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Abstract

In this thesis, several nafamulations have been prepared using differex@mbinations of
biomaterialsincluding silk fibroin, sodium alginati#pids, and amphiphilic cationic peptides
as drugdelivery systera The physiochemical properties of these formulasowere
characterizedand their efficiency as drug delivery systemasevaluatedin vitroincluding 2D
and 3D cell cultureASE€I9has been selected as a hydrophobic small molecule antera
model drug that requires nanocarriers to modify its kinetics, prolong its circulditioe and
improve its activity. The designed nanocarriers successfully encapsulatedPABGdIify its
release and enhanced cellular uptake. In the first experimesitapter, the particle elasticity
theory was investigated by preparing stiffngssiable nanoformulation. This novel
formulation allows for manipulating the stiffness of the nanocarriers by changing the
combination of the two biopolymers within the core tife carrier and without adding any

synthetic or immunogenic materials.

One of the mainimitations 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 VB(HKKJ-NH
amphiphilic cationi@anticancermeptide. These functionalised nanoparticles not omprove

the delivery of ASQ9 but also demonstrated an augmented anticancer activity. Overall, the
data presented in this thesis contributes to the field of nanoimew and introduces new
preparation techniques for the pharmaceutical industry and potmianoformulations 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 marfacturing techniques for drug delivery. The physiochemical properties of the
prepared nanocarriers were characterised using a wide range of tgeésito investigate

their ability to function as vectors for model hydrophobic drugs. The first objective is
evaluate the impact of the nanocarrier properties on controlling the loaded drug release and
regulating cellular uptake in human 2D and3ellculture. The next objective is to develop

a new microfluidic device for controllable production of nanomas (biopolymeric
nanoparticles) which allows for scaling up the process and address the limitations of the
current designs. The final objectiv@to implement the developed microfluidic device in the
process of preparing functionalized magnetic nanojgés to target tumour tissues and
minimize the multidrug resistance in cancer cells. Several experimental approaches were
used; including microsg@ic imaging, high content screening and multiple in vitro assays in
both cancer and normal cells. The fingenpresented in this thesis show the impact of
formulating an anticancer model drug in nanocarriers on the cellular uptake, activity and
targetabiity using biocompatible ingredients. In addition, the newly developed microfluidic
device in this thesis prades 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 agirug delivery systems in the field of nanomedicine. In addition, detailed
reviews of the anticancer model drug (A3} and the biopolymers used the studied
nanocarrier formulations were provided. The recent advances in microfluidics for drug
deliverywere also discussed to cover the pros and cons of the current devices and the rational

design approaches for controlling the nanofabrication praces

1.1.1Nanocarriers for targeted drug delivery

The majority of anticanceragents are small molecules wit unsuitable physiochemical
properties for drug delivery such as high lipophilicity and low aqueous solubilifhe

molecules ofifee hydrophobic druglack the ability to form hydrogen bonds with water and

12



the drug is classified as poorly soluble wheea thaximum dose strength is not soluble in 250
ml of water [1, 2] The poorphysiochemicalproperties of anticancer drugdimit the
translations of many unformulated anticancer agents to clinical trieti® main pproaches

to improuvng the drug solubility includepreparation of prodrug by chemical modifications
addition of organic solventsand encapsulating into a nanocer [3-5]. Among these
strategies, nanocarrierseerged as the preferred approach becauseds the most feasible
and dd not require a cytotoxic ingredient4, 5] . In addition to agueousolubility, other
properties such as controlledirug release, enhancecellular uptakeand tumour tissue
targeting are essentiain cancer therapyThe recent advances in nanotechnology allows for
preparation ofdrug delivery systems with desirable characteristics anadlified properties

to improve the quality ofanticancertreatment [6]. To achieve this goa§ wide range of
nanocarrierswere developed as drug deliversystens, including liposomes micelles,
polymer conjugates, and polymeric nanoparticl¢s, 8] These systesiare considered
efficient nanocarrierdor a drugwhenthey meet certain standardsuch as (1) efficient drug
loading, (2) controlled payload release the site of actionand (3) biocompatibility and
biodegradability [9, 10] Moreover, preventing rapid clearance and opsonisation of
therapeutic agents that leads to short hdifie, is a key task for the nanoa#rs to deliver
[11]. The short haHife of anticancer agents such as doxorubicin (DOX) andJAS@ay
require increasing the administrated dose or the adistiration frequency to achieve the
desired effecf12, 13] Fracasso e&l.[14] conducted phase | clinical trials on 14 pat®itd
investigate the impact of pegylated liposomal doxorubicin (REJ[14]. The results
demonstrated a moderate prolongation of total doxorubicin clearance andlifalbut did
not increase its toxicityl4]. More nanocarrier formulations and production techniques are
currently understudy to obtain specific properties for efficient drug delivery. For example,
recent studies investigated the impact wanocarier size, components, surface chargedan
elasticity on regulating cellular uptake, tunmatargeting and modifying drug releasgl5-19].
Nanoparticles and liposomes wita size range (10@00 nm) achaved higher umour
accumoulation due toenhanced permeability and retention effect EPR)[10, 2022].
Therefore, desigmg a nanocarrier preperatiotechnique that maintaisthe size below 200

nm ishighly desirablen nanomedcine.
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1.1.2Barriers toclinical application of current nanocarriers

Insufiicient encapsulation of hydrophobic drugs is one of the compimstaclesn the current
nanocarrier formulations to effcient drug dediny [10, 23]. In the case of low encapsulation
efficency, large quantities of the nanocarriers must be adstmted in order to achieve the
minumum efective drug concentration As a result, the risk of toxicity and immunogenicity
can increasgespecially wkn syrihetic polymers are used24, 25] Although natual
polymers such as polysaccharides and proteins are biodegradable with low risk of toxicity,
these polymers can have low stability, uncontrolled release of the ddadrug and
complicated possessing methodg6]. In addition to low drug encapsulatiomndesirdle
drug release is a main challenge in nanocarieemulations Therefore, avoiding theurst
release effect (uncontrolled sudden release of the loaded drug) in rteslium after
administration is a necessity in candberapy[27]. Otherwise, a large amount of the loaded
drug will belost before reaching the target tissue, which can compromise theratlve
treatment procesg$28]. The development and planning procegglte new generation of the
nanocarrigs must consider biodistribution and cell targeting. Lacklohity to targetcancer
cells can cause several undesirable side eff@dts.phgical and cheical stability is another
important limitation to adlresswhen developing nanocarrier formulations. For example,
hydrolysis and oxidation are the major degredation readian phospholipidbased
nanocarrierd29]. These reactioesmaybe promoted by pH of the media or the nature of the
loaded drug30]. Physical instability issugacluding fusion, aggregatiorand drug leakage
can affect the particle size of the nanocarrier as well as its loaded [@8)d31] Preparing
nanocarries with an average sizeof >200 nm is not the only strategy to impiog
biodistribution. Surface modification using polymersigahds can have a greatimpact on
drug distribution andthe targeting ability of the nanocarrief31-33]. In addition, high
production rate and reproducibility of prepared nanocarriars additional barriersto large
scale productiorf34]. To overcome these barrigy chemically modified or multomponent
(hybrid) nanecarriers have been developed using two or more classes of nanomaterials,
mostly polymers and lipid85]. Moreover, using farication techniques such as mi¢haidics
increasesontrolability, production rate and can help the translation tine phamaceutical

industry[36].
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1.1.3Strategisand developments nanocarrier design

Design and functionalization strategies for multifunctional nanocarriers (e.g. nanopatrticles,
micelles, liposome$ based on biodegradable/biocompatible materials intended to be
employed for active targeting and druaglivery evolved in the past decal8¥]. Nanocarriers

can be engineered to precisely control drejease rates2 NJ 2 GF NASG &LISOAUO
02R& GAGK | aLJSOA Uayent[38]2Tte/fitst gén€rationkobriddopa$ided A O
was designed in the 1960s using a biologically active polymer (divinytretilercanhydride)

in liposomeq39]. However, this formulation was found to be toxic in clinical tfid®. This
example shed light on the importance tbie rational design of nanocarrier formulation and
utilisation of biomaterials to avoid toxicity. Particle size and surface charge were the main
concerns of the earlystage of the internalgation kindics of nanoparticlesdue to the
relationship between the cellular internsdition rate, and particle size and aspect @fé1].
Serum protein adsorption of positively @tged nanocarries increases significantly in
comparison to neutral or negatively charged partic|ég]. The focus of nanotechnology
shifted in the early 1990$rom manipulating the nanopatrticle size and shape ptdymore
advanced nanoparticle engineerin@igure 1.1). This shift occurred whemmore studies
revealedthat relying on the passiveargeting mechanism in tumo tissues alonavas not
enough inefficientcancer therapy43]. Modifying size, shape and surface charge are limited
to less than 1% tumar accumulation[44]. The trend in drug deliveryo tumors is
consequently directed toward integrated multifunctional carrier systems, providing selective
recognitionof cancer cellsn combination witha sustained or triggered releag€igurel.1)

[38]. More tools are erarging to allow nanocarriers to avoidternalisation by phagocytic
cellsand enhance accumulation at the target tissues. For exartipgeshemical reduction of
disulfied bonds of polymeric nanocarrsaran trigger the riease of the payloatly increasing

the porosity of the carrier and enhancing drug diion to the site of actionThis process was
used as targeting mechanisrtscancer tissues as they haad¢ower pH than normal tissues
[45, 46] Pradhan etal.[19] prepared liposomal nanocarrierwith multiple targeting
mechanisms includinghermosengive lipid combination (decompasg at 42 °C)senstive

to a magnetic field and PEGolic acid coating (Figure 1.1) [19]. The successful design of
targeted nanocarriers slsogoverned by the nature of thesedpolymers andfunctionalsing

ligands. Modifying the physical nature of the polymeric nanocarrier was used to regulate the
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cellular uptake siRNA loaded nanoliposonigs]. Only recently, studies were conducted to
investigate a relationship between polymeric nanocarrier stiftnasd cellular uptaké§z].
Nanocarrier stiffness regulating cellular uptake was explained by the shift in the cell
internalisation pathway. For lowfoung's modulusiposomes can enter the cells via fusion,
the low energy predominant pathwaj47], and endocytosis. By increasing the Ngs
modulus, the only way to entdhe cell is endocytosjandthis results in sustained release of
the loaded drug[l5]. The main loading mechanism gfene delivery systems is the
eledrostatic interaction between positively charged polymeric carriers and negatively
charged nucleic acids (DNAs & RNASs) so they can reach their targeted destination and escape
enzymatic degradation. The positively chargadiers can also enhance the céfluuptake

of the genetic material by interacting with theegatively chargeaell surface. The carrier
surface charge can be manipulated to opsengene loading and release by using cationic

polymers such as polylysinedpolyethyleneimine (PEBS8, 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)

Figurel.l. Timeline development of the main nanoparticles design strategies for drug and
gene delivery in the past two deas]15, 31, 5660].
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1.1.4Mechanisms of neocarrier targeting

1.1.4.10rgan or tissue targeting

Drug delivery systesiwith ranostructurespromise numerous advantages for targeted drug

delivery. One of the important properties for the nanocarriersto achieve effective
concentration &the target tissueis maintaining the nanocarrier particle sizelow 200nm.

This @rticle sizedemonstraesa higher efficacyn cancer therapyn comparison to larger
particles[21]. Theenhancedpermeabilityand retention effec{EPRallows high accumulation

of the nanocarriers in tumar tissue.The transport of theanticancerR NHz3 2 | & LISOA L
or tissue can be achieved by cariting the particle sizeDue tocellgrowth deregulation in

tumour tissue,new blood vessels are formed that are a prerequisite for the survival tmsno

larger than 2 mm in siz@Figure1.2) [38, 54] To exploit tmour EPR effects, nanocarrger

should not only maintaira specific sizebut also have a stealthy surfaceto avoid renal

clearance and cellular internsdition such as phagocytogil, 62]

A Small molecules

Endothelial cells

Figurel.2. Schematic representation afmor targetingby nanocarriergthe green particles)
with particle size smaller than 20@m followingthe enhanced permeability and retention
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(EPR) effectVery low accumulatiomf nanocarrierswas displayedat normal tissue(A) in
comparison tdumour tissue(B)due tothe EPR effect in the tumouessel$54].

1.1.4.2Folatemediated targeting

Folateplays a key role in DNA regdtion and synthesis, celivson and growth, especially in
rapidly proliferating cells [63]. Folak receptor (R) is normally expressed ahe luminal
surface of epithelial cells tshield itself frondirect contact with folate in the circulatiof,6].
However,the abnormalcarcinoma cellsllow FRto accesdgolate via alteration of the trans
membrane region Exploitingthe overexpression of FR in cancer cells by functionlising
nanocarrier surface with folatess oneof the effective approaches tumours targetind22].
Recentstudiesdemonstratedthe possibility of deliveng macromoleculesto living cells by
folate receptor endocytosis [64]. Nanolposones encapsulating doxorubicin were
functionlised with folic acid to targefolate receptos expressing tumor cell linessuch akB
and Hel.a celld9, 65] Thisapprochwas alsaised as a targeting technique towaiimours
with haptens during cancer immunotheraf§6]. In another studyconducted byTong etal.
[67] FA coupled PEGylated nanoliposomes were prepared to delRemlitaxel (PTX)p
KOV3/TAX ovariartumours [67]. This corbination of FAPEGiposomes significaty
prolonged the survivgland reduced theumour nodule numbein mice in comparisoto free

PTX or nostargeted nanocarrier§s7].

1.1.4.3Transferrirmediated targeting

Transferin receptor(Tir) has low expression in normal cell mbranes[68]. However, similar

to FR, Tfis overexpressed (18@ld) in many canas including; ovarian, brain, breast, lung
adenocarcinomaand prostae due to the increasd demand of iron for the survival of these
tumours[69, 70] Targeting cancer dslusing(Tf)has become one of the common appohes

in nanomedicing(Figurel.3). For example, Riaz at[71] prepared T7 peptiddéunctionalised
liposomes loaded witfQuercetin (QR) to enhance the selectivihdaanticancer activity of QR
toward lung A549 cancer cell&l]. Ingene delivery, Tf mediated liposomes were successfully
delivered to rat brain cells. Surface modified liposomes with OX26 monoclonal antibadies fo

rat Tt targeting have shown high bioavailability in brain microvascular endothdi@n
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1.1.4.4Stimulated nanocarriers

Tumaur tissues have different properties from normal body tissasscancer cells hawan
uncontrollableproliferation of cancer cés and skip apoptosis For exampletumour tissues
have lower pH value andslightly higher temperature compared to healthy tissues.
Nanocarriers that can ut#e theseconditions asa stimuli to dischage the loaded drug only
in acidicenvironmentand tenperatures above 37 €to target specifidumour tissues. The
nanocarrier must bealso uptaken by the cancer celis large quantitiesor release the
incorporateddrugto exertthe desired activity Althoughliposomes functiamalised with PEG
have prolongd blood circulation time, drugeleasein the tumaur tissue @an be obstructed
by the PEG coating. In orderitaprove the effciency of these liposomethe drug release
should be triggezd by the conditons at the site of action such as low pHe PEG@ipid linkage
can beformulated to cleavan the acidic media of the tumw [73]. In addition liposomal
formulationscanbe designed taeleasethe theraputic agent at specific temgrature. For
example, the opmised ratios of phospholipids [1-@ipalmitoytsn-glycera3-phosphocholine
(DPPC), cholesterol, and PEG 2@@dhonstratedasignificantncrease in doxorubicirelease
when subjected to a temperature >4Cdue to decomposition of thdipid formulation [19,
74]. Another effective pproach in tumair targeting is nagnetic field stimuliwhich cardrive
the nanocatrrier to the targeted tissue simgdly incorporating magnetic particles within the
nanocarrier formulaKigurel.3). Magnetic particles havdemostratedvery promisingesults
in enhancingumour targeting and cell uptake of the hydrophobic drugs such as curcumin

[49].
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Figurel.3. Schematic representation of nanocarriershwat modified surface using polymers,
ligands, or antibodies for cellular targeting. The nanocarriers core can also be modified to load
different APIs, control drug release, and target twmdissues (1) Encapstating the

K@ RNRLIK20AO R Ndizd or thg polyiniedc oQipicNdtir &apeb) @orporating
magnetic particles within the nanocarrier core. )rapping one or more polymers to modify

the physiochemical properties of the carrier. @dpturing DNA/ RNA within the carrier core
using ationic polymes.

1.2 Curcumin and its Derivatives as Anticancer Agents

Cancer is the second most lfiereatening disease and one of the main public health
problems worldwide. In 2017 there were around Iifllion new cases of cancer and more
than 600 thaussand deaths in the united states aldib]. Despite the tangible advances in
cancer therapy, the reported incidence of the disease and the mortality have not degatine

the past 30 yeaf36]. Understanding the molecular alteratis that contribute to cancer
development and prgression 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 causisgvere side effect$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,
Catharantlus roseus, Betula alba, Cephalotaxus specieshréiylum previllei, Curcuma

longa, and many otherfg¥8]. Among which, curcumin is the most active component of the
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rhizomes of Curcuma longa L. (turmefic9] and it was extracted fothe first time in a pure
crystalline form from tumeric plant in 187080]. Curcumin and its derivatives hareceived
immense attention in the past two decades due to their-hiactional properties such as anti
tumour, antioxidant and antinflammatory activity [81]. These properties have been
attributed to the key elements in the curcumin structuj@2]. Therefore, a greatleal of
scientific work has shelight 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 gficient 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 elsewher¢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 pathy&}jsSeveral studies reported
OdzNDdzYAy Qa | yGAGdzy2N  OGA@GAGe 2y oNBlFad OF y
carcinoma, prostate cancend braintumours[85], stowing its capability to target multiple

OF yOSNJ OSftt tAySad Ly aLAGS 2F it GKS 06208
limited due to low water solubilityvhich results in poor oral bioavailability and also low
chemical stabilityf81]. Another obstacle is the low cellular uptake of curcumin. Due to its
hydrophobicity, curcumin molecule tends penetrate into the cell membrane and bind to

the fatty acyl chains of membrane s through hydrogen binding and hydrophobic
interactions resulting in low availability of curcumin inside the cytopld8é 87] To
overcome these obstacles and improve the overall anticancer activity of curcaevaral
structural modifications have been suggested to enhance selective toxicity toward specific

caner cell$88], increase bioavailability, or enhance stabilit§, 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 pharnetés and
physiochemical propertie§78]. Determining the essential pharmacophores withirdrag
molecule requires a thorough study of its natural and synthetic anal¢g6gsThe chemical
structure of curcumin is depicted iRgure 1.4 (A). As can be observed it consiof 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 naturallyrigded, its derivatives are generally
produced by a chemical reaction between amidehydes and acetylat@e. This assembly
method can yield multiple chemical analogues such as compounds with alkyl substituents on
the middle carbon of the linker (C7 mot[90, 91] SAR study of curcumin derivatives
demonsNJ 1Sa GKIFIG GKS LINBaSyOS 27 I|-dk@eéhéedhotety I NJ K& F
is essential for the antiandrogen activity for the treatment of prostate eaffl]. In addition,
scanning 50 curcumin analogudsged that shortening the linker from 7 dawn atoms (C7)

to 5 carbon atoms (C5) improves the antiandrogenic acfB2y 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 dehydrogend88] and demonstrated significantly higher activity than
curcumin in inhibiting endothelial cell proliferation and invasion biathitro andin vivo[88].
Dimethylcurcumin or ASI (5hydroxy1, 7bis (3, 4dimethoxyphenybl, 4, 6heptatrien-3-

one) is a newly developed curcumin analogue which enbBanandrogen receptor
degradation and hasden recently approved by FDA as gmibstate cancer ager©3-95].
Moreover, it has also shown a significant antifeshtive effect against estrogedependent
breast cacer cell§96]. Although methylation has enhanced the targetabiétyd activity of

the molecule, it has also increasis hydrophobicity massively compared to curcumin which

has limited its administrable dose in cancer ther§py).

Furthermore, studies on kinetic stability of synthetic curcumin derivatives have pointed out
that 3t @ 02a&ft GA2y 2F GKS LIKIFNYIO2LK2NBE | NRYI
solubilty, which enhances its kinetic stability and leads to a better overall therapeutic
responsg98]. DuA y 3 LKl asS 1 FyR LKIFI&AS 11 YSGlroz2ftAay
curcumin into a higher excretable form are oxidation, reduction, and conjugation
(glucuronidation and sulfurylation). The conjugation reactions occur on the hydroxyl group
(4-OH) attacked to the two phenyl rings of curcumin. Thus, enhancing the curcumin kinetic
stability can be achieved by masking the€# group [99]. Anotherstudy has revealed a
correlation between the hydrophobic property of thetvbenzyl rings and androgen receptor

affinity [100]. The benzyl rings are also crucial for inhibiting tumour growth and adding
hydrophobic substituents s as Ckfyroupson them (R1, R2, R3, R4 in figd(B)) have been

linked to the increased antitumor activity of curcumierivative$100, 101] O-methoxy
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substitution was found to be more effective in suppressing nuclear factor kagipachain
enhancer of activated Bcels NF. 0 = o0dzi GKA& Y2RAFAOFGAZ2Y KI a
of curcumin[102]. A sunmary of the potential sites of modification on the curcumin molecule

is illustrated inFgure 1.4 (B).

(A)

C[Ha O OH (|:H3
o - > O
HO
(B) . Diketone moiety favours

hydrophobicsubstituents " Keto-enol moiety

Negatively charged : . Negatively charged
' substituentsand H-bond Potential methyl groups substitution substituents and H-bond
acceptors region acceptors region

Methyl groups substitution (ACS-19)

Figurel4.0!' 0 / KSYAOFf &GNHzZOGdzNBE 2F OdzNOdzYAyd 6. 0
activity relationship (SAR) of curcumand potential substitution positions.

1.2.2 Different types of curcumin delivery systems used in caheeapy

Various delivery systems for curcumin have been formulated using different
nanotechnologies in order to improve curcumin properties and targétgbiFor rational
design of the nanoformulations, several factors should be considered in ordehtmea the
efficacy and improve the cellular targeting of the anticancer agents. These factors include the
nanoparticle size and shape, surface properteas] nanoparticle targeting ligand93] as
illustrated inFigurel.5. A summary of the most commonly used curcumin delivery systems
is introduced in this section.
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1.2.2.1Polymeric nanoparticles

Various polymers have been utilized to prepare nanoformulations for curcumin drug delivery
to improve its biological activitjl04]. The biocompatible and biodegradalpelymers are
preferred in the drug delivery systems due to lower risk of toXitQi§]. Therefore,
biodegradable synthetic polymers such as PLGA (polylétid-co-glycolic acid) and natural
polymers such as silk fibroin and tdsian have become widely useddrug deliveryj49, 106,
107]. PLGACurcumin nanoformulation was found to be as effective as curcumitbéold
lower concentration in inhibiting mMRNASs for inflamtoigy cytokines (8CR3 and CXCL10), and
increasing antinflammatory cytokine interleukiiO (1-:10) in the braifil08]. In vivostudy in

rats showed that the bioavailability of curcurdAfLGA nanosphes was increase@-fold in
comparison to unprocessed curcumin administrated with alkaloid compound piperine
However, curcumin/ piperine eadministration enhanced curcumin activity by inhibiting
hepatic andintestinal deactivatiofil09]. Another study compared the anticancer activity of
curcuminloaded PLGA nanoparticles (GNRs) and curcumilbaded PLGA nanoparticles
conjugated toanti-P-glycoprotein (Fgp) (CURNPsAPgp). Theatter formulation showed
significantly more specific binding to cervical cancer cellsS-KBbut lower entrapment
efficiency compared to CURPS[110]. $herical PLGA nanospheres were also developed to
encapsulate dimethyl curcumin (AS€) and tested in breast cancer cells. The PLGA
nanospheres were capable of releasing AS@nhtracellularly leading to growth inhibition of

estrogendependent MCH cancercell496].
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Figurel.5. Examples of current nanoparticle design strategies for improving targeting.

1.2.2.2Liposomes

Nanoscale liposomes aremerging as one of the most useful drug delivery systems for
anticancer agents. Recent advances in liposome formulations have resulted in @dprov
treatment for drugresistanttumours 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 hydrogibic and hydrophilic compounds. Several liposomepprations

have been utilized to encapsulate curcumin (Table 2). Curcumin tends to solubilize in the
liposomal lipid bilayer such as egg yphosphatidyl cholinéEYPCylihexylphosphate (DHP)

and choleterol. This preparation was found to stabilize leadcurcumin proportionally to its
contenf112]. Another work on liposomes tested coating liposomes with {pmtymer
conjugate Ndodecyl chitosasN-[(2-hydroxy3-trimethylamine) propyl] (HPTMA) chloride.
Positively charged nanrlqposomes for curcumin delivery have also been deped by
incorporating polyethylene glycol (PEG) and cationic polyethyleneimine (PEI) into the
formulation. Despite low encapsulation efficiency (45%), this formulation has demonstrated
20-fold higher cytdoxic activity than unprocessed curcumin in variagdl lines, including

human HepG2 hepatocellular carcinoma, A549 lung carcinoma, HT29 colorectal carcinoma,
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and cervical carcinom@13]. In liposomal gene delivery, an interesting work condudigd
Fujitaet al[114], utilized curcumin to control siRNAlease. By incorporating curcumin into
the liposomalformula, siRNA release showed a kstlhped pattern due to the dose
dependent increase in liposomal permeability induced by curcumin. Cureloaied
liposomes were also used to inhibit the productionlbb in macrophages. The liposomes
were prepared bymixing curcumin solution with human serum albumin (HSA) solution and
subsequently adding this mixture to a lipid mixture containing-dligalmitoytsn-glyceroe3-
phosphocholine (DPPC), Ldialmitoytsn-glycero3-phosphaol-serine sodium salt (DPPS)
and cholesterol. The designed system induced significat 3uppression and reduction in

the total number of macrophagd415]

1.2.2.3Nanogels

Although hydrogels and nanogels have gained considerable attention in thelgesde as a
promisirg drug delivery system, only a few studies investigated the curcuamogel
delivery in cancer therapy. There are several polymeric hydrogels nanoparticles that have
been prepared recently using synthetic or natural polymers. Amongdtaral 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), poly&heimine (PEI), ppvinyl pyrrolidone (PVP), and
poly-N-isopropylacrylamide (PNIAf)17]. One of the main advantages of natural hydrogels
over synthetic ones is biodegradability and biocompatibility when used in drug delhiery

118]. Additionally, nanogels possess unique features including large surface area for drug
entrapment and porous structure for drdgading and releasfgl18, 119] Curcumin loaded
chitin nanogel has been used as a transdermal system for treatment of skin cdi&r
(Table1.1) and has shown more specific toxicity towards human skin melanoma (A375) in
comparison to human dermdlbroblast (HDF) cells without compromising the antitumo
activity of curcumirf118]. 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 linfl20]. 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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1.2.2.4Peptide 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
applicationsincluding toxicity of ufreacted monomers, postrosslinking shrinkage or
fragility of the polymer gels and rapid discharge of large amount of the loaded drug during
the initial burst release in drug carrigt21]. 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 conditiong122]. A recent study investigated the physical properties and

therapeutic efficacy of curcumilvaded se- 4 A SY o6 t A y 3 0 ahhirpig) bydrodelLJi A R S

system. This newly developed system has combined multiple advansagbsas enhanced
delivery, curcumintsbilization and controlled drug release by changing the MAX8 peptide
concentration[123]. In another example, an amptiK A f A O LJ2f @ LISLIGA RS 01
selfl 3aSYoftS Ayid2 YAOSttSaod SyOl LadAg FdAzy 27
casein micelles, increased #sueous solubility b500fold [124]. Human serum albumin
(HSA) is one of the most commonly used proteins in nanaparpreparation due to its
excellentbiocompatibility [125]. Curcumidoaded HSA nanopartidehave been produced
through homogenization of agueous HSA solution (to chogsthe HSA molecules) and
curcumin dissolved in chloroform. This formulation improved the curcumin solubiliBp@y

fold but only achieved.2% curcumin loading efficiency whiwas likely due to entrapment

of curcumin within albumin hydrophobic cavity through hydrophobic interactifi6].
Recently, silk fibroin (SF) protein has attracted tremendatiention due to its excellent
biocompatibility and multiple biomedical applicatiof$27]. Since it wa approved by FDA,
several studies have investigated its potential applications in drug deli¥2B}. Magnetic

silk nanoparticles (MSPs) reeused to deliver curcumin to MBMB-231 breast cancer cells.

As illustrated inHgure 1.6, these patrticles wre fabricated using the salting out method to
O2y OKNII A'E & A f |-sheBtAthdvinsdluBle) fori Svhidh provided a hydrophobic
surfacefor curcumin loading. The nanoformulation managed to achieve small particle size
(200350 nm), cell internalaetion and provide the possibility for additional targeting using an

external magnetic field on the target tiss{#9].
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a-helix Silk fibroin B-sheet

ANTAYAY Curcumin loaded silk
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MSP-Curcumin c

Free curcumin MSP-Curcumin

Figure 1.6. (A) Fabricatiorof magnetic silk particles (MSP) for curcumin delivery. (B) AFM
images of MSP before and after curcumin loadingR@Epresentative microscopic images of
MDAMB-231 cells incubated with de curcumin and curcumin loaded MSP showing a
significant improvement of curcumin cellular uptajQ].
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Tablel.1. Examples of recent curcumin delivery systems

Nano-formulation Particle Applicatio n Outcome Reference
size
Curcumin loaded liposomal 100-150 Human prostate cancer Enhanced antiproliferative efficacy | [129]
PMSAa 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/MPEG b-PCLe 27+1.3 Colon carcinomas (C-26) cells | Enhanced cancer growth [130]
Micelles nm inhibi tion
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-HPTMA ¢ 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]
PEIls complexes carcinoma (CT-26)
Curcumin -Chitosan 100250 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 Decreasedtumour size and [136]
nanocapsules nm cell lines prolong ed 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 toetlactive pharmaceutical ingredients
(APIs), improve their physicochemical properties, and overcome some of the maijlengfes

in drug delivery including specific targeting, intracellular transport, and biocompatibility in
order to improve the treatment #iciency and life quality of patienf¢38-141]. An ideal drug
deliverysystem should stabilize the loaded API, allow for modulating its release kinetics and
minimize its adverse effects by tissapecific targetig, especially in the case of highly toxic
drugs such as anticancer agents. Silk has been known as a valuabkd naterial for the
fabric industry for centuries, but in the past decades it has attracted immense attention as a
promising biopolymer forieomedicaland pharmaceutical applicatiof$42-144]. Silk protein
possesses a unique combinatiohproperties which is rare among natural polymers. It also
enjoys desirable characteristics such as mild aqueoussgssing conditions, high
biocompatibility and biodegradability, and the ability to enhance the stability of the loaded
APIs (e.g., protes) pDNA, and small molecule dru¢sdl, 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, microgghand nanoparticled47].

SF exists in three different structural forms: Silk I, Silk 1l and Silk 11I. Silk | exists-soludntier
F2NX FyR O2yaraia -helixdomaikshirBadditiad3oNaddow adjsm8E 2 T
Contrarily, Silkk K I a Y kshegtfstaucture and is more stable and watesoluble, while

Silk 11l prevails at the water/air interfa¢®49]. The transformation from Silk | to Silk Il can be
tuned by different methodsincluding organic solvent treatment, physical shear,
electromagnetic fields, or chemical processjh§0, 151] These properties can be utilized in
the pharmaceutical industry for producing mierand nano parti@s and nandibrils or for
coating other pharmaceutical preparations such as liposofdé®, 153] Moreover, the
availability of carboxyl and amino groups in the SF allows foffuiictionalization with
various bionolecules or ligands which could be used for targeted drug deljt@8). The two

main strategies for functionalizing silk protein are chemical conjugation and genetic
modification of silk bghanginghe amino acid composition or adding a fragmentbtain a

specific functior{154]. A large proportion of drug formuli&ins including the vast majority of
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anticancer drug formulations anerepared for parenteral administration, resulting in direct
contact with the blood components. Thus, the drug carriers used in such formulations should
not induce any haematological toxi or immune responses [3], which necessitates the use
of biocompatble polymers in the formulation. Furthermore, designing delivery systems for
biological drugs such as vaccines and antibodies requires maintaining their physical stability
as well as theibiological activity, which is more crucial for the controlled aske 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 psocestrategies

[156, 157] Hence, loading the biological therapeutics into a compatible polymer can increase
their stability and consequely their haltlife [158]. Moreover, incorporating the APIs into a
natural biocompatible protein such as SF has multiple advantaggs preserving the API
[159], improving the mechanical properties of the formulatid4 3], modifying drug release
kinetics[160-163], enhancing cell adhesiofi53], and compatibility with blood components
[161]. The versatility ofSF protein processing anfbrmulating methods allows the
preparation of a wide range of drug carriers with different sizes and morphologies using
unmodified or engineered SFiQurel.7). Unmodified SF carriers have been used to deliver
various anticancedrugs such as doxorubidih64], paclitaxe[165], curcumin[146, 166]and

cisplatin[167].

Bombyx mori Silk

Sericin 4Degumming

Regenerated Silk Fibroin (SF)

Physical processing methods Chemical processing methods
++ Blending with other polymers +*»Covalent coupling of API
** Mechanical spinning +#*Chemical functionalization (ligands)
*+ Film casting “»Crosslinking with chemical compounds
<+ Crosslinking by ultrasonication «»*Bioengineering of the SF protein
Fibigus Films & Nanoparticles Fu'nctlona'llzed
& Biomaterial &
Scaffolds Membranes X : 3
Microspheres Particle coating
Hydrogels & Hydrogels &
Sponges Membranes

Figurel.7. A diverse set of physical assemblies and chemical methods for preparing a variety
of silk fibroin (SF) formater pharmaceutical and biomedical applications
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1.3.1Physiochemical Properties of Silk Fibroin

SF possesses a unique combination of mechanicalbavidgical properties and exhibits
special features of both synthetic and natural polymgr88, 169] Typically, silk represents
softness in the clothing industry, but it is considered one of the most robust natural
biomaterials due tdts tensile strength and moduluyd.70]. This feature is important for the
polymers involved in bone tissue regeneration as mechanical performance of the polymer is
of utmost importance for such applicatiofis71]. SF demonstrates excellent stability under
high thermal stresshigher than 250 °G)1L72].

1.3.1.1Biocompatibility

SF is a biocompatible material that has been officially recognized byadbe &d Drug
Administration (FDA) for the development of a plethora of nanotechnologicésf173]. The
biocompatibility of silk has been studied exsavely 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 polylactifLA), poly(lactico-glycolic acid) (PLGA) and
collagen158, 174, 175]Cytocompétibility studies on SF fmats revealed high compatibility

with different cell lines including hepatocytes, osteoblasts, fibroblasts, endothelial cells and
mesenchymal stem cells (MSCEJ6, 177] Duing SF processing, organic solventshsas

methanol and hexafluoroisopropanol (HFIP) are used to crosslink SF via inducing structural
GNI yaTF2NXYEFGA2y 6h KSEAE G2 1 akKSSiGuvz oKAOK ¢
potential of SF formulationfd.78]. However, mild processing conditions that avoid the use of

organic solvents have been ustxlavoid these inflammatory responsg#9]. An evaluation

of the levels of lymphocyte activatidgctor Il.mi 'y R Ay FE | YYI 200X Oe Of 2
2) gene expression in relation to SF stimulation did not show any significant differences from

those of collagen oPLA, indicating very low immunogenicity79]. Another study has

evaluated the biocompatibility of caffolds consisting of a combination of calcium
polyphosphate (CPP) and SF used for #u®nstruction of cartilage and bone defe§1s80].

The results showed a tangible increase in tissuedngaatibility and osteogenicity of SEPP

scaffolds in comparison to CPP scaff¢i89].
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1.3.1.2 Mechanical Properties

Mechanical stiffness is a key property of-l&iSed formulations for pharmaceuticand
biomedical applications. The SF material used in tissue engineering, for exarmaptenaich

the stiffness of the targeted tissue. The stiffness can also affect the stability and degradability
of the SF polymej181]. Many polyners that have been used in drug delivery devices, such
as PLGA and collagen, lack sigfitmechanical strength. A common strategy to enhance the
mechanical strength of the biopolymers such as collagen is crosslinking. However, the
crosslinking reactiorould result in undesirable consequences such as cellular toxicity and
immunogenicity[182]@ { C LJ2 a4 & S-&hed StrucNi2 ovtizéh (provides excellent
mechanical properties without the need for any harsh crosslinkinggaures. Based on the

i -sheet content, SF can transform into different formats includiiogid, hydrogels, or
scaffolds[142]® a Sl adz2NBYSyida 2F YSOKIyAOFt aGNBy3aidk
modulus using nanoindentation techniqug¢$83]. SF exhibits high tensile strength and
resistance to compressive force making it a very suitableerz for drug delivery and tissue
engineering184]. Moreover, the removal of sericin during the degummimgqgess results in

a 50% increase in tensile strengfih85] which makes SF more stable during physical

pharmaceutical processing

1.3.1.3Stability

The stability of the polymeric aterials 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 the
pharmaceutical industry. One of the common stability problems of pure SF solution is
aggregation or gelation during loigrm storage. SF is available in soluble form (with high
contey i  2hElix And random coil) and insoluble form (with high cofig@ &HEet).
Depending on the pharmaceutical preparation, either form should be used and maintained.
{G2NAYy3 (KS &d2fdzofS {C Ay KAIKf& KbeWwaRi O2Yy RA
NI} Yy R2 Y -6heet Whichicduldilead to gelation andlacrease in the stability of th8F
solution [186, 187] SF shows excellent stability under thernsaless compared to other
proteins. The best mhicator for protein thermal stability is the glass transition temperature

A 2.4 oA

(Mo gKAOK Ay GKS Ol a Ssheitfconferd. Theky of ISF Fl®Did SR 0 &
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approximately 175 °C and the protein remains $&abp to 250 °C which is desirable for
formulation processing. Onthe otherhantd 2 F (G KS FNRIT Sy { Gi8g2f dzii A 2
which is also advantageous in low temperature pharmaceutical processing. Furthermore, the
degree of crystallinity and porosity of SF films are also affectékgf}89]¢ KS Ay ONBI &S |
sheet content of SF causes a af 2 NXY I G A 2y T NRe¥lect¢dhyf a] significaat2 { A £
change infgwhich changes the degree of crystallinity. Stability of the SF in physiological fluids

is another important issue for its biomexdl applications. SF could be protected from
enzymaic 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.

1.3.1.4Degradability

Degradability is amrmportant 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 regulgtetblifying the moleular
weight, the degree of crystallinity, morphological features, or crosslinki8@]. However,

the degree of crystallinity and crosslinking are not the only approaches to stabilization of SF
against degradation. For example, anvitro enzymatic degradation experiment revealed
that SF sheets slightly transformed from Silk 1l tk IStrystalline stricture when exposed to
collagenase IA. However, when proteaX®/ 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, thegdadation rate wasignificantly lower forprotease XIV
compared to collagenase [A91]. Another study reported a predictable loss of mecleahi
integrity due to SF degradatiof192]. Incubation with protease led to an exponential
decrease in the SF filament diameter to 66% of the initial diamafter 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 prithease XI\Y192].

1.3.2SFBased 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 feasguwlepends on the
type of the delivery system and the route of administration. Moreover, using biocompatible

and mechanically durable polymers with mild fabrication and processing conditicusin
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delivery systems is advantageous for preserving the hiigc of the loaded APIs. As
discussed earlier, SF meets all these requirements which makes it a promising candidate for
drug delivery[142, 193] SFbased drug deliveryystems 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
typesof SFbased drug dévery systems have been designed including hydrogels, films,micro
and nanoparticles, nanofibers, lyophilized sponges as well-as&€&d polymeric particles.

In the following section, some of the most widely studieeb&8ed drug dievery systems are

reviewed.

1.3.2.1Hydrogels

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 reagentfl94]. The physicochemical processes include shearing
(spinning), water exclusion via evaporation or osmotic stress, electric field, and hg&sjg

The gel form is stabilized because of thedynamically & | 0 fstgets which result in a
stable gel form in physiological conditions unless extensively degraded by enzymes or
oxidative reaction$195]. One recent study used curcuroaded gel scaffolds prepared by
electrogelation forwound healing[196]. The prepared gel formulation not only improved
protein adsorption and sustained the release of curcumin dbsb enhancetacterial growth
inhibition by 6fold againstS. aureug196]. Since protein adsorption on substrates is a key
factor for cell growth and proliferation, SF gel scaffolds can serve in @dwealingby
promoting cell proliferation. Sundarakrishnanal. [197], adapted a chemical approach using
horseradish peroxidase (HRP) and hydrogen peroxide to prepare SF hydrogels that were
subsequently crosslked with dityrosinase, and loaded with phenol red in order to develop

a selfreporting pH system foin vitro environment[197]. Addition of phenol red during i
tyrosine crosslinking resulted in stable entrapmehiphenol red within SF hydrogel network

due to covalent interactions between phenol red and tyrosine and also ptedeleaking

[197].

1.3.2.2Silk Films

Film preparation from SF has attracted more attention recently tués huge potential as a

biomaterial in pharmaceutical formulations and tissue engineefit®8]. SF filmsan be
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simply prepared by casting an aqueous SF sol|fi8A]. However, there are other reported

SF film preparation techniques such as vertical deposif@®0], spin coating[201],
centrifugal casting198], and sjin assisted layeby-layer assembly202]. Teradeet al.[201]
investigated the behavior of spitoated SF films treated with different ethanol
concentrations. Alcohol concentrations of 80% or lessilted in a jellylike hydrogel layer
while treatment with more han 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 thattaching 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 sdtuctur
change in SR03]. Manipulating the SF/SA blending ratio shifted the SF conformation to the
K A 3 ksheed conent. Moreover, mixing SA with SF enhanced water permeability, swelling
capacity and tensile strength of SF filfa83]. Hence, SF/SA blend can provide unique tunable

characteristicghat can be beneficial in pharmaceutical applications.

1.3.2.3Silk Particles

As discussed earlier, tlae an increasing number of B&sed 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 dmgsxample

of such system is the lysosomotropic SF nanoparticles designed bye$eib[164] for pH
dependent release of the anticancer drug doxorubicin in order to overcome drugaresést

SF nanoparticles ardargely employed for controlled release of the loaded drug at the site of
action. SF nanopatrticles can be fabricated by various methods, for example polyvinyl alcohol
(PVA) blends, which are used for fabricating SF spheres wiitinolable sizes and spas

[204] (Tablel.2). The determinant factors for drug distribution and encapsulation efficiency
in such systems are their charge and lipophilicity. Modifying thiasters results in diffegnt

drug release profilef205]. Futhermore, addition of PX results in a tangible improvement

in the morphology of the Sparticles[206]. One of the popular methods for fabrication SF
particles is the saltingut method. For example, Lammed al. [207] producedSF patrticles

with controllable sizes ranging from 500 nm to 2 using potassium phosphate as the salting

2 dzii I 3 S-¢ghiéebstreckir® and zeta potential of the SF particles were affected by the
pHof the potassium phosphate solutigh99, 207] In another study conducted Biyian etal.
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[208] SF nanoparticles were prepared using the salting out method, loaded with a
combination & doxorubicin and R4 magnetic nanoparticles and driven to the target tissue
using an external magnetic field to achieve tisspecific targeted deliverj208]. It was ao
found that the entrapment efficiency of doxorubicin can be tuned by changirey
concentration of FeOsin the formulation[208]. However, the size of SF particles prosflic

by potassium phosphate was over 500 nm, which is not ideal for drug delRecgntly, Song

et al. [49] produced magnetic SF nanoparticles (MSNPs) with size range33®Am by using
sodium phosphate. The size and morphology of the MSNPs warerried by the SF
concentration, the ionic strength and pH of the saltmgt agent[49]. Compared to potassium
phosphate, sodium phosphate produced smaller particles and the size did not increase
significantly with increasing SF concentration andidostrength, providing a promising
method to produce smaller particles withgh concentration for drug delivery. The size of the
particles can be further reduced by increasing the pH of the sattirigagent. Although
saltingout and PVA methods are pesfed over other methods due to their simplicity and
low toxicity, purifying the SF nanoparticles from excess polymers or saltinggent is
required. Therefore, Mitropoulost al. [209] managed to prepare SF particles with spherical
shape using a eflow capillary device with PVA as the continuous phaskslk solution as

the discrete phas. 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 concentrationtb& polymers, the flow rate, and the
molecular weight of the selected polymg09]. Howeer, the size of the particles proded

is not within the desired size range for drug delivery. A more recent study on the microfluidics
has used a microfluidic setup (naassembler) to produce smaller sizes of SF particles;(150
300 nm) by a desolvation rtteod [210] (Table1.2). It was found that the characteristics of
the SF nanoparticles are controlled by two main factors: Flow rate and flow rateg2at¢

The use of microfluidic instrument enabled rapid, reproithle 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 intmaat. The properties of

the SF particles can also be mangied by blending with other polymers. For example, Song
et al. [146] have recently produced SF nanoparticles blended with diffeamounts of
polyethyleneimine (PEI). The size of the r&oparticles 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 throcmfitrolling the size and zeta

potential of the particles.

Tablel.2. Preparation techniques of SF miesmd nanoparticles

Preparation Technique

Selfassembly

Advantages

Simple and safprocedure

Does not require toxic reagents

Disadvantages

Sensitive  to
vigorous mixing

temperature anc

Particle Size

100¢200 nm[211]

Salting out

Low cost method

The active ingredient can be loade

during the particle formation

Salting out agent residue

Relatively high particle size
polydispersity

100350 nm[49]

500 nmg2 um[207]

Very good monodisperti

insolubilize SF

Emulsification Controllable particle size Organic solvent or surfactan 170 nm[212]
residues
Low cost methd
Desolvation Simple and quick method Particle aggregation 35¢170 nm[213]
Small particle size Organicsolvent residue
Reproduceable technique
Electrospraying High purity parttles Requires  additional step t¢ 5980 nm[214]

6001800 nm[205]

Microfluidic methods

Rapid procedure
Mild operation conditions

Controllable particle yield and partic
size

Relatively expensive

Residual salting agent or organic
solvents

150300 nm[210]

Capillary microdot

Simple procedure

Organic solvents residue

25¢140 nm[215]

Freeze drying

Porous particles

Large patrticle size

490940 pm[128]

Supercritical fluids

High drug lading

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]

300400 nm([204]

Nanoimprinting and inject
printing

Tuneable dimesions of different
nanostructures

Complicated method
Not easy to scale up

Not easy to prepare particles

180 nnt50 pm([217]
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1.3.3 Applications of Silk Fibroin for Drug and Geekvery

Silk has been used as a carrier for delivery of a wide range of therapeutic agents including
small molecule drug$140], biological drugg218], and geneg219]. For each class of
therapeutic agents, different formulations have been designed using various silk processing
technologieq220]. One of the main criteria of the Sfased delivery systems is to stabilize

the loaded API and manipulate its circulation time to achigeerequred 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 adhesiorf153]. In the following section, an insight into SF applications in drug and gene

delivery will be provided a summary of which is presente@iahlesl.3.

1.3.3.1 Drug and Gen8tabilization by SF

One of the main goals of incorporatiragtive ingredients such as small molecules or peptides
into SFbased carriers is tatabilizethem by different mechanisms including adsorption,
covalent interaction, and/or entrapmen221]. Without a stable inteaction between the

drug and the SbBased carrier to maintain the drug activity, sustained drug release cannot be
achieved. Aside from a few exceptions such as growth factors, the majority stiatbiéization
approaches rely on erdapping the drug withintie SFmatrix or Skparticles in an equally
distributed manner [158]. SFbased 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, encapgguiaof 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 agategphilococcus Auretsr

up to 31 days at 37C[140]. SF films have also been used $tabilizationof 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 activitpad e

HRP was ineased by 3040%, while its hallife showed a temendous increase from 2 h to

25 days at ambient conditions in comparison to free HEH]. A greater improvement in
enzymatic activity (80%) was observed in glucose oxidase (GOx) when loaded on SF films
[225]. Moreover, SHoaded GOx dewnstrated enhanced thermal and pH stabil{826].
Topical appliation of SF lyogels (gel system in which the pores are filled with both organic

and nonorganic solvents) containing hydrocortisone in a mouse model of atopic eczema
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resulted in decreased expression of IgEd aanhanced the efficacy of hydrocortisone
compaed to the commercially available hydrocortisone cref87]. Moreover, SF lyogels
have dso been used fostabilizingmonoclonal antibodies. The lyogels achieved sustained
release of IgG1 over 160 days and the askerate was found to be inversely proportional to
the SF concentratiof155]. In additon to drugstabilization SF has also been investigated for
DNA preservation in order to protect the DNA from the poterdidtabilizingconditions such

as temperature and UV radiation. In a recent study porous cellulose paper was coated with
SF and usetb preserve the DNA extracted from human dermal fibroblast &B®]. The
results showed that the DNA irgety was maintained for 40 days following 10 h of UV
radiation atrelatively high temperature (340°Q [159].

1.3.3.2 Controlled Drug Release

Gontrolled 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 therapeutioncentrations of the drug in the blood o

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 gt in increased patient compliandé58]. Most of the
currently available controlled release formulations in the market are cormgpad synthetic
polymers such as PEG dafPLGA because they provide desirable pharmacokinetic and
pharmacodynamic propertig28]. Although PLGA is approved by FDA as a safe ingredient
in pharmaceutical products, the processing requirements might restrictutitzation in
certain controlledrelease formulations. Therefore, morecently, 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 propéies of SF is its ability to undergowdise structural transformations

at the molecular level. The most investigated structural transformation in SF is the change in
0 KS NJI-Ki3f2A -Bhddl ébntent. For example, the permeability and release kiseadf

the SF films are affected by the)S N S vy (i-sh8e§ stri:tlire[144]. The mechanism of
controlled release from SF films was studied previously by Hines and Kaplan using different
models[229]. The release kinetics of FF@i€xtran from methanctreated and unteated SF

films was evaluated as a function of molecular weight of f@@an. The methanetreated
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films maintained higher percentage of the loaded Fiiektran compared to the untreated

films which was directly proportional to the molecular weight BiGDextran[229]. In a more

recent study, the release profile of the anticancer drug epirubicin from five Hefkifilms
(HEPSF) treated with methanol (MeOH) or glycenas investigated and it was found that

using different ratios of glycerol in the HERC y I Y2 FAf Y T2 Nl-dhbet G A 2Y
content of the nanofilm leading to a modification in the release profile of epirubicin from the
nanofilm Eigure 1.8). This mehanismcausal relationship between SF conformation and

release profile also influenced the degree of degradafizi].
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Figurel.8. Total epirubicin (EPI) release profile from SF nanofilm depending on the ratio of
the added glycerol and the solvent treatment. Reprinted from Refeféd4].

In a novel study conducted by Yavuzakfl63] 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. Thes®fmulations managed to stabilize the proteinrga 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 slowand more controlled release. In

the case of 5PERANTES, the water vapor annealing showed a sustained release for 31 days
and this released protein could inhibit HIV infection in both blood and human coldtesae

[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
Song et al[49] demonstrated pkcontrolled release of curcumin from SF nanopatrticles for up

to 20 days with lower pH promoting the release. Moreover, the SF nanopatrticles had higher
cellular uptake and induced significantly higher growth inhilyiteffect in MDAMB-231 cells
compared to curcmin solution Another study developed SF microspheres (2 um) using DOPC
(1,2-dioleoytsnglycera3-phosphocholine) lipid vesicles as a templd@30]. The physically
crosst A y |-sfidet structure of SF and the residual DOPC in the microsphkgsdpkey

roles in controlling the release of loaded enzyme (HRB].

Tablel.3. SFbased drug delivery systems

Type of Drug Delivery Associated API Results Refeences

System

SF sponges Erythromycin Sustained drug release and prolonged antimicrobial actiy [140]
againstStaphylococcusureus
SF films Horseradish peroxidase (HRF Enhanced stability [172]
Glucose oxidase (GOx) Increased enzymatic activity [225]
FITGdextran Controlled drug release [229]
Epirubicin Controlled drugelease [144]
SF lyogels Hydrocortisone Enhanced efficacy [218]
1gG Enhanced stability and sustained release
Insertable SF discs IgG and HIV inhibito6P12 | Enhanced stability and modified release profile [163]
RANTES
SF nanopatrticles Curcumin Modified release profile and enhanced cellular uptake [49]
SF microspheres Horseradish peroxidase (HRF Modified the release profile [230]
SFcoated PCL Vancomycin Modified the release profile [231]
microspheres
SFcoated liposomes Ibuprofen Enhanced adhesion tdwuman corneal epithelial cells [153]
tunable drug release
Emodin Selective targeting of keloid cells [232]
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1.3.4Modification of SF for Enhanced Delivery

1.3.4.1SF Bioconjugates

There are many proteibased drugs that have shown a very short #iéf in the body. In

order to enhance theiin vivostability, an approach has been designed to utilize SF by forming
bioconjugates. A covalent bond between the protein or enzyme ané@®Sbeformed by the
crosslinking reagent§142]. SF consists of 18 different amino acids among which 10% are
polar amino acids sucas 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 suchas insulin using bifunctional reagent glutaraldehy@83]. SFnsulin (SHns)
bioconjugate not only demonstrated higher vitro stability than bovine serum albumin
insulin (BSAns) conjugate, but also pimnged the pharmacological activity 3.5 times in
comparison to native insulif233]. Covalent conjugation of growth factoM®-2 to SF using
carbodiimide chemistry preserved BMPactivity and also reduced its degradation rate due

to reduction in its unfolding rate as well as protecting it fromteaseqg234]. Immobilization

of enzyme®n 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 bindig to several enzymes to immobilize thekigurel.9) such as
catalase immobilization on SF patrticles via tyrosinase crosslifi@d§ SF films have been

also used to immobilize antibodies such as mouse IgG simply through the conformational
transition to fabrcate biocompatible biosensof236]. The immobilization was achieved by
slowly drying concentrated SF solution to reach the semisolid state and then blending it with
antibody solutiorbefore complete drying. It was found that moratébody was immobilized

on the surface of SF film by controlling the conformational changes during the drying process
in comparison to covalent method®36]. These results indicate that SF can be fumalized

with antibodies with or without crosslinking agents, offering a wide range of biomedical

applications.
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Figurel.9. (A) Possible routes toward chemical modification wiir@o acids of silk proteins.
Reprinted fronf185]. (B) The new properties obtained by SFewlunctionalised or modified
in different positions.

1.3.4.2Functionakation 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 gsudating the APIs such

as anticancer agents and delivering them to the site of action. B\ee 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 ce[®37]. However, recent studies have found that
engineered particles with the optimum size and shapelimited to less than 1% tumor tissue
accumulation[44]. Therefore, decorating polymeria@anocarriers with a targeting molecule

has emerged as an effective approach to increase theiipgy of the nanoparticles for the
targeted cell line$238]. As mentioned earlier SF has several actimea groups Figurel.9)

which can be used for binding to other macromolecul239]. For example, ArGly-Asp

(RGD) sequence that acts 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 overexpressof folate receptors (FR) in a wide range

of tumor cells, modifying the surface of the silk hanoparticles with folate could be used as a
tumor-targeting strategy[22]. Folateconjugated SF particles ($A) were used to enhance
targeted delivery of doxorubicin (DOX) to human breast adenocarcinoma cell line NNBDA
231) [240]. Folate decorabn on silk particle not only increased the retemti of the
nanoparticles at the tumor site but also promoted cellular uptake of the part[eiés]. DOX
incorporated in SIFA nanoparticlesdemonrstrated 3-fold higher cytotoxic activity in
comparson to free DOXM vitro. Moreover, conjugation of folate to SF nanoparticles changed
their cellular uptake mechanism from passive diffusion (free DOX) to endocy238%
Another example of specific targeting using functioseadiSF is modification of SF with human
epidermal growth factor receptor 2 (Her2) which is overexpressed in 80%reast
carcinomas for targeted drug delivery tbreast cancer cell§242]. An alternative
functionalsation approach involves using tumepecific ligands such as nucleic acid

sequences like CpSSRNA243].
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1.4 Microfluidics for preparation of drug and gene delivery systems

In the pastdecade, enormous advancement in the field of nanotechnology was achieved to
produce nanoformulations for drug and gene delive[f844-246]. Employing this
nanotechnological advancement hanomedicine opened doors for improving some of the
most challenging therapies such as cancer treatments. Designing nanoformulations with
controlled size and features offers many advantagetuding enhanced drug encapsulation,
controlled release of thpayloads, improved targetability and enhanced cellular up{aké,

248]. In adition, encapsulating the active pharmaceutical ingredients (APIs) asch
anticancer drugs within nanocarriers can enhancteivostability, 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 Abgxae to technical challenges

in formulating many pharmaceutical matals [250]. Fabricating pharmaceutical
nanomaterials can be achieved using 4bpwn or bottom-up approaches. In general, top
down approach is not suitableif processing many (APIs) due to high shear forces involved in
the mechanical milling[251-253]. In the bottomup approach, the formation of
nanostructures is performed by converting the molecular matter dissolvediquid to
particulate forms. Based on the nature and composition of the fabricated drug delivery
systems (DDSs), the nanostructurese aiormed by selassembly, emulsification or
precipitation [254-260]. One ofthe main considerations in formulating different types of
polymers or APIs, is to maintain the dimensions of the designed particles within a range of
100-300 nm which is desirable for pharnsatical applicationgd261]. A frequently used
technique to prepare DDSs with controlled size is mixing amphiphile (@gspifhes or
micelles) solutions with antisolvent or polyelectraysolutions (e.g., cationic polymers or
nucleic acids|262, 263] DDSs will precipitate or sedssemble as a result of the hydrophobic

or electrostatic interactions. Despite the great potential that nesiwed DISs possesa 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
DDSg264]. Many studies have shed more light on the mixing kinetics in order to control the
properties of the fabricated DDSs such as sizeydispersity and theAPI encapsulation
efficiency[265-268]. Among several mixing techniques, microfluidic systems have received

the most attention due to their abiltto control mixing, low running cost and ameiidi to
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modifications [269]. In comparison to bulk production methods, microfluidic
synthesis/formulation of single or multicomponent nanoparticles (NPs) has slmgber
controllability and reproducibilityf34, 36, 270] The newly developed microfluidic devices
provided a platform for preparing different formulations of DDSs including multiple
emulations[271, 272] proteinbasednanoparticles[210, 273] liposomes[274, 275]and
polymeric nanoparticle$276]. There are several reported microfluidic devices that have
implemented the principles of rapid and controlledxing for preparing a myriad of DDSs. In
addition, the microfluidic platform has helped overcoming some obstacles in DDSs fabrication
such as purification, functionalization and largeale production[277, 278] This review
presents the recent development® 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 desijmicrofluidic devices.
Subsequently, themost 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 dissed followed by a summary of different
typesof 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.

1.4.1Principles of mixing ued controlled conditions

1.4.1.1Rapid nanoprecipition

Fast precipitation is a widely used process in the pharmaceutical field as a bogtom
approach to prepare small molecule drug nanoparticles or to formulate multicomponent
nanocarriers for drug delivery. The basis of nanoparticle formation has bedaimed by the
classical crystallization theof252, 279] In single phase system, rapid precipitation occurs
when a highly spersaturated condition is reached as a result of sudden change in
precipitation dependat conditions such as concentration or temperature. The precipitation
process begins with nucleation when solid seeds emerge from the liquid phase to achieve
thermodynamc stability. This phase separation is governed by the force generated by the
reducionF NBY (GKS KA3IK DAo6oa FNBS SySNHe opbo 27
more favourable thermodynamically. The nucleation rate (B) can be calculated using this

energy difference according to Equation [230]:
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& 8Qon— (1)

WhereAisaconstantkA & . 2 € (1 Y Vigtheabsdh@eyeinpekatiré ang Ds the
Gibbs free energy of nucleation. Assuming the outcome of nucleation is spherical particles

with critical radius @), thenucleation rate can also be given by Equatior{Z81]:
06 0QuwR—— (2

Where A is a constant! is the surface tensiorny is the molar volumekA & . 2t G1T YI yy
constant, T is the absolute temperature an8 is the supersaturation ratio. Bothgaations

1&2 demonstrate that nucleation and particle gvth are govern by supersaturation, as well
as temperaturg279, 281] Therefore, the mechanism by which supersaturation is achieved
can control particle forration and growth at a given temperature. The wanecipitation 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 inthe mixer channels, nucleation and particle gtbwof the solute are triggered
(Figure 1.10). Optimizing mixing parameters between solution and -@otvent such as
reducing mixing timetix), selecting the mixer geometry and flow regime can cause trst lea
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 invollg: the
hydrophobicity of the drug or polymer, (2) the selection of the solvent andsaitient, (3)
addition of stabilizers to minimize agglomeratif@v9, 281, 282]
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Figure 1.10. A) Sbematic 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 frofi283].

1.4.1.2Flow regimes and Reynolds number

The production of nanoformulations using nanoprecipitation of small molecules, controlled
crosslinking of polymers, or structural transformations of proteins requirp&inaixing[210,

284]. In nanoprecipitation, mixing in small timescale (milliseconds to microseconds) can
create uniform local high s@psaturation leading to nanoprecipitation of any molecule above
the saturation level rgardless of its naturf281, 285] This mechanism has been exploited to
formulate many hydrophobic drugs in pharmaceutical isttiy[283]. The interaction of two
fluids @n 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 mairflow. On the other hand, turbulent flow takes place when fti&ds
undergo irregular fluctuation leading to continual mixing in both magnitude and direction
[252]. The type of flow within the mixer chamb&r governed by viscous forces and inertial
forces (resistaoce and driving forces) which is measured by Reynolds number (Re) in Equation
(3)286]:

YQ — — 3)
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where " is fluid density> is dynamic viscosityyis the fluid kinematic viscosity;is a mean
fluid velocity andDx, is a hydraulic diameter of the channel of the mixer. The design and
geometry of the mixingchannels is corelated to its hydraulic diameter, and is given by
Equation (4)286]:

oQ — 4)

where Ais the channel crossectional area an@yet are wetted perimeter. Turbulent flows
regime dominates at relatively high Reynolds number (Re 4860d the range between
Re=2100 and 4000 is unsteady flow and its complexity is higiggndient 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 lirsétial directions in the turbulent flow
regime [287]. On the contrary, laminar flow is associated with low Reynolds number (Re
<2100) ad the advective mass transport can only happen in the direction of the main flow
[286]. The majority bmicrofluidic 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 Diffuisés®ed mass

tray aFSNJ FyR Oy 06S OFf Odz I[2B§ER dzaAy3 CAO] Qa

0 O— (5)

Where . is the concentrationD is the diffusion coefficient and represent the spatial

coordinates. The diffusion coefficient is given by Stqk#@sstein Equation (§)89]:

o — ®)

Wherek is Boltzmann's constantf is the absolute temperature;is the particle radius and

is the fluid viscosity. For small molecules dissolved in water at constant ambient temperature,
Dcan be considered as 10m?s[290]. Diffusion does not happen at once; but it is a gradual
process which takes into account theng factort and fluids are nodinearly diffuse over

distancex. Therefore onedimensional diffusion process follow the Equatiy)[291]:
® cOo (7
Where x?is the mean square distance diffused in tim&ince many microfluidic systems use

laminar flow, diffusion has becontbe main consideration for manipulating rapid mixing and
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controlling particle production. Based on Equations (5 & 6), modifyiaglifiusion process

can be done by altering the viscosity (changing the solvent quality) by changing one or more
of the mixedsolvents. Moreover, reducing the diffusion distance the microchannels of

the mixer results in shorting the time required fmixing (Equation 7292]. Therefore, these
factors have provided guidelines for the design of microfluidic device atichigation of

particle production by rapid mixing.

1.4.2Microfluidic techniques control the properties of the DDSs
1.4.2.1Size

The sie uniformity and reproducibility of the nanoformulation are essential requirements for
pharmaceutical application€ontrolling molecular assembly and particle growitiyy( plays

the key role in obtaining the desirable size of DDSs. Studies revealeth¢hdeterminant
factor for nucleation time is the precursors concentration in the microfluidic production of
nanofomulations, whileaggis govern byre total flow rate (TFR) and the flow rate ratio (FRR)
between aqueous and organic phag93, 294] Increasing the FRR can reduce the mixing
time which results in reducing the diameter of the liposomes prepared by HFF [29&r
296]. One or more of these parameters cam manipulated in the microfluidic system to
achieve the required size range. For example, Ghazall.ef275] has assessed the
dependenceof multilamellar vesicles (MLVs) size and monodispersityyadrodynamic flow
focusing HFF device geometry and FR5]. This study found that FRR has a significant
role in modulating the size distribution of the produckilLVs, while TFR exhibited much less
impact Figure1.11 A&B). Increasing the FRRRfy mn (2 pn G Oz2yadl yi
results in 27% reduction in both mean size and HAidufe 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 difiwn[275]. Another study conducted by Lim &it [297]
investigated the imact of Reon various types of nanoparticle production including PLGA
PEG, lipid vesicles, iron oxide nanoparticles and polysterne nanopal@gsThis work has
shown a significant reduction in the size of all tested formulation (from 150 to 20 nm) when
Rewas increased fronb00 to 3500[297]. These results implied that the size and PDI of

nanoparticles can be easily controlled by microfluidic paranseter
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1.4.2.2Shape and structure

The shape of DDSs is one important factor for regulating cellular uptake and enhancing API
encapsulatior{298]. Moreover, modifying the structure such as increasing the porosity and
pore size in NPs were assated with increasinghe drug release rate. Mesoporous silica
nanomaterial was successfully prepared using sginaped microfluidic devices. By changing
the flow rate, it was possible to transform the morphology of mesoporous silica from
nanofibers tospherical nanoparticlg299]. In another research, the compactness of chitosan
nanoparticles was tuned by applyingfdient FRR and changitige hydrophobicity of the
chitosan chaing300]. Liu etal. [301] have successfully prepared nanocarriers that enjoy
desirable features including high stability, biodegradability,-responsive and fast
dissolution. These nartarriers were fabricad by integrating sorafenib (SNF) or itraconazole
(ICZ) nanocrystal drug core into a polymeric shell which made of acetylated dextran

functionalized with folic acid (AEFN) using microfluidic platform Figurel.11 C&D [301].

1.4.2.3Surface engineering

One of the most common appachesfor improving the targetability of DDSs to cancer cells

is surface modification. For example, Di Sant@le{263] prepared hybrid nanoparticles
consisting of graphene oxide (GO) flakes coated with cationic ligidgmicrofluidic mixing.

The resulting particleshaa AT S 2F opmpn yYO FyR OKIFINHS 27F
delivering plasmid DNA (pDNA) to human cervical cancer cells (HeLa) and human embryonic
kidney (HER93) cell§263]. One of the challenges in fabricatinghttionalized nanocarriers

is the lack of approaches for isolation and purification. In a study conducted by Waihg et
[277], chemically rmadified exosomes were prepared for active targeted drug delivery to
cancer cell§277]. This study used threglimensional (3D) nanostructudemicrofluidic chip
consiss of an ordered series of micropillars functionalized with multiwall carbon nanotubes
(MWCNTSs) to efficiently capture exosom@g7]. Capture efficiency can be optimized by
changing kight, spacing distances and flow ratgqurel.11 E&F.

1.4.2.4Elasticity

Recent studies have found that mechanical properties such as elasticity of the DDSs have a
significant influence on allular uptake, drug release, and stabilif48]. The precise

manipulaion of the flow and flow regime within the microfluidic system can modify the
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particle elasticity. Sun &tl. [302] designed nanocarriers made of polymeric core (PLGA) and
lipid shell withtuneable rigidity for regulating cellular uptake (Figure 3G&4R]. In this
study, the particle elasticity was modulated in the microfluidics device by altering the
injection order of @eganic solutions containing PLGA and HBEG. This technique allows for
GENRFGAZ2Y Ay GKS g1 G§SNJ O2y (d8lysivhidch Bifluéhiey the { 2

internalization mechanism in Hela cd#92].

1.4.3Industrial application

Pharmaceutical products have a very high value with estimated global market of one trillion
USH303]. However, the process re@qed from discovery, formulation to manufacturirige

final product is costly and time consumif@03]. Therefore, one of the main priorities of
pharmaceutical companies is to phement new strategies for rapid and controlled
manufacturing of pharmaceutical products to achieve cost effectiveness, sustainability and
on-demand productiorf304]. In microfluidics, the translation form bent¢bp instrument to

the industrial scale requires high production rate and compliance with goodufaaturing
practice (GMRBO]. Increasing the production rate by increasing thedfivelocity within the
microfluidic channel is urakirable 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 velocisya better alternative strategy for production at
industrial level[252, 305] In addition, using a multiple pressureusoces (pumps) for each
microfluidic device can provide more control, thus more uniform size distribution but it is not
costefficient. Distributing a uniform flow from a main pressure source is more coemneni
and practical for industrial applications arsilibstantial research and development are
required in this area[306-308] NanoAssembler GMP system is one of the recent
development in large scale production of pheaceutical formulations using microfluidic
platformg60]. This system offers a rigzeable cartridge, which has the mixing elements, and
is equipped witlcustom pumps. Changing the cartridge is not only beneficial for maintaining
the mixing quality and sterility, but also allows for switching the mixer type (SHM &60M)
Switching to continuous flow production using microfluidics still has many challenges in
regad to quality control and cost efficiency. By implementing new approaahdsnodifying

the current designs, microfluidics can play a key role in large scale production of

pharmaceuticals, especially in nanomedicine.

53

7]



= .
£ 150
@
S0
, AN " | | v i H
FRR30 FRRSO FRRSO

FRR10 FRR20

02

01s

2 il 1l |
el | | | | u . s

FRR10 FRR20 FRR30 FRR4O FRRSO
STFR SO ul/min & TFR 100 pl/fmin TFR1SOul/min & TFR 200 ui/min  » Vortex

=" siotin-Antibody (CD63)
—s  NeutrAvidin in PBS

—°-°| CDI Activated Tween 20

release

Exosomes Isolation and enrichment

S P-L NPs
Water PLE-A “Llfivc? nPL‘GA-Llpld NP = e
Water =y c
\ \ N € s
=@ \() b B 2
) A\ =
TPl P-W-L
P-W-L NPs s
Water th.rd PL?A PLGA:Waler-L:pqd NP 2 14 I |
Water S ? § E I
" A . @ aot0
- 7 2 g~
S o8

PL P-W-L

Figurel.11l. Examples of microfluidic fabrication of DD&BA schematic representation of

the impact of two chip designs on the production of MLBsDLS results for the MLVs

produced showing the effects of FRR and TFR on size and polydispersity. Reprirgtbjfrom

C) Schematics of the process to formulate the néamoano vectors through the multistep
microfluidic nanoprecipitation.D) TEM images of naneectors prepared by multistep
microfluidic nanoprecipitation (HSFN@ADS) and (HSFN@&®Dte effect of SFN and &D
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pH values of the dispersion media. Reprinted f{801]. E)Schematics describing the process
of electroless plating and functionalizing MWCNT for capturing exosdmése effect of
pillars height, pilles spacing distance and the flow rate on the capturing efficiency. Reprinted
from [277]. G)Assembling PL@&HApid nanoparticles with varyingmounts of interfacial water

to modify the particle rigidity, £ nanoparticles (withounterfacial water layer, top) and-P
W-L nanoparticles (with interfacial water layer, bottoral){ AT S I yR , 2dzaA3 Q4
nanoparticles and ®V-L nanoparticle$rom TEM and AFM scanning. Reprinted f{802].
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1.5 Research motivation

The main purpose of this research project is to develop efficient nanocarriettsefalelivery

of small molecule hydrophobic anticancer dsuge.g. ASG]9). The developmentof
nanocarriersas successfudnticancerdrug delivery systesirequires a simple and scalable
preparation technique, tuable physiochemical propertiesnodifiedreleasekineticsand the
ability to target tumor tissue. In order to meet these requirementsgd@pth investigation of
novd formulations of nanocarriers and production techniques have been studied. The impact
of the stiffnessof biopolymeric nanocarrierkas been evaluateth terms of drug elease,
encapsulation efficiency and cellular uptake in 2D and 3D cell cutiwtédferent biological
conditions In addition, a new geometric design of microfluidic mixer has been developed to
improve the quality of mixing during theianofabrication process gfrotein nanoparticles.

The new design (swirl mixer) wasmpared to conventioal microfluidic system ¢mixer) in
terms of percentage of yield, particle shape and patrticle size distribution. Finally, the new
microfluidic system was also employed to produce magnetic silk nanopasisldich was
functionalsed with a short amphiphilipeptide G(IIKK)3NH2 for targeted delivery of ASC

J9 to cancer cells. The results obtained frdmaracterizationgellular uptake and cytotoxicity
studies provide a complete evaluation of the nanocarriers properties, efficiency as drug

delivery systenand the potential application in cancer therapy.
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1.6 Thesisoutline

Chapter1: providesa background of nanocarriers in nanomedicexad the chronological
development of the formulation strategies and applicatioftsalso covers the
potential use of bipolymeric materials in pharmaceutical preparations and the

strategies and applications aficrofluidic techniques.

Chapter 2 demonstrateshe detailed methodology used in the experimental sections of this
PhD thesisThis chapter also explains the thretical principles of the instruments

and techniques used in the experimental sections.

Chapter 3 presentsoriginal experimental researcbovers the design, preparation and
characterization of stiffnesginable nanocarier formulations for controlled drg

delivery of the hydrophobic anticancer agent (AR to colorectal cancer cells.

Chapter4: revealsthe design and evaluation of novel microfluidic device (swirl mix&itk
nanoparticles were used as a modebiopolymeric particle to assess the
performance of swirl mixer in nanoparticle production. A conventionatiXer
design was used as comparison to investigate the impact of the mixer geometry

on nanopatrticle formation.

Chapter 5 presents a new nanopartielformulation prepared by microfluidicgtform. These
nanoparticlesconsistof amagnetic silk nanoparticlehich werefunctionalised by
short amphiphilic cationic peptide with anticancer activity. This chapter
characterize and evaluate the prepared nanoparticles in both cancer and normal

cellsto investigate the augmented effect and the selective anticancer activity.

Chapter 6: is the conclusivehapter of this thesis where all the discussed dat highlighted
and summarisedit also describes the challenges and the future work in the field o

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

Bombyx mori silk was obtained from Jiangsu, P.R. China. Sodium carbonate was purchased
from Alfa Aesar. 1;dioleoytsnglycera3-phosphocholine (DOPC) was purchased from

Avanti Polar Lipids (Alabaster, AL, USA).-#85®as obtainedrom Changzhou University,

China. Sodium alginate, sodium salicylate, ammonium hydroxide, calcium chloride and foetal
bovine serum, (FBS) were purchased from SIGAUBRICH (Gillingham, UKMEM

05dzf 6 S002Qa az2RAFASR 91 3f S weréSsBukcddYfrom GIBOR®,¢ NEB LJI
Thermo Fisher Technologies & Invitrogemhermo Fisher Scientific. Hoechst 33342 and Flash

t KFfft2ARAY U pdopn adlFrAya gSNBE LIzZNOKF aédR FNRY

respectively96 well plates were purchased from Grenigzo One.

HCT116 epithelial cancer cells derive from a colorectal carcinoma extracted from an adult
male and provided bipr. Spencer Collis CRUK Senior Cancer Research Fellow at Department
of Orcology & Metabolism, University of Sheffield Medical Sthblis line has a mutation in
codon 13 of KRas proteoncogene on chromosome 12 and is positive for transforming growth
FI OG2NJ ivu & ¢IIBFgrormadhuman primary dermal fibroblast®btained from
healthyhuman foreskin or adult skifa kind gif of Dr. Zoe Hewitt, Project Manager UKRMP
Pluripotent Stem Cell Platform, Centre for Stem Cell Biology, University of Shefledll

lines used in this researclvere not directly obtained from patients and therefore ethics

approval for handlingpay (1 & Q &abnétlhdused. &

2.2 Methods

2.2.1.1 Preparation of the nanocarriers stiffnessinable 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 previf2Gd}. Briefly, thecocoons were

boiled in 0.02M NgCQ solution for 30 minThe cocoonswvere 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 (CaCEthanol/ water = 1: 2: 8 molamatio) at 80°C for 90 min before
dialysed in a cellulose tube (MWCO 12 kDa) against UHQ water for 2 days to remave CacCl
The last step was to purify the solution from impurities by centrifugation (12,000 rpm) and

filtering the solution witha 0.45 pum fiter. The resiiting 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 stesdd conditions. The solution was then

transferred toa 20 ml bottle and stored atoom temperature.

2.2.1.3 Synthesis of SF/SA incorporated nanocarriers
1,2-Dioleoytsn-glycere3-phosphocholine (DOPC) mg) vasdissolved in chloroform (1 ml)

in a25 mlround bottom flasf19]. The solvent was evapated using a rotary evaporator to
form athin layer of lipid. One millilitre of SF/SA mixture (different ratio for each formulation)
was added to hydrate the lipid layer at 40 °C forlBOmin and form multilamellar lipgel
vesicles (MLV). MLVs were axted through 200 nm polycarbonate membranging Avanti
Mini Extruderfor 8 times at 35C to form a uniform and small size distributidiigire2.1).

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

Figure 2.1. A)Formation of multilamellar lipgel vesicles (MLVs) by hydration of the thin
lipid layer using rotary evaporator B) Extrusion of MLVs using Avanti Mini Extruder.

2.2.1.4 Preparation of ASQ9 loaded nanocarriers

Three formulation®f nanocarriers containingiffierent ratios of the biopolymers (SF:SA 7:3,
1:1, 3:7) were prepared and loaded with the hydrophobic anticancer drugJ8StThe drug
loading and crosslinking of the SA monomers within the biopolymeric core were performed

simutaneously by adding the dguand crosslinker solution (AS€ & Ca@l(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 crosselihked nanocarriers were dialyzed in FLOMIYZER G2 dialydubing
(MWCO 1000 kDa) PBS for 8 h at 4 °C to remove the remaining £acCl

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 Sephadex3B 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 DMS@nieppendorftube and
vortexed for 1 min. The encapsulated drug was quantified bywid\épectrometry (JENWAY
6715, Bibby Scienid, UK) ak=435 nm using standard calibration curves for AS@ DMSO

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

[OX (] p 1t (1)

2.2.1.6 Invitro drug release of SF/SA nanocarriers

Thein vitrodrug release profile of the ASI® loaded nanocarrier solutions was determined
by transferring aliquots of ASI® solution (63 uM) into FLOAILYZER G2 dialysis tubing
(MWCO 1000 kDa). The tubes were dialyzed agahstLsodium salicylate solution (1 )\t

37 °C with rotation at 150 rpm. The concentration of ASCeleased at vapus time points
was measured by UVis spectrometry at 435 nm. The drug release profile of Jolution

was determined under identical conditions for comparison.

2.2.2 Preparaion of Smanoparticles and Skagnetic nanoparticles by microfluidic

platform

2.2.2.1 Fabrication of microfluidic device

The microfluidic deviceused in this studyavea swirl microchannel consiag of 1,2 or4
elements. The geometry of the designed swirl mixer approximates the proportions of the
element(Figure2.2), with elements orll.2 mm centres havingnominal chambeof diameter

0.8 mm, depth 0.4 mirand with orifice diameter 0.4 mm. It was manufactured by removing
material from a 1 mm thickolyether ether ketondPEEKsheet usindaser ablation (Layer
Micromachining Ltd). G:nchamber of each element and the connecting channels were
created by cuing from one side of the PEEK sheet and then the other chambers and the
connecting orifices are cut from th&ther (Figure2.2). The volume of each element of this

mixer is estimatd to be 0.612uL. The mixer is completed by clamping the chip between tw
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opposing blocks fitted with connection holes and fitting threads and accommodatmy®
to seal the unit. Flow through the mixer was generated by connecting the two mixertolets
adual syringe pump (Fusion 4000, Chemyx IR@gufe2.2). This pumgasamaximum linear

speed Y, ) of 17.81cm/min and 289 N maximum force in each syringe.

Figure 22. Angled view of the swirhixer pattern from the two sides of the PEEK dhj®ne
mixing elementB) Two mixing element&)Four mixing element®)The complete swirl mixer
setup connected Chemyx syringe pump.
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2.2.2.2 Computation and modelling

A continuum computational methot used to determine and evaluate the performance of
the swirl mixer in comparison to standard tube mixer. The computations wei@rBordan
Maclnnesusinga previously reportd approach[310] using Ansys 209.R2 software The
modelling softwae used in the study is AnsysIZBR2 (Engineering Simulation & 3D Design
Software)which generatesnodellingof the flow patterns by providing several precise inputs
including; the length, width and geometry of the microfluidic channels and mixing chamber

of the device.

2.2.2.3 Preparation of magnetic nanoparticle@vViNP)

Production of magnetic particles has been repariprevioushf49]. Briefly, 4 g of Fe€and

4.5 g FeGwere dissolved in UHQ water. The resulting solution was traresfeto 500 ml
round-bottom flaskand kept for 30 min under nitrogen. Then, 15 ml of 4/H was mixed
with the solution and kept at 25 °C under constant stirring. To collect the particles,
Neodymium magnets (20x10 mm) was us&ibure2.3) and then washed nitiple times with
UHQ water to ensure they are free from impurities. The last step was rinsing2withof

ethanol and dried overnight.

'r‘“\":

2 =

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 nanopatrticles using the microfluidic system
SF nanoparticles were manufactured using the microfluidic system equipped with the swirl
mixer Figure2.2). A 1.5 mg/ml aqueous silk solution and organic solvent (either methanol or

acetone) weredaded 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 desolvati@hcollected by an
eppendorf tube at the outletln the study conducted on swirl mixer and tube mixer ingitaa

4, the total flow rate and was varied as showmable 2.1 & 2.2

For the magnetic silk nanoparticles prepared in Chapteh&,tbtal flowrate (TFR) of the
solvent and silk solution was varigdom 1 to 50 ml/min. The flow rate ratio (FRR) wé&sa
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 disedrtdlhe pellets were resuspended

in UHQ water and sonicatddr 5 min to allow full homogenous dispersiortire suspension.

Table 2.1 Expermental planner for the production of silk nanopatrticle in the model Tube
mixer.

Total Silk Organic | Flushing| Volume | Volume | Mixing | Re
flow rate | Solution | Solvent | time S)Illlh(tion) gco)lr\?:r:ll)c 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
39.3% 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
112.41 84.31 28.10 0.6 521 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 8vérl 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
17.9 134 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
394 29.5 9.8 1.58 3.84 1.02 0.93 1691
51.2 38.4 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 usthg microfluidic system

The magnetic particles were mixed with organic solvent (either methanol or acetone) to make
a 0.05 mg/ml suspension. Silk solutioh 1.5 mg/ml andthe magnetic suspension as
injected in the two mixer inlets and the magnetic silk naadieles were colleted inan

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

2.2.2.6 Yield measurement of SF nanopatrticles

To measure the percentage of the SF nanoparticles produced by the microfluidic device, the
volume of SF nanoparticle suspensiorexikd fom the mier outlet was determined. Next,

10 empty Eppendorf tubes (1.5 ml) were weigh@dl}. 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

64



nanoparticles and tubes waketermined (V2). Tte yield percentage can be calculatesing

equation (2)

®W¢ wp  YE ol N QYL E RHH Q
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2.2.2.7 Preparation of FIT@abelled G3

The synthesis of the fluorescent version of (G3) peptidsperformed using a standard Fmoc
based soligphase protocol. To minimize degradation during the last cleavage st o
terminals FITC labelling, 26 aminohexanoic acid (Ahx) group was introduced between the

last amino acid (A or G) and the fluorescein mi@ifl).

2.2.2.8 Preparation of (G3)SF magnetic nanopatrticles

Biofunctionalization of MSNP with G3 was performed by mixing 75 plgo®on 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 G3VMSNP using in Neodymium magnet. A calibratiove@fFITGG3 was used

to determine the G3 grafted percentage on MSNP.

2.2.2.9 Preparation ASEQ9 loaded SF magnetic nanoparticles

ASGJ9 was dissolved in DMSO with a concentration of 50 mg/miJACBASO solution. This
solutionwas diluted with UHQ water to makK@00-50) uM of ASECJ9solution. SF magnetic
nanoparticles produced by the microfluidic system were mixed with-FECBr50 min to

allow drug loading. Then, unencapsulated ASGvas remowe by collecting the ASIO
loaded SF magnetic nanoparticles with Neodymmagnet (20 x10 mm) and the supernatant
was analysed to determine residual ASCconcentration by UVis spectromaty (JENWAY
6715, Bibby Scientific, UK). The maximum peak absorbance was identified by obtairing ASC
J9 spectrum and slandered calibraticcurves in PBS, UHQ water were used. The

encapsulation (E&) wascalculated using equatia(3)

op 06f0EFEODEWE H6 i bWk V& B £ 1 I 6V Q
OO QO QD 0o 1 obvlm oo Pt 9
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2.2.2.10Release profile of AS@O from SF and magnetic SF nandjudes (MSNP)

The in vitro ASGJ9 release from SF and magnetic SF nanoparticles was measured by
suspending 5 mg of the nanopatrticles 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 pamticles werecentrifugedat

15000 rpmand the supernatant wagollected for measuring the concentration of the
released ASJ9. The removed supernatant was replaced with fresh PBS to measure the ASC
J9 at the next time point. The experiments were perfednn triplicate andhe 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 PalsdRasize AnalyzeBrookhaven 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 refractie index was set t0.331 & 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 distribtions of SF nanopadies 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 mleymiag

the scatteringcell to ensure that the cell is bubbfeee, and the measurements were
performed at 20 °C. The tracking video was recorded for 1 min (1800 frame) and the valid

particles were tracked faa minimum of 5 frames.

2.2.3.2 Secondary structure mesurements of SF/SAamocarriers and SF nanoparticles
Fourier transform infrared (FTIR) spectroscoliy Prestige2l, Shimadzu, UKyas used to
investigate the chemical interaction between SF and SA and to detect the SF structural
transformations. Nanocaer formulations were mixed with 1%riton X-100 to disturb the

lipid shell and then centrifuged using 30k Amicon Ultra Centrifégters 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 f&f8 to 3000 cm and the
spectrum was read using the Hafgenzel apodisation function over 64 scans with a
resolution of 4 ar!. Each peak in the spectrum is assigned to either SF @rabfe2.1). The
region (1575 1750 cmt) which is assigned to amidewas 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 nanocarrief203].

00% A e 00% SA A bution of absaption pea

- 1731.9 1731.9 C=0 stretching
1620.1 1622.0 1635.5 Amide | and antisymmetric =COO= stretching overle
1505.2 1522.0 - Amide I
1228.5 1236.2 1238.2 Amide Il and C=0 stretching overlap
- 1080.0 1076.2 O-H bending
1029.9 1027.9 O-H berding
927.7 927.7 GO vibration

The SF nanoparticle suspension samplesevdried at 40 °C for 24 HThe samples were
subjected to secondary structure analysis by Fourier transform infrared (FTIR) spectroscopy
(IR Prestig1, Shimadzu, UKEach sample was run for 128 scans at a 4 @solution and

the wavenumber range was sibm 400 to 4000 cm, and the spectra werénterpreted by
HappGenzel apodisation function. Unlike the nanocarrier, all FTIR absorption peaks are
visible in the SF nanopatrticle analysis. To measure the secondary structure transformation,
the amidel region(1595-1705 cmt) of the & protein was investigated. Other SF regions were
identified and deconvoluted including side chain (184835 cm'), random coil (1638655

cnty =helical bands (16561 ¢ ¢ Hshegt structure (1614637 cmt & 16971703 cmt) and

turns (16631696 cm') [312]. OriginPro 9.5dtware was usedo 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, Bruykeraton, 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 SCANARips and faping
mode. The resulting dataeredeconvoluted and analysed by NanoScoggesbftware Figure
2.9).

AlY2 dzy 3Qa Y2Rdzt dza YSIF adz2NBYSyda ¢S NBluidptobeNRA SR 2
The AFM, wittaemn >Y LJA ST 2 § wssGét MISCanAE¥Ruld yingd® k) acquire

images. By navigating the image, the fedistance curves of selected nanocarriers were

obtained subsequently andB0 shootingtarge¥ S| & dZNBSYSy &4 ¢ SNB LIS NF 2 NJ

modulusof samples was calculate@¢@ording to the Hertz modeEquation 4)[313].
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whereFisthe¥ 2 NOS FTNBY F2NOS OdzNBS: 9 A& |, 2dzy3aQa Y
of the indentertipandt A& (GKS AYyRSyi(lI A2y RSLIIKged¢tKS 21

using NanoScope Analysis software (versi@. 1.

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 pL of the naapsatution was
deposited onto carboftoated coppegrids 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 samplesre washed with DI water and kept for
measurement aroom 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 usin@HL16 human colorectal adenocarcinoma

cells. The c&d were cultured in DMEM supplemented with 10% FBS and 1%
LISYAOAf £ AykaidNBLI 2 Y® O3 Vhe WGL160cells veere cultyfel in @8/ R S NJ
well plates at a seeding density of 4 X &6lls per vell and were incubated for 24 hf.o

accurately caldate 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 autosthtell counter device Countess® Il Automated

Cell Canter to find out the dilution factor required for achieving the desired seeding density.
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20 pL of the cell suspension was mixed of trypan blue dye (1:1) and injected in Countess® Cell
Counting Chambelife and repeated twice to take the average numbeceifs per ml before
performing dilution. The diluted cell suspension was transferred to the 96 well plates (90 L
per well). The plates were kept in the incubator at 37 °C overnight to allow for atedhoh

the cells and used for cell uptake experimetits next dayln the next stage, the cells were
treated with the drug solution, the drulpaded nanocarriers, or drdgaded SF nanoparticles
according to predesigned experimental plafable 2.2) and ncubated 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 DSIlemented with

10% FB3n the second set of experimentbe cells were starved in serufree media for 4

hr prior to addition of the drug solution or drdgaded carriersand then the media were
replaced with media supplemented with 10% FBS. At dasigl time points, the dés were
FAESR 6AGK otz F2NXIfRSKERSE adGlFAySR 6A0GK
imaged withthe high content fluorescent automated widefield microscope (ImageXpress®
Micro System). The images were analysed usingaMgtess® software 5.3.@Molecular
Devices). Two algorithms were used to determine the cellular uptake: one for quantifying the
drug or drugloaded objects within the cell, and one for measuring the average integrated

intensity of the drug within the cytol.

Table 24. Experimental plan of silk magnetic nanoparticles prepared using the microfluidic
system using Methanol or Acetone and onweéll 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-MEOXEC-J9 (25 uM)&G3 loaded MSNP-MEOKXEC-J9 (10 uM)&G3 loaded MSNP-ME(
SC-J9 (25 uM)&G3 loaded MSNP-ACEASC-J9 (10 uM)&G3 loaded MSNP-ACH
H Control

2.2.3.6 Uptake in 3D spheroids
In the domain of cancer therapy, investigating theiaty 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 2Dlare
monolayers, the 3D culture can give a bettasight into drugtumour and nanocarrier
tumour interactions due to its ability to mimic the complex heterogenicity of solid tumours in

patientd314, 315]

The 3D spheroids were prepared by growing @4 cellsn ultra-low attachment 96 well
plates at a seeding density of 8 x3tells per well for 48 hr. The spheroids were treated with
250r 40puM ASEJ9 solution or ASIO loaded nanocarrie(8pid shell nanocarrier of magnetic
silk nanoparticle®SNB for 12 hr and then fixed with 3.7% formaldehyde and stained with
Hoechst 33342nd imaged withthe high content microscoperor the investigation of the
impact of magnetic field on the uptake of MSNP in HC8 spheroids, a magnetic plate was
placed under the celtulture platefor 30 minto drive the nanoparticlesrom the media
toward the spheroids in the bottom of theells (Figure2.4). This magnetic force was used
previously for drug and gene delivery to target tumor tissue or enagmansfection efficiency

[257, 316]

Cell culture plate

\
|

Figure 24. Schematic representatioof the testing process of magnetic silk nanopatrticles
(MSNP) under magnetic fie]d17].

2.2.3.7 Statistical analysis

Thestatistical analysis of the data was carried out using GraphPad Prism 7.04. The Student's
t-test was used for comparison tyeeen two groups, and the oneay ANOVA was used for

the comparison between multiple groups. All data were presented as the meaantisst

error unless otherwise mentioned. Statistical significance was considered when the p value

was less than 0.05.
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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 clarsethe particle size

and zeta potential for nanostructures. DLS is a physical technique that can measure
hydrodyname quantities, transitional and/or rotational diffusion coefficients. Combining
these measurements allows for determining sizes of the snead nanostructures via
theoretical relations[318, 319] The DLS equipped with a laser source whichegses
monochromatic light passes through the sample cuvettégire 2.5. When the light
encounters particles, it st@rs in multiple directions and the scattering intensity fluctuates
due to Brownian motion of the particld820]. The relatively large particles tend to have
slower Brownian motion inamparison to smaller particle819]. The scatered light was
measured by a photon detector which can identify the intensity fluctuation andetate it

to the paricle size(Figure 2.5). For perfectly monodisperse sample, the algorithmatth
analsethe data should produce identical results. Howewuaiost of the tested samples are
unlikely to be perfectly monodisperse and hence, the collected results from #igeethms

tend to differ. The polydispersity (PDI) reflects the scattered light by various fractions of
particles with various sizes anccalculated by (width/meari¥or every individual peak320].

PDI values smaller than 0.1 is considered as monodisperse anf.4).are moderately
polydisperse while@alues larger than 0.4 are considered as highly polydisp@2fd. The zeta
potential of nanocarriers and SF nanoparticles was also measured using DLS using Zeta Pals
function. Zeta potentih also known as electrokinetics potential, is the potential difference
between electric double layer (EDL) of ¢ephoretically moving particles and the layer of
dispersant around them at the slipping plaiteigure 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 diffefequencies of the
scattered light from thdaser source. The DLS detector can correlate the frequency shift to

the particles speed and measure the zeta potential through theoretical relaf8#ty.
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Figure 25. A) Schematic representation of the dynamic light scattering (DLS) instrument.
Reprinted fron{322]. B) Schematic representation of the layers surrounding the surface of
negatively clrged particles during Zeta potential measurement.

2.3.2 Nanopatrticle tracking analysis (W)

Nanoparticle traking analysis (N was first introduced in 2006 as an innovative system for
measuring the nanopatrticle size (30 to 1000 nm) and size distributd@33. This technique
enjoys a lower detection limit that is dependent on the reflective index ofriiueoparticles.

Unlike DLS, NTA records the light scattering from the laser source using a microscope
equipped with a (CCD) meera Figure2.6). The basic principle of NAT is illustratedrigure

2.6, where the laser beam passes through the sample chanatea low angle causing
illumination of the nanoparticles in the sample suspeng&2¥]. Using the NAT software, the
mobility of nanoparticles can be recorded, and the Brownian motion of each recorded

nanoparticles is tracked on a frang-frame bass. To ensure accuracy, nanoparticles that
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are recorded for a small number of frames will be excluded. NAT software can tk&t

nanoparticle movement to particle size followitige StokesEinstein equation (5).

do Y
o —1

Where §,yY is the mean squared speed of a particle at temperattén solvent viscosity

', and hydrodynamic radiys.

Microscopic lens

Laser beam
(50 pm wide)

Particles scattering

Figure 2. 6. A) Nanosight for nanoparticle trackgn analysis (NTA)B) Schematic
representation of the NTA instrument configuratioB) Nanoparticle Tracking Analysis
software (NTA 3.1) using the scattered light in the recorded video for measuring the size
distribution and determining the standard deviati 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, shaperand
structure of nanomaterialsand ithas been used for imaging the SF/SA nanocarriers and SF
nanoparticles. The TEM in its current form was invented in 1986 by Ernst RBa@&faThe
principle of TEM relies on the ability of tledectron beam to deflect and concentrate using
electrostatic and magnetic fields. Similarttee light microscope, TEM colleca detailed
image of the scanned sample. However, instead of detecting visible ligbtofpd) from a

light source, TEM uses ahectron beam which haa much smaller wavelength to allow for
higher magnification and more detailed information of the scanned saf8gig]. To calculate

the wavelength of the electron beagrouis de Broglie derived an equation (6)

Q

1 —
a v

wherehis Planck's constant) is the mass of a particle, ands the velocity of a particle. This
equation showed that the electron beam acceleratedtbg energy of 60,000 volts would
have a wavelength of.05 A. TEM is equipped with afectron gun to launch the electron
beam into free spaceand condenser lenses are used to generate a focusedtdam(Figure

270 ¢KS Y240 AYLRNIIFYyGd LI NG 2F (wkiGhcan@reateA & (K ¢
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 specimmmage and reflecttion the fluorescent
screen 325, 326] The objective apertue is designed to restrict high angle diffracted electrons

to providebetter clarity and enhance the contrast of the collected image. The bright areas in
the sample image correspond to a relatively high number of electrons transmittbie e

darker aras 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}) Schematic representatiaof the working principle of TEM.

2.3.4 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) has evolved into one ofttest advance techniques for
performing irdepth charactesation of nano and microstructures. AFM is capable of
revealing the intranolecular forces athe nanoscale level with atomic resolutigB827]. This
allows for studying a wide range of synthetic materials, polymaedcst@omaterials. AFMas
more capabilities than TEMAFM provides further detailed information when scanning
nanomaterialg328, 329] In addition to sample imaging, AFM Hzeen used extensively in
the past two deades to characterize the mechanical properties, morphology and
homogeneity of the tested material. AFM system has a mmachined cantilever probe
equipped with a tip which is mounted to a Piezoelectric (PZT) swtgigure2.8) [327]. A
laser beam is reflected off the cantilever and detected by a sensitive photon detector. During
sample scanning, thigp moves over the sample surface atanstant force or constantdight

above the surface. The deflected laser beam determite difference in the intensities
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between upper and lower photon detectdB27]. 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 scansachple and the tip following
| 2 2 laR @quation 7)

O Qo X
whereFis the force betweerthe sample and the tipk is the spring constant of the cantilever

andxis thespring stretch or compression (thaeflection of the cantilever330].

Photodiode

Micro-cantilever

Control Law

Amplifier

Figure 2.8. A) Atomic Force Microscopy (AFM) Dimensiont$@m with ScanAsyst, Bruker
(University of SheffieldB) SCANASY®&IR in PeakForce and Tapping Mode operating
software C)Schematic representation of AFM basic principles (left), real o&rtlever and
components (right) Reprinted froj827] with permission fom Elsevier.

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

which also assists in opdhag the instrument in differenimodes Figure2.8). In contact
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mode, the tip will be in a close contact with the sample throughout the sksatding to
repulsive interaction forcesvan der Waals forces). In this magdke surface profile can be
acquiredeither by fixing the kight (constant height) or the force between the tip and the
sample (constant force). The main disadvantage in contact netteeiresulting shear force

which can damage soft sampl&27].

Tapping mode is the most frequently used mode in the AFM technology dite dbility to
generate highresolution images of relatively soft sampl@sapping modeavoids common
problems such as friction and adhesion. Instead of constant contacttietbample, tapping
mode applies a force on the cantilever tip to induce vilmatiThis vibration allows for the
probe tip to touch the sample and lifffioat a specific frequency. The engy losses occurred
during intermittent contacting of the tip with the surface determines the surface topography
of the sample[327, 330] The collected samples cae kdeconvoluted by using a specific
analysis software provided by the AFM manufacturer. In this study, NapeSkt5 Figure

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

Mane

r sl RIS EIIT e < (SN LRZER H £33

P b P (Y
Total Count 115.000 115,000 115,000 0000
Density A600 (Ppm) 4.600 Yym?) A.600 {fpm?) 2000 ypm?)
2.162 {nm) 17.252 fom} 2.258 [nm)
Area 9224.104 Inm} 2384,186 tnm’} 102710,727 tom’) 11711159 tom™}
Dismeter SRN3T [nm) 55.007 lnm} 36 AB1AT lnm}

Figure 29. AFM data analysis software (NanoScope 1.5) for measuring the size, shape and
morphology of the scanned sate.
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2.3.5 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) is an analytical technique wtachdetect the infrared
radiation (IR) absorbance of the dipole bonds within the functional group of the tested
material. IR radiationan induce vibration (bending or stretching motion) of the molecular
bonds by exciting the electrons within these bof88i, 332] Most compounds have a dipole
moment except molecules such asawd Q, and therefore can be characterized qualitatively
using FTIB33, 334] The structural information of the tested molecules can be obtained from
the frequency and intensity of the peaks in the IR spectrum. As shiowigure2.10 the
principle of FR reles 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 algorith@®5]. Michelson interferometer consists of IR
source, a semieflecting 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 tlletector Figure2.10). Degending on the path
length determined by the moving mirror, this interference can be destructore
constructivg332, 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

transmttance.
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Figure 2.10. Schematic representation of the principle of a Michelson interferometer.
Reprinted fron{336] with pemission from Taylor & Francis.

2.3.6 High content fuorescent imaging microscope

The high content fluorescent automated widefield microscope (ImageXpress® Micro System)
shown inFigure2.11was used to acquiredbrescent images of 96 well plates of HTG &élls
incubated with drugoaded nanocarriers solutions. Three channels werdu®API, Texas

NER 9 DCtouv (2 ARSY(ATFTe (KD (a&idnfaddinteysityDThe dza =
images were then analysed using MetaXpress® software 5.3.0&diiad Devices) to obtain,

the cell population, drugtdiorescent intensity and dig 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 arttape of HCT 116 nucleus as the target objEdure

2.11). Similarly, the drufjuorescent intensity in 3D spheroidsaganalysed by designing an

optimized algorithm.
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Figure 2.11. A) ImageXpress® Micro System. B) Matesé® software 5.3.01 using custom
module tool to design aalgorithm 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 & Teadsto identify nucleus, drug & cytoplasm of HCT

116 cells.

80



3 Chapter 3: Stiffnesstuneable nanocarriers for controlled delivery
of ASGJ9 into colorectal cancer cells

Abstract

Development of highly efficient and ndoxic drug delivery systems forydrophobic
anticancer drugs is one of the maihallenges 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 polyndased drug delivery sysins have been developed for such
purpose, theyoften suffer from low encapsulation efficiency, uncontrolled release and lack
of longterm stability. Herein, we report the development of a novel eehell nanocarrier
system with tunable stiffness and cootied release for the delivery of hydrophobic
anticancer agent AS9. 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 sehis, excessive heat or changes to pH. The®sgited
nanocarriers had a high encapsulation efficiency-{8%) and were physically stable for up
G2 p Y2yidikKa 4G n e/ d ¢KS adATFySaa 2F (KS
which was eaty tunable by changing the ratio of SF to S#&e core. Loading ASIO into the
designed nanocarriers enhanced its cellular uptake and its anticancer activity fil1l8CT
colorectal cancer cells as well as 3D tumour spheroids. Hence, the designed nianecar
could be considered as a highly efficieniig delivery system for enhanced bioavailability and

controlled release of hydrophobic anticancer drugs.

Keywords nanocatrrier; silk fibroin; stiffness tunable; controlled release; hydrophobic

anticancer drg; AS€J9.

3.1 Introduction

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

formulation process and hinders their clinical applicati®37]. Moreover,the low locl
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concentration of these drugs in the tumour tissue due to insufficient diffusion and/or short
elimination halflife (ty2) may result in multidrug resistance (MDR) which is one of the major
challenges inancer treatment especially in the case of metastaancers such as breast and
colon cancer$338-340]. For exampleti. of the hydrophobic anticancer agent AS€ was
found to be less than 6 hifellowing an intravenous injection in mousehich reduces the
bioactivity in certain tissuefl3]. Increasing the exposure time of ASZLto the canceratls
reduces thehalf-maximal inhibitory concentration (4§} valuesdue to cumulative cytotoxic
effect [94]. Therefore, developmenodf novel drug delivery systems for efficient loading
enhanced aqueous solubility, and improved cellular uptake of hydrophobiceenter agents
within the elimination time window has received more attention over the past deddée

96, 341]

In order to design effective nancarriers, several factors must be taken into consideration
such as size, genetric shape, elasticity, and surface chaif@e 42, 342344]. Recently,
nanoformulations, such as liposom¢s9, 22] micelles[344], polymer conjugates, and
polymeric nanoparticles[96], have been prepared to function as wes for many
hydrophobic anticancer agents showing great potential for delivering these agents to the
target cells. Although engineered ngarticles with optimized size and shape can improve
drug delivery, they still lack efficient targeting and theicamulation in the tumour tissue is
limited to less than 1%#4]. Other limitations of the conventional naraarriers include low
encdJadz  GA2Y STFFAOASYO& 0990 dzyO2y G NRBfft SR NB
loaded drug within thdirst few minutes) and lack of loAgrm stability[344-346]. Most of

the currently available irature has focused on improving the properties of the nanoparticles
and nanoliposomes through modifying their surface or their outer shell respecfiv@\347]

and only few recent studies have investigated thepact 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 tunephiesical properties
through incorporation of a combation 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 lgtand 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 enhantee stability of the loaded dru[g3, 145, 348]SF

can undergo diverse structural transformations at the molecular level. The most studied
OGN yAT2NXYEFGA2Y A& -KiSK S\ -BackifpF4]i This yansfofmStioNgsiiltsa 2 2 T
in insolubilizing SF to form micro and nanoforntidas that can be employed for druand

gene delivery33] Furthermore, SF can be easily processed by various techniques to prepare

a variety of micro and nanostructures including sponges, microspheres, nanagels,
nanoparticles for biomedical pplications [128]. The physical properties of silk can be
improved by blending it with other polymers. A recent study by De Moraes. 203] have
reported modified physical characteristics of SF when blended with polysadebauch as
sodium alginate (SAR03]. SF/SA blends have almost no toxicity, high miscibility, less
heterogenicity and restricted phase separatidne to the interaction between SA carboxyl
groups and SF amino grouf03]. Furthermore, mixing SA with SF allov€ (2 &a KA T
sheet predominant form (Silk II) which can provide a platformidading poorly watesoluble
compounds through hydrophobic interactiof&3, 203] Thereforethe combinatian of SF and

SA has beeselected 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 fietchobmedicine in

the past few yearg349]. Modifying the rigidity of the nanoparticles can alter theallular
uptake pathvways (e.g. fusion and/or endocytosis), as well as other properties such as EE and
drug release[7, 15, 302] For example, Sun etl. [302] developed modified PLGlid
nanoparticles with different rigidity by altering the injection order of PLGA andlipEG
soluions in the microfluidicsystem to vary the amounts of water in between the polymeric
core and the lipid she[B02]. However, this methothvolvessynthetic polymers and organic
solvents which is not desirable for biomedical applications. In a more recent cbudyicted

by Guo etfal. [15] the elasticity of the crosslinked nanogel cores was altered by changing the
crosslinker concentratiofil5]. In the present study, nanocarriers consisting of a lipid shell
and acore composed of a combination of SF and SA have been developed using a simple
procedure that does ot require any organic solvents, synthetic polymers or high
concentrations of the crosslinkers, and used for delivery of higiairophobic anticancer
agent ASGJ9 to HCTL16 colorectal adenocarcinoma cells. ABBChas 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 th
downstream apoptotic marker®4, 96] However, there are no reports of the use of AIBC

for treatment of colorectal cancer. The stiffness of the designed nanocarriers was simply
tuned by changing the ratio bewen SF and SA. To the best of our knowledge, using the
combination of SF and Sér ftuning 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 actity to cancer cells, curcumin has been one of the most studied natural
compoundsfor cancer therapy [30]. Recently, curcumin analogues with higher anticancer
efficacy such as ASIO 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]. AlSGncreases the downstream
apoptotic markers to a higher extent compared to curcumin which results in enhanced
anticancer activity [7]. On the other hand, A3Zis more hydrophobic than curcimand

has relatively short elimination timest < 6 hrs) which can limit its anticancer activity in the
tumour tissue [6]. The present work was aimed at developing namecsa(Figure3.1) with
tuneable properties for enhanced loading, improved aquesalubility and enhanced cellular

uptake of ASQ9 before it is cleared from the body.

DOPC lipid bilayer

Extruded DOPC

DOPC liposome : ;
nanoliposome suspension

suspension

-

- Cross-linked polymeric core

Figure 3.1.. A) DOPC liposome suspension before and 2@6@membrane extrusion. B)
AFM image of a DOPC liposome after extrusion entrapping crosslinked Sodium alginate (SA).
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3.2.1 Physical characterization of the ASI® nanocarriers

The designed nanocarriers consistadipid bilayer shell and a biopolymeric eavhich serves

asa vector for ASE9.After extrusion through the polycarbonate membrane, the liposomal
suspersion becomes more transparent and lesgtid due to the difference in the light
scatter between the heterogenous liposomes and the extruded hgereous liposomes
(Figure3.1). CrosslinkingA 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 altieich

the amount of the SA monomers required to make thydrogel networkKigure 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 nami@ran the aqueous phase

as shown irFigure 3.4.A. TheDLS characterization showeadimilar hydrodynamic diameter

of ~170 nm for all three formulations. The zeta potential was slightly negative in the
nanocarrier formulation SF:SA (3:7). However, tha petential became more negative when

the ratio of SF toSA was increased in the nanocarrier formulatiéig(re 3.4.0. SF is
negatively charged protein and therefore increasing the ratio of SF to SA allows more SF
molecules to incorporate in the lipid st and alters its charge. The three nanocarrier
formulations demonstrate size stability for up to 5 months when stored at 4i§iré 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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Figure3. 2. (A) Schematic representation of the three synthegsizanocarriers entrapping
different ratios of silk fibroin (SF) to sodium alginate (SA). (B) TEM images of the synthesized
nanocarriers. (C) AFM images of the nanocasrgtowing the polymeric core and the lipid
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shell in dry mode. (D) Hight profiles bétnanocarriers 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 marphological tates. 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 insighthato t
interior structure of the nanocarriers. As shown kigure 3.2, spherical nanocarrisrwere

formed in the three formulations. The dense hydrogel core appears darker than lipid bilayer

in the TEM imageHaure 3.2.B). The AFM scanning was carried outdetermine the
morphology of the nanocarriers. The stiffness of the coreasetates 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 coeeisizomparisa to the formulation with

high SA to SF ratio when scanned in the dry médgie 3.2.C& Figure 3.4.B). This can be
explained by higher coeformation during scanning due to less SA hydrogel network which
maintains the structure of theare. The heighprofiles obtained by AFM show an increase in

the surface roughness of the core structure by increasing the SF to SArrgiie 3.2.D). On

the other hand, high SA content provides a smooth core surface because of forming a tighter
hydrogdy SG 62 NJ © ¢KS |, 2dzy3Qa Y2RdzZ dza gRigire36S | a dzNB
& 3.7). The stiffness of the prepared formulations of the nanocarrier was quantified by
applying Hertz modglEquation 5)using the values obtaineftom the force curvesKigue

36) ¢ KS OF f Odzt | us BdRease®byzyiciesing the2aRalmt of sodium alginate

(SA) in the formulationfigure3.70 ® ¢ KS Y| EAYdzY I OljdzA NBR, , 2 dzy 3
which higher than previously reported nanolipogels entrapping SA[@bly These results

indicate that larger stiffness range can be obtained by using a combiratisiopolymersn

the nanocarrier formulation. Unlike conveanal approach whichmodifies nanocarrier

stiffness by changing the crosslinker concentration, therapph used in this study allows for
adjusting the stiffness by adding another polymdef C LINP G SAYy 0 ¢ K isliz&t | f & 2
percentage, modify zetpotential and nanocarrier enzymatic degradation in the biological

environment[313, 350]
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Figure 3.3. (A) The maximum absorbance of ABLising UV spectroscop{B) ASCI9
calibration curve in PBS.
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Figure 3.4. Characterization of the synthesized nanocarrier formulations with varying
properties. (A) the particle size of the nanocarriers measured by dynamic light scattering. (B)
The core sizeféhe nanocarriers obtained by AFM scans in dry mode. (C) zeta jpbterihe
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nanocarriers measured by dynamic light scattering. (D) Encapsulation efficiency (EE) of ASC
J9 in different nanocarrier formulations. (E) Release profiles ofJASDcapsulat in
different nanocarrier formulations. (F) Changes to the diametérsanocarriers over 6
months measured by dynamic light scattering. * Denotes values of P < 0.05.

FTIR spectroscopy has been a useful technique to investigate the transformation2of-SF t
sheet predominant SF. The main absorption peaks for unprocesseth&SF blends in the
nanocarrier formulations are presented gure 3.5. The FTIR spectrum of unprocessed SF
shows the absorption bands assigned to amide | (1616.2)and Il (1508 cm?) that

O 2 NNBE a LIahgarR prad@minant (silk 1) [27Amide 1l absorption band (1228.5 &jn
O2NNBalLRyRa (2 &A-hdix ptedodifayice ZINMandcargey formulatioks h
containing blends of SF and SA (7:3, 1:1 & 3:7) present sp&oiilar to the unprocessed SF
with additional absorption barglthat are assigned to the C=0OHDand &0 stretching in the

SA structure [27, 35]. SF amide | and Ill absorption bands are overlapping with structural
groups of SA; thereforghe amide Il land was used to analyse the spectra and detect the
transformation to silk Il. As illustrated fRigure 3.5, the amide Il band clearly shifted to higher

wavelength and was detected at 1528.2-timndicating silk || conformation.
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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 ASGJ9 encapulation and release

Drug encapsulation efficien€i£E)s 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 ASI® EE he maximum absrbance wasneasured,anda calibration
curvewas producedKigure 3.3). For efficient entrapment of ASI® in the polymeric core
matrix, the drug and the crosslinking agent (Gp@ere added simultaneously. The drug

molecule enters the maix 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 caastrict the Brownianmotion of the ASQ9 molecules and
enharce 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 EEs was observed in different hydrogel stiffness whenpohgner was

used [28]. In the current study, two polymers have been used (SF & SA) and the interaction
0SG6SSy GUKS (62 Rdz2NAYy3I ONRaatAylAy3d Ftft2ga
for hydrophobic interaction with ASI® molecules. This carain 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, 3FiQUre 3.4.D).

The effect of modifyig the nanocarrier stiffness on the drug release kinetics alas
investigated. The nanocarrier formulation with higher stiffness (highé dzyni@uéus)
exhibited slower drug releasé-igure 3.4.E) The hgh percentage of SA results in a tighter
hydrogel network and smaller pore sizédure 3.2.D) which consequetty results in higher
retention and slower release of the encapsulated dregyre 3.4.E). These results suggest

enhanced EE and tunable drug releas
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Figure 3.6. Representative force curves for extend and retract presessth a single
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3.2.3 In vitro cellular uptake study

The designed nanocarriers consist of a combination of biopolymers that are individually
approved by FDA for pharmaceutical applications and regardadg biocompatible,
nonimmunogenic, and nontoxic polymej33, 351] Toconfirm the lack of toxicity ofhe
unloaded nanocarrieformulations, the cell population was evaluated after treatment with
unloaded (SF:SA=7:3, 1:1 & 3¥igfre 3.9.D). The reduction in the cell population ranged

between 111% indicating very low taity.
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To investigate the internalization of the nanocarriers and their payload release W1H6CT
colorectal adenocarcinoma cells, the cells were treated with-286@5 pM) or ASE loaded
nanocarriers for 6 hrs to simulate the drug availability timeivo before elimination. The
guantitative cellular uptake study wasrriedout in two conditions (10% FBS & 0% FBS) to
mimic differentin vivophysiological conditions. The treatments were removed after 6 hrs by
replacing the media to ensure that the erisity measurements are assigned only to the
uptaken drug. Like curcumin, ASZ molecule is autd f dz2 NI &OBINY Tehi 6<522

nm) and this property h&been used previously for cell tracking and measuring cellular uptake
[49, 96, 352] The enhanced cellular uptake by HCIBG is evident from the high content
images presented iAgure 3.8. A weaker fluorescent signal was observed in cells treated with
unprocessed ASI in comparison to ASIO loaded nanocarriersAs it could be observed in
Figure 3.9 the relative uptake of the ASI® was significantly enhanced when it was loaded
into the different ranocarrier formulations. Moreover, the ASGloaded nanocarriers
remained in the cells for up to 72 hrs after im@lization serving as a reservoir for the drug
and providing sustained drug release whereas the amount of freeJAS&hin the cells
showed a reduction after 72 hrs. This is supposed to be due to cellular efflux mediated by

transporters such as-§lycopgotein [340].

The anticancer activity of the dguwvas assessed by measuring the percentage of cells within
apopulation that survived treatment with the free drug and the dtogded ranocarriers at
different time points Figure 3.9.0). The free AS@9 showed higher activity at 12 hrs than the
drugrloaded into the nanocarriers, causiagp0-60% reduction in the number of cancer cells.
However, due to the low concentration of the drugtlkvn the cells resulting from lower
cellular uptake compared to the drelgaded nanocarriers, the cells recoveredrir the drug
treatment and restarted growing after 24 hrs. In the case of daagled nanocarriergon the
other hand, the antiproliferativeactivity started more slowly but was maintained over a
longer period of time (72 hrs) resulting anconsiderable rduction in the cell population
(Figure 3.9.Q. A variationin the anticancer activity was observed among the three
nanocarrier formulationgt 12 hrs especially in the absence of FBS. However, all nanocarriers
formulations showed similar pattern after 24<h 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 ASLin HCIL16 cells t was enhanced by
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loading into the designedanocarriers and that the sustained release of the drug from the
nanocarriers resulted ia prolonged antiproliferative activity which premted the cells from

recovering.

3.2.4 Uptake in 3D tumour spheroids

3D tumour spheroids were used as a mimic of the tursdigsuein the human body. 3D cell
cultures are very useful in cancer researchthsy can studythe efficiency and activity of
drug-loaded nanoformulation intumour tissues 8 KSNBE G KS W5 OSf f dzf | NJ
simulate the complex organisation and heterogeneity of solid tumours found in paf&is

315]. Spheroids generated form HQTI6 cell{with a diameter of 60800 um) were used to
assess the penetration and anticancer effect of the -A%$Coaded into the designed
nanocarriers into the tumoursAs itcould be clearly observenh Figure 3.10.A the drug
fluorescence appears to be quite umioly distributed across the spheroids. A drastic
increase in the fluorescent intensity was detected in the spheroids treated witRkl8&@ded
nanocarriers in comparison to the spheroids treated with theefdeug. Furthermore, there
was a significant diérence in the fluorescence intensity of the drug within the spheroids
treated with different nanocarrier formulationd={qure 3.10.B). The SF:SA (7:3) formulation
(with low stiffness) had the highesufirescence intensity follwed by SF:SA (1:1) and $¥:S
(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 ptake of the drugoaded nanocarriers through ahging the composition of the

nanocarrier cores.
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Hoechst Phalloidin ASC-J9 Merged

SF:SA (7:3)

ASC-J9 SF:SA (3:7) SF:SA (1:1)

Control

Figure 3.8. High content florescent microscope images of HIIb showing cellular uptake
of the free ASQ9 andlifferent AS&)9 loaded nanocarriers (SF:SA=7:3, 1:1, & 8at) 4
hrs (x20 magnification, the scale bar represents 40 um).
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Figure 3.9. (A) Relative cellular uptake of ASZ loaded nanocarriers formulations and
unformulated ASQ9. (B) Fluorescence integrdtintensity of AS@9 at multiple time points

in unformulated form and in nanocarriers form. (C). The percentage of surviveafteelsSE

J9 and AS(Q9 loaded nanocarriers treatments at multiple time points. (D) The effect of the
unloaded nanocarrierofmulations 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 tlorescent microscope images showing uptake of-#&6C
solution and ASE9 loaded nanocarrier formulatiotsy HCT116 tumour spheroids (%2
magnification, scale bars represent 400 u(B). Theluorescent intensity of ASI within the
spheroids. An asterisk denotes statistical significance as follows: *P < 0.050.0P, &*P <
0.001.
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3.3 Conclusion

SF is a biocompatible biopolymer which has been approved by FDghéomaceutical
applications. Therefore, it has gained great attention as the main ingredient in various drug
delivery systems. Although the nature of Stein is desirable, formulating SF as stable
nanocarriers with controllable properties remains a &ade. Herein, we report the
development of a very versatile, stable nanocarrier system using a blend of SF and SA for
enhanced encapsulation and conteddl release of the hydrophobic anticancer agent ASC

The designed nanocarriers were prepared usingimple method which avoids harsh
preparation conditions such as extreme heat, pH or organic solvents and enjoyed controllable
size (using the extrudedpid template technique) and tunable stiffness (via changing the
SF/SA ratio). Tuning the stiffnesstloé nanocarriers resulted in changes to the drug release
and anticancer activity of the ASG in HCGIL16 colorectal cancer cells. Our findings also
disphy a significant increase in cellular uptake of A8@ithin thet1, window when loaded

into the narocarrier systems and prolonged anticancer activity resultingeprevention of

the cancer cell recovery in comparison to the free drug which may bsgoificance in
preventing MDR. Modifying the nanocarrier properties also affected their penetratitan i

the 3D tumour spheroids which serve as a model for solid tumours. Despite the large number
of factors that govern the mechanism of cellular uptak&uimours, this study results suggest
that tailoring the stiffness of the anticancer nanocarriers shdagdatonsidered 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
nanopartides

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 -tiatsdtch variation ad
enhancing production rate are some of the essential requirements for accelerating the
translation of DDSs from small scaleti@ industrial level. Microfluidic technologies have
emerged as an alternative to the conventional bench methéa address thee 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 andngtic materialsHere, we demonstrate the potential

of the newly developednicrofluidicdevice(Swirl mixerfor the continuous production of silk
nanoparticles with tuned particle characteristi€3ur new microfluidic design demonstrated
efficient mixingof organic andiqueous phasesvhich allows for controlled production of silk

nanoparticles.

4.1 Introduction

In the past decade, therdas beensignificant developmenin microfluidic devices for
nanoparticle production[353]. Rapid mixing within the microfluidic system generates
nangparticles byfast nanoprecipitation ad this process is simple, scalgkd@d convenient

for the pharmaceutical industr{354]. The ability to ircorporate more than one component

in the nanostructure and control the particle formation by changing the processing
parameters is animportant featurefor drug delivery application855]. The high precision
control of flow rates, flow regime (R¢y2 f RQa Yy dzY 6 S Ndlalowd fof Botinvizing A Y 3
the properties of the prepared nanoparticles such as size, shapé size distribution.
Creding a supersaturated solution of constituent molecules is an important route to
nanoparticlesynthesig356]. Approaches to date have relied eitherthe rapid distortion of

the aqueous particle component stream by acceleration adfacent diluent solvent streams
[357] or by folding the streams together in mixer elemenl0]. In the first approach

particles necessarily form under conditions of highly fwmiform composition while mixer
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desgns employed in the second are far less effective than the best avadghia resulting
in formation in a noruniform particles[310, 358, 359]To generate uniform particles under
controlled conditionsa micrafluidic mixermust be designetb achieve a uniform mixture in
a timeshorterthan the time scalesequired forparticle growth and aggregatiaas previously

discussed (Chapter 1, section 1.4.1)

The current microfluidic designs (eSjaggered hemngbone) that can achieve uniform mixing
are limited by the pressure drogrhich takes place in the microchanri8b8]. This problem
makes the majority of the current microfluidic mixers dgsunsiitable for scaling up, and
inconvenient for processing mapyarmaceutical ingredigs. Although inceasing thesize of

the channelof the mixer can reduce the pressure drop, it can also reduce the uniformity of
the resudting mixture. Therefore, the@referred mixer in pharmaceutical processing should
have ageometic designthat generatesthe lowest presare drop, which allows foa high
total flow rate, without affecting mixing uniformity and residence tirile.obtain the desed
particle size and narrow size distribution, specific mixing titag gnd mixture unibrmity
must bereached[310]. Rapid mixing is likely to require flow in the high Reynolds number
regimes inwhich inertial effects are larg&hemixer used in tfs study has a novel swirl design
for the efficient preparation of nanoparticlesIt consists obne or moremixing elemerts,
each with an initial chamber for generating angular momenttoiiowed byan orifice leading
into a second chamber as illustrat@dFigure. 4.1. The flowpattern and concentration are
shown for computation aRe=100. The swirling flow in the initial chamber is evident and

one can see the complex flow produced in the secdmahaber.

FLOW CONCENTRATION

Figure 4.1. Swirl mixer element: flow and concentratiorodelingat Re= 100

101



In this study, fourelements, two-elements and one elemerswirl mixes were designed and
tested using the example of silk nanopartigeduction. The objective is to achieve the
smallest possible mixing time with this particular mixer usandualsyringe pumpand to
document the effect of flow ratew S & y 2 £ R Q and wiixinyg GirBelNbn particle size
distribution. To evaluatethe performance of the developed swirl mixer in termsnoéan size
and particle size distributigna Fmixer operating at the same conditions was us&ize

distribution measurementvas obtained using nanoparticle tracking analysis (NTA)
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Figure 42. Syringe and flow system characteristics for FRR &8.8wirl mixemwith 4
mixing elements (4X)(B)The model-mixer.
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4.2 Result and discussion

Proteinbased nanopatrticles (e.g. silk fibroin) emers promising nanomaterisfor drug

and gene delivery261]. Although silkbased nanoparticles arnincreasingly ngorted in cancer
therapy research, most of these particles are produced in the conventional precipitation
methods[360]. These methods are batdlased and provide no 4process control othe
nanoparticle propertiesThe development of microfluidic systertasproduce pharmaceutical
nanostructuresand fine tune their propertieias been explored by several studj246]. In

fluid mixing, there are two main flow regimes: turbuldtdw and laminar flow.Either flow
OFy 200dzNJ RSLISYRAY3I 2y wSey2f RQa ydzYoSNJ gKAC
of the fluid in the mixer microchanne]861]. Most mcrofluidic platforms uses laminar flow
(low Re)whichinitiate mixing only by molecular diffusipthisis inefficient for producing a
uniform mixture in the available microfluidic devicg61-363]. The channel geometry and
the design of the microfluidic desigriswve beenmodified to optimize the mixingand
produce particles with desirable propertig60]. For examplethe staggeredherringbone
design createshaotic flowby forcing the streams to pass over a herringbone structwiach
createstransverse vorticet produce a uniform mixturg864]. Although this design has been
used to produce size controbnostructures (e.g. silk nanoparticles and liposomesgstfaw
limitations, such as complicated fabrication of the device channels and high pressure drop
which limits the TFR to 20 ml/m[60]. Therefore, increasing thmaximum TFR is one of the
issues to address to scale up the microfluidic deaod to comply with Good Manufacturing
Practice (GMP) standards. The alternative design that is developedsirsttidy offers
maximum TFR (112 mil/min) with novel swirl design to produgeifmrm nanoparticle sizat
different TFRs and different flow regim@® evaluate the performance of the swirl mixer, a

standard Fmixer is operating at the same conditions vwedso used for @amparison.

The fow through theswirl mixer and dmixer wasgyeneratedusingdualsyringe pumps (Fusion
4000, Chemyx Inc.) one for aquequsaseand the other fororganic phase Although ech
pump is capablef 17.8 cm/min maximum linear spee¥yax) and289 N maximum force
(Fmay), the force used to generate the flow is affected by the volume of mounted syringes
Part of the forceisrequired to drive againdhe syringe plungerandtherefore the allowed
pressire and flow rate are dependent on syringaufieter and the pump characteristi€his

characteristic is plotted ifrigure. 4.2, together with the flow system characteristic estimated
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using a simple network model, for the flow ratio.eTimaximum flow states corresponding to

the maximum pressure allowdefor each of three availabkgyringe size@~igure4.2). Sincell

are below the pump characteristic (dashed curve) the flow states indicated are possible and
specifythe maximum flow ratéhat can be achieved with each of these syringes. With the 20
mLsyringe the maximumtotal flow rateis83 mL/min {n = 0.44 ms). As the 20 mL syringe is
on the borderline for this preliminary study the 30 mL syringe is u3&dR(50 mL/min and

(tm =073 ms) to avoid difficulties associated with operating at thatsnof the syringe pump.

In the case of the standard tube mixerrixer), the channels geometry allows for larger

syringes (60 ml) to be us€Bigure4.2).

40- .
W T-mixer
T \ .
301 Swirl Mixer
X
o
E’ 20+
> T
10+
10 ml/min 50 mi/min

TFR

Figure 4.3. Percentage yield of silk nanopatrticles produced withl$mixer and Imixer at
two different TFR.

The percentage yield of the silk nanopartidleat is manufactured using thavirl mixer and
the T-mixer is dependent on tapplied TFR both microfluidic platformgFigure4.3). The
production efficiency fothe manufacturingf silk nanoparticleslemonstrateghat relatively
low TFRhas higher nanopatrticlgield. SlowTFRallows more time for silk solution to interact
with organic solvenand induce the structural changes required for more nanoparti@a8].
The developed swirl mixer showed a higher percentage yield than-thdr in both tested
TFR (10 & 50 ml/m)jr{Figure4.3). Thehigher mixing efficiencwhichtakes place in the swirl
mixer, in comparison to the -Mmixer, enhance the removal of he water molecules and

ultimately high precipitation of silk nanoparticles.
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Figure 4 4. The size distribution comparison of the two mixers operating at different TFRs
and in laminar and transitional flow regime (Re> 30Q8) Swirl mixer(B) T-mixer.
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The mixing element within the swirl mixproduces a complex flow pattern that helps to fold
the two solutiors (Silk solution and methanotpgether. It functiors by creating angular
momentum in the first chaimer of the mixing element,using the tangential inlets, and
creating a complex flow in thsecond chamber when the high angular momentum fluid is
then passed to it through a small passaghis flow patterrbringsthe first solution incontact

with other and triggesrapid precipitation ohomogenoussilk particlesven at low ReRigure

41 & 4.4). On the other hand,T-mixer requires much high Re and TFR to achieve
homogereous nucleationand rapid precipitatiorof the nanoparticle$354, 356] Hgure 4.4
shows thatvarying the TFR in the transitional and laminar flow (Re 100 to 2700) affects the
size distribution in both mixerdncreasing the TFR reduces thmxing time {mix) and this
minimizethe available time for the particles to grow and aggregaigy) [356]. Therefore, at

TFR = 50 ml/mim the swirl mixey the size distributiorbecomes significantly sharper with
smaller average ®zthan lower TFR. However, the pictureatremerges from -ixer is
completely different. Even at the highest TFR investigated within the transitional flow regime
(TFR=50 ml/min, Re=270@)e Fmixer demonstrates much wider distribution in comparison

to the developed swirl mixerVarying the R in the Fmixer also showvery little effectof

the mixing performance in the flow regime.

Before experimentallyinvestigating the performance criteria in the turbulent flow, a
computational studyusingAnsys 2019 R2 software was conductedo look quaitatively at

the flow pattern and associated mixing of two solutidnsboth T mixer and swirl mixer.
Figure 4.5 shows mean flow patterns computed using a turbulencedel to represent the
effect of fluctuating moibns, for the tube mixer on the left ana 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,Ahrough green to blue for pure solution B. The
flow rates of the two solutions in this example are the saribe main two observatiorere:

(1) The swirl mixer volume is much smaller than that of the tube mi&the outlet of the

tube length show the meanconcentration remains highly nemniform, with both slight
orange and blue colouring of some of the streamlines evident. The swirl mixer, with the very
compact space occupiethas producedan apparently uniform (geen) mixture of the two

solutions.
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Hgure 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 midreen beig the perfect mixture between the tw®roduced by
Ansys 2019 R2 software

To investigate the performana#d the swirl and dmixer in fully turbulent flow (Re> 3700), the
size distribution is measured at relatively high TFR (86, 112 mlasiseen irFigure 4.6.
Overall, the distributions gradually shift in a regular manner tasamallerparticle size as
the TFRincreasesin both mixers Although the performance of T mixer improves in the
turbulent flow, the swirl mixer continues to show sharper digtitibns at the same TFRa

fully turbulent regime
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Figure 4.6. The size distribution comparison of the two mixers operating at different TFRs
and in fully turbulent flow regime (Re<370@) Swirl mixer(B) T-mixer.
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By comparingigures 4.4A and4.6B, the size distributiorproducedby swirl mixer at TFRs0
ml/min (Re =2700) is almost identical to the size distribution produced by-thxdr at TFR=
112 ml/min (Re= 6050¥%enerating this high flow rate in the foulent flow requires much

higher presste than the swirl mixer aaminar flow that produces the same size distribution

Although both mixesrespond to the increase in TFRs by producing smaller particle size, the
standard deviation trend in case of thenixer is dependent on the TFR. This methat the
smaller standard deviation can only be achieved at high TFRoRke efficient mixing that
takes place in the swirl mixer, the standard deviation trend is independent from theaBFR
seen in(Figure4.7 C& D). Ths allows for patrticle sizéuning by changing the TFR without
riskinglarge standard deviation (undesirable large particl&)lomunet al.[365] produced

silk nanoparticles using commerciabtaggeredherringbonemicromixer (Nanoassebler) at
maximum TFR= 12 ml/m{B865]. The silk nanoparticle size produced by this mixer is in the
range (116310 nm). At the same flow rate ratio (3:1) organic phase: agueous phase, the swirl
mixerproducessilk nanoparticlesithe range (23095nm) with maximum TF&f 112 ml/min

observed inFigure4.7C

To understand the influence of mixing on the trend of mean patrticle size and shape of the size
distribution, with increasing TFR and Re, mixing time should be consideysdown ifFigure

47C& D, TYAESNI R28S4ay Qi LINRPRdzOS LI} NI AOf Sa aai s
chaaotic turbulent flow with mixing time > 4 ms. On the other hand, the designed swirl mixer
produces particle size below 200 nm in the transitiband turbulent flev (mixing time > 8

ms) and perforns significantly better everin the laminar flow. Due to the difference in
geometric design, laminar and transitional flow can occur at shorter time in the swirl mixer
thanin the T-mixer. This property allows for a lageangin to reduce the mixing time without
shifting to another flow regimgthis can be extremely useful ituning the formation and

maintain reproducibility.

The silk nanoparticle stability was also investigatedvater over 30 days, because the
nanopartcles prepared for biomedical applications are required to possesséngstability
during storage and transportation. Silk nanopartickesre produced at the same total flow
rate (TFR 50 ml/min, Re =2700) lre two tested mixers (swirl mixer &mixer). The particle
size of the silk nanoparticles produced by swirl mpetainedtheir size at £C and have an

increase obnly 10 to 20 nm at 37C(Figure4.7 H). Onthe other hand, the silk nanopatrticles
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Figure 4.7 (A) Theflow pattern modelling of the-mixer.(B) The flow pattern modelling of the Swirl
mixer (Mesh modellingC & D)The mean particle size and standard deviation produced by-the T
mixer and swirl mixer using different TER & F)The mean particle size different mixing time in T
mixer and swirmixer.(G & H)Stability of silk nanoparticles generated bynixer (G) and swirl mixer

(H) using the same Total flow rate (TFR = 50 ml/min). The particle size of the silk nanopatrticles stored
at 4°C and 37C was measured in DI water over 30 days
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genaated by the Tmixer showed an increase in the particle size ran@iom 30 to 50 nm
over the testedtime period (Figure4.7 G). The difference in stability between the particles
produced by Imixer andthose poduced by thedesignedswirl mixer can be explaindw the
difference in thér size distribution. In the case of the swirl mixer, the distributi®sharper
and narrower han the distribution of the particles produced by thariixer with the same
procesang conditions Eigure4.4). The wideistributionindicates very low size uniformity in
the case ofT-mixer, which can increase the tendency of small particles to aggregatte

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

The shape and morphology of the silk nanoparticles produced by the swirl anehtineeiiat
TFR =50 ml/miare analysed by AFMnd TEMFigure4.8). The silknanoparticles generated
by the swirl mixer have spherical sha@and uniform size distibution, which correlates with
the NTA measurementsFigure 4.4). More irregular shapes and larger sizes with wide
distribution are observed in the nanoparticles prodddsy the Tmixer.This difference in the
nanoparticlesproduced by the two mixers carelexplained by the inefficient mixing that is
generatedby the Fmixer during the particle formation. This results lsose fusion and
aggregation of the silk nanopar&s. The silk protein has a relatively high molecular weight
(390 KD) which requiressafficient amount of organic solvent to encounter the silk solution
and rapid removal of water molecules to produce packed and uniform silk particles. These
conditionsare achieved in the swirl mixewxhich can induce more efficient rapid mixing than

the T-mixer.
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100 nm 100 nm

Figure 4.8. Atomic force microscopy (AFM) scans of silk particles produced at (TFR = 50
ml/min, mixing time =7.25 ms) using -mixer and swirl mixer. (I & J) TEM images of silk
nanoparticles produced at (TFR = 50mmm, mixing time = 7.25 ms) usingniixer and swirl

mixer.

The impact of the number of mixing elements in the swirl mixer on the mean size amthsdan
deviation is also investigateat two different TFRs (10 & 50 ml/miffrigure4.9). At the
relatively high TFR (50 ml/min), no significant difference in the mean size or standard
deviationis recorded among 1, 2 & 4 mixing elemenitowever, the lower tested TFR (10
ml/min) showsa tangible increase in the mean size and standard deviatbrthe silk
nanoparticles produced by the 4 mixing elememtscomparison to the 1 & 2 elemen(Sigure

4.9). The impact othe number of mixing elementsanvary depending on theoncentration

and the composition of theanoformulation Figure. S.1 irsupplementarydata).
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4.3 (Gonclusion

Biopolymeric nanoparticles are a wedicognised drug delivery system for their ability to
enhance the drug activityimprove cellular uptake, and reduce -tdirget toxicity by
increasing accumulation at the target tissUdere is an increasirdgmand for nanoparticles

as nanocarriers for several active pharmaceutical ingredients, especially hydrophobic
anticancer drug. Therefore, contrafid and largescale production of nanoparticles with
desirable propertieshave become an important strategyn 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 devicasldressthe limitations of the conventional methods
such as reproducibilitand tunable properties, thenain remainng challenge is scalinup
production without using very high pressure. These challenges slow down the translation of
many nanopatrticle formulationsdm benchtop to pharmaceutical industry. In this study, we
present a new microfluidic swirl mixer which has higher TFR thany noérthe current
complicated design®(g. Staggered herringbopand better performanceéhanthe common
simple designse(g. Fmixer).The findings presented in this study showed ttred swirl mixer

is more efficient than the-mixer in mixing two soludin in different flow regime. Moreover,

the swirl mixercan be optimized by adding additional mixing elements and inlets and has
achieved higher mixing performance th#me T-mixer, despite havinga much smaller size.
The swirl migr design enablesizetuning of silk nanoparticle®2095 nm), andcan reacha

TFR of 112 ml/min making it a promising microfluidic platform tfee pharmaceutical

industry.

114



5 Chapter 5. G3Functionalised magnetic silk nanoparticles
produced by the swirl mixer for enhanced anticancer activity

Abstract

Silk fibroinis an FDA approved biopolymer for clinical applications with a great potential use
in nanomedicine. However, silkased nanoformulations are still facing several challenges in
processing€.g.,Reproducibility) and drug delivegfficiency(e.g., Targetalility) especially in
cancer therapy. To address these challenges, robust and conteoplatdiuction methods are
required for generating nanocarriers with desired properties. The aim of this study was to
develop a novel method for production of peptidienctionalized magnetic silk nanopatrticles
with higher selectivity forcancer cells for tayeted delivery of the hydrophobic anticancer
agent ASQ9. A new microfluidic device with a swirl mixer was designed to fabricate magnetic
silk nanoparticles (MSNP) Wwitlesired size and narrow size distribution. The surface of MSNPs
was functionalized wit a cationic amphiphilic peptid& (IIKKgJ-NH (G3), to enhance their
selectivity towards cancer cells. The-B3NPs increasethe cellular uptake and anticancer
activity of in colorectal cancer celdCT 11@ompared tofree G3 Moreover,the GZMSNPs
exhibited considerably higher cellular uptake and cytotoxicity in HCT 116 colorectal cancer
cells compared to normal cells (human dermal fibroblagisgapsulating ASB in GAMSNPs
resulted in augmented anticancer activity compared to free-8%and AST9 loaded MSNPs.
These results show that functionalizing MSNPs with enhanced the selectivity and anticancer

activity of ASE9 within its biological halife.

Keywads: Drug delivery, Magnetic silk nanopatrticles, Microfluidics,g@ptide and
targetedcancer therapy.
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5.1 Introduction

Cancer is one of the main causes of deaths worldf8@€]. In the united states, colorectal
cancer(CRC])s the second cause of canceratle and was estimated to be responsible for
53,200 deaths in 2020 out of 147,950 newly diagnosed individuals witH3BRICTo fight

this life threateningdisease, tremendousfforts in nanomedime research were devoted in
the past few decadef208]. Drug delivery systems (DDSs) have improved the treatment
efficiency interms oftargetability, drug resistance and controlled release of the paylffad
368, 369] Engneered nanoparticles (NPs) for targeted drug delivdrgve emerged as
effective drug nanocarriarin cancer therapy[6]. Many recentstudies have fagsed on
modifying the properties of NPs to improve drug selectivity, minimize side effects, prolong
blood circulation and reduce drug resistance tmours [208, 370] Nanoparticles are
suitable for tumor targetng due to their abilityto take advantage othe leaky nee
vasculaturesof solid tumours which allows for their passivaccumulation[371]. This
accumulation is a result @nhanced permelaility and retention (EPR3ffect which attracted
more attention tothe productionof nanostructures with specific size distribution (>200 nm)
[356, 372, 373]The remote control of the properties (size, shapeh&rge) of the generated
nanocarrier is a kefactor in enhancing the loaded drug activity and determiningithegivo

fate of the nanocarrief374-377]. Therefore, many nanoparticles with different properties
and ompositions arecurrently in clinical trials for a wide range of applications in drug and

gene deliveny378, 379]

Due to the low solubility, short halife and poor targetability many anticancer drugs such as
curcumin and AS@9 have shown limited activity in tumor tissug®, 166] Loading the
anticancer agent to a nanocarrier with specific properties @eliverthe drug to the target
tumor microenvironment and exert the requdeanticancer activity{16, 38)]. Since the
majority of anticancer agents are prepared for parergeadministration, 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 anie main
reasons for multidrug resistanc®DR) in metastatic cance{838-340]. For example, the
half-life (t12) of ASE)9 is less than 6 hfsllowing an intravenous injection in mou§&3]. A
common strategy to overcome these limitations is to design drug nanocarriers that reduce

immune response and enhance cellular uptake withinttiaeof loaded drug[381-383].

116



Biopolymeic nanoparticles such and silk fibroin (Sfarticlesare preferred in drug delivery
due totheir biocompatibility, biodegradability and low immunogenyc|33, 49] SFbased
nanoparticles have shown strong atyilio capture and releasseveral model drugd.65, 209,
384, 385] Seib etal., produced SF nanopatrticles for pH dependant release of ddman to
overcome drug resistance in human bseacancer cells MCF [386]. In addtion, SF
nanoparticles can be decorated or functionalized with different ligands in multiple ways to
promote cellular uptake and improve the delivery of the loaded df289]. However, low
tumor targeting is one of the main issuesathundermine the efficacy of many anticancer
formulations due to insufficient tumor accumulati¢é]. To enhance tumespecific delivery
of the anticancer agerst and minimize oftarget effects, active targeting approach using
functionalised nanocarriers has shown promising resf@&/]. This approach formulate
nanocarriers (liposomes or nanopartis)eby functionalising a targeting ligand (monoclonal
antibody, or peptide) on the carrier surface to favour specific tissue or ce[38&391]. Riaz

et al. [71] augmented the therapeutic efficacy gliercetin for lung canceherapy by using
liposomes functionalised with T{HAIYPRHpeptide which target the overexpressed
transferrin receptors in Lung tumef71]. The use of magnetic field is another effective
strategy to drive the amtancer formulation toward the targeted tissue aedhance drug

accumulation at the tumor siteg892, 393]

Producing nanoparticles with controllable properties using a robust method remains a
challenge. AlthouglSF nanoparticles can be proddce a broad spectrum of methods,
desolvation method using microfluididevices is found to be the most robust and
reproducible techniqug¢33, 210, 365]Size variation can affect ssal performance factors

in drug delivery such as loadiefficiency, targetability, cellular uptake and pharmacokiretic
[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 rat®mr(FRR) between different phases
(organic & aqueoudB95, 396] For example, staggered herringbone was utilized to prepare
SF nanoparticles (18800 nm)with controllable properties at a maximum production rate of
12 ml/min[210, 365] In this paper, we present a new microfladievice(swirl mixe) which

provides a relatively high production ratd00 ml/min) and controlled preparation of
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magnetic SF nanoparticle$he 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 a&mts with selective toxicity and low probability of causing
resistance[397-399]. Despite these advantages, anticangeptides (ACPs) demonstrated
poor proteolytic stability in the body which limits their trans@t to the clinical application
[400-402]. G(IIKKJ-NH (hamedG3by the designersis an alphahelical anticancer peptide
which isshown to beeffective against Hela and HTC 116 cancer cell [jB89,403, 404]In

this study, G3vas usedo decorate magnetic SF nanoparticlesatthieve targetedielivery

and enhance the anticancer activigugmented effectpf ASEI9towards HCT 11éolorectal

cancer cells.

L ) » H

° Magnetic
nanoparticlesin
nraanic nhace

A i, Slk fibroin
/% (aqueous

Figure 5.1. (A) Formation of magnetic silkanoparticles (MSNR)sing the microfluidic
platform followed by G3 functionalisation to prepd@3MSNP)(B)AFM scans cB3MSNP.
(C)The helical wheel projection of G3 pepfit¥#].
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5.2 Results and discussion

In cancer therapy, combining two therapeutics is a common strategy to maximize treatment
outcomes. Rarmacokinetics, elimination time and intracellular concetitna are mainly
affected by the physiochemical properties of anticancer drwgsich can be modified by
formulating the drug in nanocarriers. Recent studies suggest that cellular drug conceamgratio
are essential for maximizing not only the drug activity but also the synergetic effect when
combining more than one active pharmaceatiengredient[405]. For example, liposomes
loaded with acombination of cytarabine and daunorubicin have been used iicalitrials for
treating patients with acute myeloid leukaemia (AM&)5]. The useof nanocarriers that
modify the drug§properties to improe their efficiency in the body is an effective approach

in cancer treatment. However, the preparation of suitabtejiable, and reproducible
nanocarriersat a large scale is one of the main challenges for moving many-cadnugr
formulations from proof d concept toclinical applicationsThe microfluidic technologies
have been employed previously to produce differeypés of drug delivery systems such as
liposomes and polymeric nanoparticl¢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
(ASEJ9 to enhance its intracellular concentration within the tumour tissue. To improve ASC
J9 activity and selectivity toward cancer cells, G3 peptide was graftédeosurface of the
nanoparticles. Although using cationic helical peptides with anticancesitgctuch as G3 has
been reported [399], functionalising G3 on nanoparticles armbmbining G3 with an

anticancer agenhas not been reported elsewhere andstsidied here for the first time.

5.2.1 Characterizatiorand surface analysisf MSNP and (G3YISNP

The rapidnanoprecipitation gener@d by the microfluidic device produced magnetic silk
nanoparticles with a size rang&29-232 nnj. The sizeand zeta potential were characterized
by dynamic fjht scattering (DLSJéble 5.). The net charge of the MSN®as negative with
zeta potential ranging from36 mV to-19 mV inDI water depending on the processing
conditionssuch ag§ FRFRRand the organic phase selectiofwoFRR$3:1) and(5:1) (organic
phase:aqueous phase) were used in this stutihe MSNPBprepared using acetone at FRR

acetone: aqueous (3:1) and (5dgmonstrated the smallest particle size 8alnm).
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Table 5.1. Dynamic light scattering characterization of MSNP produced by the microfluidic dewegiyg
total flow rate (TFR) and flow rate ratio (FRR).

Sample (TFRMI/min)  Organic phase (FRR) Size (nm) PDI Zeta potential (mV)

MSNP (10) Methanol (3:1) 232411 022 -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) 17249 0.19 -22.5+1.8
MSNP (10) Acetone (3:1) 211417 0.26 -15.8+3.3
(5:1) 218+21 0.24 -16.2+3.8
MSNP (50) Acetone (3:1) 132415 021 -12.943.9
(5:1) 129+18 0.22 -12.3+4.3

Thehighsolvent ratio and low total flow rate enable better removal of water molecules from
the silk stricture which resultsin rapid nanoparticle formation[408]. Miscible organic
solvensthat can form hydrogen bonds with water (aqueous phase) are the suitable solvents
for micofabrication of nanomaterials usirtge microfluidicplatform. However, the ability to
form hydrogen bonds with water is not the same among organic solvents. The gotic
organic solvent such as methanol and isopropanol fekegher capacity to fornmydrogen
bonds with water than aprotic organic solvestich as acetone and DM$Z10]. Therefore,
methanol andacetone were used to investigate th@mpact on the nanoparticle production
andto select the solvent which providetesirable nanoparticl@roperties for drug delivery

In agreement witha previousstudyon silk nanoparticle production using microfluidic systems
[210], the higher organisolvent to silksolutionratio (5:1) gaerated smaller particle size and
zeta potential in both teste organicsolvents than the lower ratio (3:1). As speculattt
nanoparticles produagusing methanol showedlarger particle size than the ones proceds

with acetone under the same microfluidic parameters (TFR). This can be explained by the
differencein theability of thetwo solvents to strighe silk structureof water moleculesvhen
rapidly mixed with the silk solution in the mixer chambdrie type othe organic solvent is

not the only factor thataffects the particle size and surface chargjee applied TFR plays a
key role in controlling the properties of nanoparticleslthough swirl mixer can initiate
uniform mixing at low TFR (low y®lds numbey, the mixing time ghigh TFR (50 ml/ming

significantly smaller than low TFR (10 ml/min).sTimay shorten the available tinfer the
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nanoparticle growth and changeacking arangement leading to different particle size and

surface charge.
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Figure 5.2. (A) FTIR absorbance spectra of unpressed silk and silk naniesgpticduced by
microfluidic device using Methanol or Acetondhasorganic phase(B) Silk fibroin secondary
structure analysis of theanoparticlesgenerated by the microfluidic device tlyanging the
organic phase and the total flow rate.
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The structual transformation of the silk fibroin when processed under different microfluidic
conditions was assesseding FTIR. The FTIR spectra of the amide | rébpdi®1650)of SF
was used for cmparing thefabricatednanoparticles with unprocessed @hgure5.2 A. The
spectra vere normalized andhe areas under the curve tfie amide Iregionwere analysed

as reported previously312, 409] Overall, the secondary structure of the nanoparticles
produced bythe microfluidic systemshowed a higher percentage bfsheets and a lower
percentage of -helicesthan unprocessed watesoluble SFRigure5.2 B). However the silk
nanoparticles processed with methanol showadslightly higher percentageof i -sheet
(37.1%)than the particle processed with acetor{85.8%) 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 shapéhe nanoparticlesduring producton and
functionalistion, morphological assessment usingtomic force microscopyAFM was
performed after every processing st@pigure5.3). Themagnetic nanoparticles (MNP) were
scanned before being loaded to the organic phase syringe. Then, the nmagsikii
nanoparticle{MSNIR) produced bythe microfluidic systenat TFR=50 ml/miwere analysed.

In agreement with DLS size measurement, the size and morphological assessment by AFM
showed smaller MSN#produced by acetone. However, more irregular shapesawbserved

in the sample processed by acetone. On the other hand, the nanoparticles prodaced u
methanol showed more size and shape uniformitig@re 5.3 B Afterfunctionalisation with

G3 peptide, the nanopartickedemonstrated slightly larger sizend completely different
morphology from theunfunctionalsed nanoparticlesWe speculate G3 fctionalisation
occuisthroughelectrostatic interaction between the MSNP and G3 peptide. This is confirmed

by the AFM scanm the G3MSNP produced using methal and acetoneRigure 5.3 £
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Silk
solution

Processed with Processed with
Methanol Acetone

Mixed with Mixed with
G3for12 h G3for1l2h

Figure 5.3. AFM scans of thdifferent stepsinvolvedin production andunctionalisation of
MSNR using methanol or acetone dke organic phase(A) MNP Scans before mixing with
silk soluion in the microfluidic system. (B}-M sans of MSN&produced bythe microfluidic
system at TFR = 50 ml/mi¢C) AFM scans of G3 funatdised MSN&after 12 h incubation

with G3 solution.

123



Due to the substantialifferencein zeta potential betweenhte positive Geptide(~ + 6 mV)

and the negative biopolymeric surface of MSNPs, it was possible to funcseotineiMSNPSs
surface with G3 peptide through electrostatic interactions. This functionalization results in a
significantincreasein the surfacechargebetween MSNP red G3MSNP associated with a
slight increase in the size of t&@3-MSNPas shown in the DLS measuremerigy(re5.4).

The change in zeta potential valaed mean sizef the nanocarriers afteinteraction with

the peptidewas used peviously as indicataito confirm the functionalisation of mApoE and

dApoEpeptideson the surface ohanoliposome$135].
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Figure 54. (A)the size an@B)zeta potential of thdISNR produced by the microfluidic
system before and aftdunctionalisation withG3 peptide.
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The amount of peptidgyrafted on the surface of MSNRvas calculated by measuring the

concentration of the peptde before and after incubation with MSHRising the UV

absorbancecalibration curveFigure 5.5A. The grafting efficiencgf MSNPs producedith

the desied size rangedt TFR 50 ml/minusing either acetone or methanol was measured.

The G3 peptide graftmefficiency of the MSNPs processed with methanol was slightly higher

than MSNPs processed with acetdrigure 5.5 BThis can be a result of the difference of the

surface charge betweethe particles generated by th&o solventsTable 5.1 Therefore, the

MSNPs batch produddéy methanol at TFR: 50 ml/mwmas 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 @Baftedon the surface of MSNP processed with acetone or methanol.
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To investigate the MSNP encapsulation efficigfitiy%P0 uM of ASEI9and2 mg or5 mg of
nanoparticlesvere usedFigure5.6.A). Theencapsulation efficiencywaslower with 2 mg of
MSNPcomparal to 5 mg of MSNP (61% vs. 84% respectively) but there watatistically
significant difference between thencapsulation efficiencyof MSNRB and G3MSNR.
Comparel to other protein-based nanoparticles, MSNP demonstrate very high
encapsulation efficiecyfor hydrophobic model drug57, 410, 411]The release behaviour
of ASEJ9was also studied to obtain information about drug diffusion timiAtsq this study
typically allows for investigating the impact ofiodifying the polymeric matrix othe
nanoparticles orthe interaction betweerthe drug molecules anthe nanopaticles. Similar

to curcumin, there are multiple steps involved in the release of-2&ftom thesurface of the
nanoparticlesncluding initid diffusion, water penetration to release the entrapped drug and
the nanoparticle degradatiof12]. In ageement withapreviously reported stud§96], more
than half of the loaded drug was releasiedthe first12 hoursof incubation at 37 °Gr(gure
5.6). This was followed by a slower releasih 70-74% of the loaded drug released afté2

h. The cumulative drug release reachaglateau, suggesting a continuous and sustained
release by MSNFand G3MSNR with ro statisticaly significan difference between the two
(Figure 5.6)
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5.2.2 Cellula uptakeand cytotoxicitystudy

Naturally occurring or syntheticationic amphiphiligpeptides with the ability topenetrate

the cell membranes have been widely used for drug delivery and targptit®]. Many of
these peptides have-helical structures ocanform transmembrané -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 -helical cationic amphiphilic peptide named ,G3
with the gructure G(IIKKJ-NH, has been designed yu et al with the ability to penetrate
into the cancer cells and selective anticaneetivity [404]. The higher selectivity of G3 for
cancer cells over normal mammalian cells has made it a promising toolrfimtéa drug or
gene delivery to cancer cel[899, 403] However,the cellular uptake of the peptide was
found to beconcentrationand timedependent [403]. In our cellular uptake study, the impact
of graftingG3on MSNP on cellular uptake was evaluated and the corresponding cytotoxicity

was also assesseHigureb5.7).
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Figure 5.7.The cellular uptak@nd cytotoxicity study ofree G3 peptide and magnetic silk
nanoparticles grafted witls3peptide(G3IMSNPassessed ihoth cancer and noftancer cell
lines to investigate the impact of GBISNP orthe activity of G3 peptide ithe cellular
microenvironmenh (A & B) The cellular uptakef free G3 and G3MSNR in colorectal cancer
cells HCT 11pandnormal human dermal fibroblast ce(ldDFR. (C&D) Cytotoxicity ofree G3
peptideand magnetic silk nanopatrticles grafted with G3 pept{@&MSNR) in HCT 11&nd
HDFcells An asterisk denotes statistical significance as follows: *P < 0.05, G*@1L<***P <
0.001.
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Figure 5.8. High contentmicroscopyimages ofcolorectal cancer cellHCT 116 (A) and
normal human dermal fibrdbast HDF cells(B)treated withfluorescentljabelled G3eptide
(FITEG3) ormagnetic silk nanoparticlegrafted withFITGAabelledG3(FITEGG3MSNPat the
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is observed ithe greenchannel of the fluorescence microscop20 magnificationscale bas
represent 50 um.

The cellular uptake of the free FHabelled G and FITdabelled G3 grafted on magnetic silk
nanoparticles (FIFG3MSNP)was studied by measuring th#uorescence intensity of FITC
usinghigh contentmicroscopy. After 6 hrs incubation, higher cellulaptake was observed in
the FITGG3MSNP in compéson to free FITG3 Figure5.7 & 5.8). This tangible increase
the cellular uptake of FIFG3 can indicate that MSNPs facilitate the peptide internalization
bythe HCTL16, therebyallow forahigher accmulation of GPeptideinthe O S feyitofld@ism

in the exposure time window (6 hrglFigure5.7 A&B). Although the relative uptake of FITC
G3 was reducing with time, tHelITEGG3MSNP uptake remained higher than free FGTin

all tested time pointsThe uptake of FIT@G3and FITEG3MSNP was significty lower in
HDF cells in comparison to HCI6 which is consistent with the results of previous studies
[403]. The gtotoxicity study was performed by measuring tmeduction in the cell
population using high content microscope. The cells proliferapiabs showed a significant
reduction in the cell population in bothéatmentsbefore it starts to show recovery aft@4
hrs(Figure5.7 C&D. However, FIFG3MSNP demonstrated highgrowth suppression than
free FITE53 which might be a result of the differencettieir cellular uptake.

The cellular uptake study of the tested anticancer drug (38Qvas also performeash HCT
116 and HDF cells after 6 hrs incubation at@%vith MSNP and @3SNP, both loaded with
ASGJ9 (40uM). In this case, the fluorescence from ABGkexd N 0 Hemi ¥ ¥2Z nn¥ was
used to measure the cellular uptak®6] and the G3 was not fluorescently labelled to allow
for accurate @tection of thecellular uptake of the drug. Due to its high hydrophobicity and
relatively short haHife (less than 6 hrs), free AQ$ has low cellular uptake. Similar to FITC
G3 cellular uptake study, the two nanoparticle formulatioMSNPASCI9 andG3MSNRP
ASGJ9)demonstrated significantly higher uptake in HCI6 than free AST9 Figure 5.9
&5.10). On the other hand, all the tested treatment of ACshowed very low cellular uptake
in HDF Figure 5.1} The two formulations of ASID loaded nanagrticles supprsesed the
HCT 116 growth more strongly than free AIBCIn addition, the GBISNRPASEI9 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 recovelg(re5.9). These results indicate that G3

MSNPRASGJ9 has an augmented anticancer effect compared to-F&&hd G3 alone.
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Figure 59. (A & B) Cellular uptake of MSNP and (R3NP loaded witASEJ9 compared to
free ASE&9 in HT 116 cells and HDF cells. (C & D) Cytotoxicity study of MSNP aME5(E3)
loaded with ASQ9 compared to free ASBin HCT 116 cells and HDF delissterisk denotes
statistical significance as follows: *P < 0.0%? < 0.01, *P < 0.001.
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Figure 510. High contentnicroscopymages of HCT 116 cells treated with free-8GG1SNPs

loaded with ASQ9 and G3/SNPs loaded with ASGfor 6 h The nuclei are stained with
Hoechst 33342 (blue), the cytoplasm is staied § K Cf | aK t KI ff 2ARAYx
fluorescent fromASEI9is observed in green. x20 magnification, scale bars represent 50 pum.
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