspective

6.1 Conclusion

In this thesis, several formulations were designed and manufactured using different
biomaterials and proteins including silk fibroin, lipids, sodium alginate, magnetic particles and
cationic short amphiphilic peptides. These nanoformulations served as nanocarriers for the
model hydrophobic drug ASC-J9 and the efficiency of these nanocarriers was evaluated in
terms of batch to batch variation, stability, encapsulation efficiency, drug release, cellular
uptake and 3D tumor penetration. The formulations were rationally designed to modify the
characteristics, the physiochemical properties of the nanocarriers, and improve their
efficiency in drug delivery. Moreover, the preparation methods were designed and optimized
to allow a suitable size for nanomedical application (<200 nm), reproducibility and high
stability. In addition, a new microfluidic device was introduced using a novel design (swirl
mixing elements) to provide a platform for microfabrication of nanomaterials at a high
production rate. This microfluidic platform was employed in the production of two types of

nanostructure (silk particles and magnetic silk particles).

The implementation of nanocarrier rational design for overcoming drug delivery barriers is
the key for improved cancer therapy. As mentioned previously, the majority of studies have
considered the common barriers for targeted drug delivery in their strategies to optimize
several nanocarrier design parameters (e.g. size, shape and surface charge) [31]. However,
recent studies have started recently investigating the impact of other factors such as
deformability and biodegradability of the nanocarriers on drug delivery [15, 418]. The in vivo
fate of the designed nanoparticle is important to assess for frequently used therapeutics. The
lack of degradability of the administrated nanoformulation can accumulate in the body
organs, causing undesirable side effects or toxicity. On the other hand, particles stability from
time of administration to site of action has a major impact on the delivery performance of the
loaded drug. For example, the degradation in blood circulation, before reaching the targeted
tissue, can affect the drug release kinetics, which reduces the amount of drug at the site of
action and increases the side effects. Therefore, using a biodegradable material, such as silk
fibroin as the building block of many nanocarriers has been studied as they provide the

desired stability in the body without causing toxicity or immunogenicity. Building on that,
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biodegradable natural polymers, such as silk fibroin, sodium alginate or cationic peptides

were used in the designed nanocarrier formulations introduced in this thesis.

More recently, deformability and stiffness modification of nanocarriers for optimizing the
payload kinetics and regulating cellular uptake have been considered in the design strategy
of nanostructures for nanomedical application. This feature has been studied in the
formulations in Chapter 3, using a combination of biopolymers to change the stiffness of the
nanocarrier. The findings from the stiffness-tunable nanocarriers showed an impact of
changing rigidity on the drug encapsulation efficiency, drug release and cellular uptake. The
stability study conducted on of the nanocarrier formulations also showed that rigidity

minimized liposomal fusion and aggregation during storage.

Silk is a versatile biomaterial with great potential for drug and gene delivery applications. SF
has been used as a naturally derived biopolymer for development of various types of drug
delivery systems, including hydrogels, SF films, microparticles and nanoparticles using a
variety of fabrication methods. Each of these SF-based systems have shown promising
features for different biomedical applications. In this project, SF was formulated into lipid
shell-nanogel drug carriers, SF nanoparticles and peptide-SF magnetic nanoparticles. In
addition, these silk-based nanoformulation was used previously to load hydrophobic drugs
and stabilise biological agents, such as horse radish peroxidase (HRP), glucose oxidase,
vaccines and monoclonal antibodies, in order to enhance their shelf life. Functionalisation of
SF with biological recognition elements, such as RGD sequence, folate and Her2, has been
used for tissue-specific drug delivery. The findings reported in Chapters 3 & 5 confirm the
ability of SF-based formulations to encapsulate active pharmaceutical ingredients (ASC-J9 &
the G3 peptide), control drug release and enhance cellular uptake. The results presented in
the thesis show the impact of combining SF with other ingredients (polysaccharides, lipids
and crosslinkers) and the processing conditions on the properties of the SF-based
formulations. Unlike previously reported work, the methods developed for producing SF
formulations (extrusion of lipid templates and microfluidic platform) were robust and

minimized batch to batch variation.

Nanoformulations that utilize biopolymers and lipids are the preferred drug and gene delivery
systems in nanomedicine as they possess many advantages over viral vectors. The virus-
mediated methods for gene delivery are easy to use and demonstrated high transfection
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efficiency [419]. However, viral vectors have a potential risk of infecting healthy cells leading
to undesirable side effects. Some viral vectors such as adenovirus can initiate a strong
inflammatory immune response which can cause death in patients [420]. Moreover, the
amount of the delivered genetic material is limited by the capacity of the viral vector to carry
and insert this material into the cells. Electroporation is another gene delivery method that
has been studied as an alternative method for viral vectors. Electroporation is a phenomenon
that occurs in the cellular membrane allowing it to perforate and deliver exogenous nucleic
acids (DNA or RNA) to the cell when a sufficient electrical field is applied [421]. Although this
technique can target large number of cells with low toxicity, it is an invasive method that
causes short-term pain and tissue damage [420, 421]. On the other hand, biopolymeric and
lipid-based nanoparticles can open doors for a wide range of formulations that can be
adjusted and modified according to the loaded material and the type of therapy. As discussed
in this thesis, using biodegradable and natural ingredients prevent inducing an undesirable
immune response and avoid any risk of toxicity. In addition, the ability to modify the
properties (size, shape, charge, etc.) of nonviral vectors by using combinations of lipids and
biopolymers or changing the processing parameters allows for optimizing the encapsulation
and transfection efficiencies. Moreover, the recent advances in fabrication techniques of
biopolymeric and lipid nanoformulations made scaling up production easier in comparison to

conventional viral vectors.

The recent innovations and developments in microfluidic technology have offered a better
alternative to many conventional techniques for designing and producing nanoparticles. The
new designs of microfluidic systems have many functionalities that address many limitations
of the early designs. This substantial improvement has made the microfluidic platform an
effective tool in fabricating a wide range of formulations for drug and gene delivery. The main
obstacles facing formulation development in nanomedicine are reproducibility and tunability
of the nanoparticles’ parameters. These challenges affect the translation of many potential
nanocarriers from benchtop to large-scale production. Most of the nanocarriers that are
formulated to load and deliver anticancer drugs are produced by rapid nanoprecipitation or
self-assembly. Both mechanisms are difficult to control in conventional bulk preparation
methods, especially when dealing with protein-based preparations, leading to a lack of

uniformity of the produced particles, and large batch-to-batch variation. The rapid
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microfluidic mixing is a robust alternative technique allowing for controlled microfabrication
conditions that can tune the size, shape and maintain reproducibility. Changing the processing
parameters and the mixer geometric design does not only manipulate the flow regime of the
mixed solutions, but also alters the properties of the produced nanoparticles. In Chapter 4, a
novel swirl mixer design was introduced as an improved microfluidic platform for large scale
production of nanostructures. The new design showed an improved production rate with
total flow rate 112 ml/min, this is much higher than the previously reported mixer designs
(e.g. Staggered herringbone). The swirl mixer performance and mixing efficiency was
evaluated in comparison to a typical microfluidic design (T-mixer) with same channel
dimensions and operating at the same processing conditions using silk fibroin as a model
precursor. The swirl mixer performed significantly better in controlling particle size than the
T-mixer under different flow regimes. The swirl mixer results show a great potential for large

scale production of nanomaterials in the pharmaceutical industry.

6.2 Future work

The findings presented in the experimental chapters of this thesis indicate a significant impact
of the nanocarrier properties and composition on targeted drug delivery. Modifying the
stiffness, adding magnetic nanoparticles or functionalising the surface of nanocarriers
showed a tangible effect on, cellular uptake, tumor penetration and targetability. These
results were obtained from 2 D and 3 D in vitro cellular studies. However, in vivo studies are
required for further investigation of the impact of nanocarrier formulation, and the overall
performance on drug delivery. The animal studies using animal models, such as rats or mice,
can provide a better insight into the changes in circulation time of the nanocarriers in the
blood stream and tumour accumulation (Figure 6.1). In the animal study, it is possible to
monitor the tumour size with time after each of the animals under study are injected with a
different nanocarrier formulation. The ability of the nanocarrier to penetrate and accumulate
in the tumour tissue can be evaluated more precisely in the biological environment.
Moreover, targetability of nanocarriers such, as magnetic silk nanoparticles (MSNP) can be
investigated more closely by using a magnetic field on the tumour induced tissue in a model

animal (Figure 6.1).
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Figure 6. 1. Schematic representation of future in vivo experiments for further investigation of
the activity and targetability of drug loaded magnetic silk nanoparticles. Created by
BioRender.

The designed nanoformulation in Chapter 3 (lipid shell and biopolymeric core) can be used
for the delivery of DNA or RNA to the target cells. In order to capture genetic material, a
cationic lipid such as Dioleoyl-3-trimethylammonium propane (DOTAP) should be added in an
appropriate molar ratio with the zwitterionic lipid (DOPC) to make a lipid mixture before
forming the thin lipid layer by rotary evaporator as described in section 2.2.1.3. This
modification in the formulation allows for forming positively charged nanocarriers that are
capable of capturing the negatively charged genetic material (RNA or DNA). The encapsulation
and the transfection efficiencies can be evaluated in macrophages or in cancer cell lines
depending on the type of RNA or DNA used. In addition, the impact of the nanocarriers'
stiffness on gene delivery can be assessed in a similar manner to the study presented in
Chapter 3. As shown in Figure S2 (Supplementary information) the presented microfluidic
device (Chapter 4 & 5) can produce lipid nanoparticles with different size and size
distributions. As discussed earlier, the large scale production of RNA loaded lipid

nanoparticles has attracted more attention recently to meet the increasing demand for RNA-
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based vaccines. Different lipid combinations and processing conditions including; aqueous
phases (buffers) and organic phases (water-miscible organic solvents) can be screened to

optimize the production of lipid nanoparticles for gene delivery by using the swirl mixer.

There are many hurdles for microfluidic mixing to become widely applicable in the
pharmaceutical industry. In Chapter 4, the swirl mixer addressed one of the most common
limitations such as low production rate and inefficient mixing. However, the single step
microfabrication induced by this microfluidic system is not suitable for all types of
nanoformulations. For example, layer-by-layer assembly and coating protocols require
completely different mixing conditions from the ones that are taking place in swirl or T-mixer
(fast nanoprecipitation). Instead of using only two inlets, the biggest room for improvement
of the current swirl mixer design is to include additional inlets (Figure 6.2). These additional
inlets can be used to terminate the mixing process by adding a new fluid to the system,
encapsulating active ingredients or to fabricate a more complicated drug delivery system by
coating or functionalising the generated particles. In Chapter 5, the G3 peptide can be added
to the formulation by introducing a third solution through an additional inlet. Another
modification to consider for the future work on the swirl mixer is to combine advance
characterization techniques such as dynamic light scattering, confocal Raman microscopy,
and fluorescence resonance energy transfer (FRET) to the outlet of the current system (Figure
6.2). Introducing a camera system and using transparent materials (glass) in the mixer chips
allows for monitoring the flow, the formation of bubbles, and blockage of a certain part of
the channels. Implementing these techniques in the microfluidic system allows for a real-time
characterization of the formed nanoparticles inside the microfluidic device. It can also help in
providing the required feedback for optimizing the processing parameters directly such as

total flow rate and flow rate ratio.
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Data analysis

Microfluidic system

Figure 6. 2. Schematic representation of design modifications of the current microfluidic
system and additional characterizations equipment that should be considered for optimizing
nanoparticle production. Created by BioRender.
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Figure S2. The impact of concentration and mixing elements on the size and size distribution
of dipalmitoylphosphatidylcholine (DPPC) lipid nanoparticles.
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