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ABSTRACT

Chemotherapy ishe mostcommonlyused methodn cancer therapyoday, which
always uses one or more chemotherapeutic drugs to prolong life or to reduce
symptoms.Current chemotherapy drugs exhibit substantial adverseefelds on
normal tissues and organs thfe human bodyif adminisered orally or by other
traditional routes Therefore, the majorchallenge in chemotherapy is the
development ofa drug delivery system (DDS) to deliver chemotherapeutic drugs
safely ancefficiently. Nanostructured DDS is@omisingcandidate indture therapy
due toits high surface to volume ratio and better intracellular uptake efficiency.
Current nanostructured DDSs are mainly dispensed pthlig some of the existing
problemscanstill not be addressed adequatelych as lack of tissue spBcity as
well as thecomplexity and expense of systems. Here, we supplinatantable
degradable and controllable nanofibrous DDS, which not only can protect and
deliver chemotherapeutic drsitp the specific site, but also canhievecontrollable
drug release accordingltherefore minimimg the sideeffect on normal cellsThe
purposeof this projectwas to developnovel nanostructureddDSs in supercritical
CO for cancer thenay.

First, the natural compound curcumin (CM) was used asdifugg model in this
project due tats multi-functional bioactivities and low toxicity. In order to enhance
the water solubility of CM, CMhanoparticles (NPs) with a spherical shape and mean

particle size of ~325 nm were successfpitgparedsia solutionrenharced dispersion



by supercritical C@(SEDS) for the first time. The influence of process parameters
on particle size was systematically investigated #rmelmechanismof CM NPs
formation wasalso studied.The results indicatthat both precipitation tempeuae
and flow rate of the solution have a positive effect on particle size, while
precipitation pressure shows a negative effect. The mechafibii formation was
elucidated with the formation and growth of CM nuclei in the gaseous miscible phase
evolvedfrom initial droplets generated by the ligtiduid phase split. Moreover, the
water solubility and dissolution rate of CM NPs were higher than that of original CM
powder To characterize CM NPs and explore their application in biomedical fields,
antibaderial, anttoxidant, anticancer effect and cytotoxicity activities were
evaluated.The results showthat CM NPs exhibita time-dependent intracellular
uptake activity CM NPs exhibit an improved inhibitory effect against
Staphylococcus aureuand effective anttoxidant activity. Meanwhile, CM NPs
possess aanhancednticancereffect due to the cell cycle arresttire G2/M phase
accompanied bindudng apoptotic cellsimportantly, the cytotoxicity of CM NPis
obviously reduced. However, the watsiuhlity and cell uptake efficiencgf CM
NPs is still limited

Secondlyto further increase the water solubility asedl uptake efficiencyCM
was incorporated intsilk fibroin (SFH carriers to generate G8F NPsvia SEDS.
The obtained CM5F NPs (20MPa pressure, 1:2 curcumin: silk fibroin ratio, 1%

final concentration) showed irregular spherical shapes with a controllable particle



size <100 nm and a narrow size distribution as well as high drug loading and
encapsulation efficiencies. Meanwhile, thelubility of the CM was greatly
increased, and CM was kdpingreleased for 196 h. Moreover, the pressure during
SEDS was such that it could induce the change in the secondary structure of the SF
fromeUi xs hteet b T hgheet content ineth&B causeda slower
degradation rate and slow drug releaBz.explore thepotentialof CM-SF NPs in
cancer therapy, in vitro intracellular uptalefficiency, anticancer effect and
cytotoxicity activities were evaluated. Higher water solubility anbette
time-depeneént cellular uptakeof CM-SF NPswas a strong indication aficreased
anticancer ability MTS results showthat the resulting CM-SF NPs possess
enhancedlose and timedependentnticancer effects, which can be explained by
the cell cyclearrest inthe G2/M phase in associah with inducing apoptotic cells
Importantly CM-SF NPs exhibit low cytotoxicity onormal cellNCM460 but high

toxic effect on cancer ceHCT116at smart concentratior{0eg/mL).

Finally, in order to achieve topical treatment of cancers witlimproved
therapeuticefficiency and reduaksideeffects an implantableCM-SF nanofibrous
matrix with controllable fibre diameter (<00 nm)wasprepared via SEDS (20 MPa
pressure, 8 mL/min flow rate, 35C)-low rate and conceration of the solution
determine the formationof a nanofibrousstructure The drugreleaserate ofCM-SF
nanofibrous matricesan be modulated via ethanghportreatment(25-37°C, 6-12

h). Afterwards, thetreatedCM-SF nanofibrous matricesere used to evaluate the



anticancereffect Theresults showhat treatedCM-SF nanofibrous matricesave
better intracellular uptake abilityhich resultsin higher anticancer efficiencyThe
mechanisnof inhibition on the growth of colon cancer atlinbe explained by cell
cycle arrest in the S phase in association with inducing apoptotic Mellsover, in
vivo tumorinhibition results indicatéhat CM-SF nanofibrous matrices after ethanol
vapa treatment als@xhibit better tumor inhibition effet than other groupswhich
can be explained bthe sustaiad drug releas to the specific siteTherefore, it is
concluded thathe implantation of CM-SF nanofibrous matricesupplies a novel
treatment ofumars in the future.

In conclusion,thesesupercitical-based nanostructurddDSs (i.e. CM NPs,
CM-SF NPs and CMSF nanofibrous matricgavegreatpotential in the field of

cancer therapyrug deliveryandhealthcare.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

This introduction contains a short description of the issues that initiated the PhD
project and a review of research and literature dimng delivery systes)
multi-functionaldrug (curcumin), natural biomaterial (silk fibroin), and supercritical
fluids technologyThis chapteconsiss ofthefollowing parts the first part gives the
background oflrug delivery systesr The secongbart pesentsa literature review on
recent researcprogressn drug delivery systesy curcumin, silkbased biomaterials
andsupercritical fluids technology. Then several research gaps are summarized from
the literature review, which initiate my thesis objeesiv Finally, we identify the
significance and originalitiesThe main objective of this chapter is to make a
rationale for developing manostructured curcumsilk fibroin drug delivery system

for future cancer theragyy understanding previous reseanchihiis field.

1.2 Background

Cancer is the leading cause of death in developed countries and the second most
life-threatening disease in developing countries. Statistics révaiah 2012 there

were 14.1 million new cases of cancer and 8.2 million deaths the world over (Cancer
Research UK). More than 50%f patients die of various cancers due to lack of

efficient treatment. Chemotherapyti'e mostcommonlyused method today, which
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always uses one or more chemotherapeutic drugs to prolong life or to reduce
symptoms. However, current chemotherapeutic drugs have significargffads on
human normal cells and tissuesadminisered oraly or by other traditional routes.
This toxic effect will result in the most commosymptoms myelosuppression,
mucositis and alopecia. Therefore, the magballengein chemotherapy ighe
development of drug delivery systefDDSs) to deliver chemotherapeutic drugs
safely andefficiently. Nanostrutured DDSs ee promising candidate for future
therapy due taheir high surface to volume ratio and better intracellular uptake
efficiency. CurrentnanostructuredDSs are mainly dispensed oralthus some of
the existing problems stillacznot be addregsl adequatelypuch as lack of tissue
specifiaty as well ascomplexity andthe expense of systems. Here, we supply an
implantable degradableand controllable nanofibrous DDS, which not only can
protect and deliver chemotherapeutic drtaythe specific $e, but also caachieve
controllable drug release accordingtyherefore minimiing the sideeffects on
normal cells.

In this project,a natural polyphenolic compourmdrcumin (CM) was used as a
drug modelwhichis isolated from therhizomeof Curcumalongalinn (turmeric) It
has been observed that Cbbssessehigh cytotoxic activity against most cancer
cells, antioxidant and anticarcinogereffects owing to the two phenolic groups.
Except for thebioactivities mentioned above, CMalso has antispasntic and

anticoagulantctivities. Importantly, CMdoesnot showany sideeffectsin clinical



trials when orally adminigred with a dose o8 g/day ThoughCM has promising
multi-functions the major limitations are poor water solubility, sldigsolutionrate,
rapid intestines metabolite, and low bioavailabilityivo.

In order to overcomthesedrawbacks, silk fibroin (SF) wastroducedinto this
DDS as a carriefSFis a protein created by spiders, the larvadgdombyx motriand
other moth genera such AstheraeaCricula, SamiaandGonometaand numerous
other insectsGood biocompatibility FDA-approved (Allergan Mdical, Inc) uses
in medical devices, complete and controllabievivo biodegradattity, structural
stability to >170°C, stable at extremes of pH amdpable ofbeng autoclaved for
sterilization makes SF a perfect carrier material for encapsulating insoluble drugs or
active ingredients.

The spercritical fluid (SCF) technique was employed to construct ish
implantable degradableand controllable drugelease nanofilmus DDS Compared
with conventionalnandechniquesSCFbasednanonizatiorprocesses present many
advantages, includingnild operating temperature, less or no solvent residue,
efficientseparation, ang environmentally benigrFirst, CM NPs, CMSF NPs ad
CM-SF nanofibrous mates were formed bythe SCF method,and thenthe
formation mechanisnphysiochemicatharactersaind biologicakctivities (especially

anticancer effectprestudied and evaluated the following chapters.


http://en.wikipedia.org/wiki/Bombyx_mori
http://en.wikipedia.org/wiki/Antheraea
http://en.wikipedia.org/wiki/Cricula
http://en.wikipedia.org/wiki/Samia_(moth)
http://en.wikipedia.org/wiki/Gonometa

1.3 Literature Review

1.3.1 Drug delivery system (DDS)

Over the past decade€f)DSs havedrawn great attentiofrom many researchers in
biomedicine ,biomaterials, bioengineering and many other relatexhs DDSs can
provide a platform to deliver drugs, proteins, enzymes, gemeany bioactive
ingredients to specific locations of the human body to treat diseases, especially
cancers. These DDSs offer various advantages including increasing the
bioavailability of loadeddrugs, allowing targeting and control of drug release, and
reducing sideeffectson normal cellfZhang et al., 2013)lo date, manyifferent
forms of DDS have been designed asgnthesized, such asydroges, micelles,
dendrimers, liposomesfilms, scaffols, microneedles, nafmicro structured
matrixes, and so orfBangham, 1968; Cao et al., 2015; Chen et al.,, 2009c;
Ramalingam et al., 2015; Zhang et al., 20H5wever, conventional DDSs show
low drug loading and cell uptake efficiency. Thereforanastructured DDShave

been developed in recent years.

1.3.2 Naro structured drug delivery system

Among various nanoformulations, nanoparticles (NPs) are developing as an
important nano carrier for drug delivery due to the higher surface to volume ratio,
efficient cell uptakeand selected drug accumulations targetsites (Panyam et al.,

2003). It is believed that the particle size shéhe most important effect on the
4



physicochemical properties of NPs (Figl). A previous studyeported thathe
cellular uptake of 100nm NPs was 15250 times higher than And 10e m
microparticlegDesai et al., 1996)Chithrani and Chai2007)claimed that efficient
uptake ofNPs depends on theiparticle size. Thus they showedthat 50nm gold
particlesexhibit the most effectivantracellular uptake Additionally, particlesize
also hasanimpact on the water solubility of hydrophobic drugs. Chen.girapared
nano sized methotrexate (MTX), which showed enhanced water soldbititgared
to original MTX powder(5.9¢ ¢ml versus 3. ¢nlin 42h, and 12.€ gnl versus
10.8e gmlin 92h) due to the reduced particle size and crystal gaken et al.,
2012b). Currently, nano sized DDSsare usually based on oradr injectabé
adminstration However, these have been found e inapropriate for novel
therapeutidrugssuch asatural compoundgroteins andyenesIn order to address
the requirement®f future chemotherapymplantabledrug delivery systes(IDDs)

arebeingdeveloped.



Normal tissue Tumor tissue

Nanoparticles are retained in Leaky vasculature;
bloodstream because normal tissue accumulation of nanoparticles
has tight endothelium junctions due to EPR effect

g g o
" * % o
‘0'. Q- é #ﬁﬁﬁ #ﬁ' i o
Normalcells . . .

Y Receptor

TT  Clathrin coated pits

# Drug nanoparticles

Uptake of nanoparticles by tumor cells via endocytosis

Fig. 1.1 (A) Enhanced permeability and retention effect of NPs\@paand NPs are
internalized by cell through: i) clathamediated endocytosis; i)
clathrinrindependent endocytosis; iii and iv) high drug concentration within cells is

favored by this transportatio(Lee et al., 2014)

1.3.3 Implantable drug deliverysystem

IDDSs originated in the 1960when silicones werappliedto prolongtherapeutic
efficiency, and thenhis deliverymannerwas recognize@s a potential solution to
addressthe issues associatedvith oral administrationof specific therapiesThe

benefits of IDDSs are summarized in Table 1.1. Generally, IDDSs canliteled
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into non-degradable andegradable systemBolymeric materialplay a key role in
both nondegradable and degradable IDDSa addition to drug delivery, the
components may hawlditional functionsn structural support and improvement of
stability or biocompatibility. Parts of the polymers that have been approved for
IDDSs are listed inTable 1.2 As it can been seen, most rdegradable IDDSs
utilize synthetic polymers, which aiy face some problems suchthe requirement
for subsequergurgery to removéhe IDDS, costbhenefitratio and training.

Table 11 Summary obenefitsof IDDS. (Kleiner et al., 2014)

No. Benefits
1 Patient compliancd patientdoes not need to think about taking medicatiol
" throughout the dosing interval of the IDDS. Less dosing required.
2 Fewer side effectd8 controlled release and usually much lower dose with
" improved control at site of action for extended periods of tadeerse effects
away from site of action are minimized; peaks and valleys in plasma drug
concentration from repeated immediate release dosing are avoided.
3 Lower dose&d if action is site specific, drug has to overcome fewer biologi

barriers, such a#st pass hepatic effects, before coming to the active rece|
4. Drug stability improved protection of drug being too rapidly metabolized.

Suitability over IV administratiod hospital stay may not be required for
chronic illnesses.

Drugallergyd if allergic or other adverse reaction to drug is experienced,
immediate removal is possible.

Thus, here is a strong motivation to develop or replace -awegradable
therapeutic IDDS with biodegradableones for clinical use especially for cancer
therapy.A successful casef a biodegradable IDDS fdirain tumourtherapyis the
Gliadel® wafer (Perry and Schmidt, 2006)hich is a dimesized lodegradable

polyanhydride disldesignedor deliveiing chemotherapeutic dreglirecty into the
7



surgical cavity after theumaur has beememoved Anothercaseof a biodegradable
IDDS is Zoladex®which isdesignedor the treatment of prostate and breast cancer.
The druggoserelin acetatis dispersed ira PLGA matrix. The encapsulatedraly is
released by a combination of diffusiand erosionmechanismsfor 3 montts.
However, little has beenrepored on the developmentof nancstructured
biodegradable IDD$§ which could offer the potential of high drug loading and better
cell uptake.

Table 12 Summary of polymers used in approved IDQSu and Untereker, 2009)

Polymer Applications Type
Poly(dimethyl Rate controlling membrane for drug Non-degradable
siloxane) delivery, catheters, adhesives, tissue

filling, prosthesis
Polyurethanes (PU) Matrix for drug delivery devices, Non-degradable

catheters, structural components
Polyethylene (PE) Orthopedic parts, drug delivery rate Non-degradable
controlling membrane

Poly(methyl Bone cementdrug delivery to the eye ani Non-degradable
methacrylate) bone investigated

(PMMA)

Fluoropolymer Coating for DES, liner in transdermal Non-degradable

(PTFE and PVDF  patch, vascular graft
and copolymers)
Poly(ethyleneco-vi  Drug delivery coating, rateoatrolling Non-degradable
nyl acetate) (PEVA) membrane for drug delivery (transderme
patch and ocular)

Poly(ethylene Vascular graft, orthopedic, backingin ~ Non-degradable
terephthalate) (PET transdermal patch
Poly(lactide) Drug-loaded micropatrticles, sutures, Degradable

structuralcomponents, orthopedic, coatir
and backbone of DES
Polyanhydride Matrix in monolithic delivery devices Degradable
Collagen Tissuefilling, tissue engineering scaffold Degradable
drug delivery




1.3.4 Ideal drug delivery system

In my opinion, an ideal DDS for future cancer therapy shdudde high
bioavailability, efficient cell uptake, controlled drug release smart treatment. To
construct such ideal DDSs, there are still some limitations to overcome: the first one
is the lack of therapeutic drugshat possess mulbiomedical functions but low
cytotoxicity. The second one is lack of natural polymers with controllable
degradatiorandgood compatibility associated with mechanical properties. The third
one is the requirement f@n easy control, good repetitiofigreer® and economic

nanotechnology.

1.3.5 Chemotherapy drugs

At present, more than 1@Mhemotherapyrugs are usediccording totheir mode of
action, chemotherapy drugs can lkefined asalkylating agents, vinca alkalds,
anthracyclines, antimetabolites, aromatag®bitors and topoisomerase inhibitors.
Theyinhibit thegrowth of cancercells butdue to theimonselective mode of action,
normalcells may also benpactedleading toadversesideeffects.Side-effectsmay

be acute or delayedlutagenic, carcinogenic and teratogeeftects are the most
hazardousamong delayed toxic effects. Mutagenic effects have bebservedin
mammalian systemg$or many chemotherapy drug@estreicher et al.,, 1990).
Similarly, teratgenic effectshave been found for several chemotherapy drugs

(Hemminki et al., 1985).Considering these adverse skeféects of current
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chemotherapy drugs, more and more natacahpoundsare being discovered and

isolateddue to their high toxic effect arancers but low toxity to normal cells.

1.3.6 Molecular mechanism of curcumin in biomedicine

CM is anatural polyphenolic compoundsolatel from the rhizome of Curcuma
longalLinn (turmeric) It was first extracted in pure form by Vogel et @he structure

of CM was elucidated and synthesized by Milobedeska et al. and Lampédrgal

1.2). Abundant attention has been attracted in recent years due to its multifunctional
pharmaceutical effects, includirantrinflammation, anthuman immunoeficiency

virus (antiHIV), anti-microbial, antifungal, antioxidant, antramyloidal,
antiparasitic, antmutageni¢ anti-cancereffect and so on (FidlL.3). Especially for
antrtumaur tr eat ment , i t 6s r e p o agaiesthimdsthad t CM
tumaur types, includinggastrointestinal, genitourinary, melanoma, lung, breast,

haematological, head and neck, neurological and sarcevithput any obvious

€
b C b

a a

sideeffects.

Fig. 12 The chemical structure of CM(a) Phenolic, (b) alkene linker, (c)

b-diketone.
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CM modulates multiple moleculapathways involved in the lengthy
carcinogenesis process to exert ptent effects by several mechanisms such as
inhibiting survival signalspromotingapoptosis, reducinthe inflammatory cancer
microenvironment and scawging reactive oxidative species (ROSjig. 1.4).
Suksanti Prakobwongt al. found thatCM could mediatethe antiproliferative and
apoptotic effects of cholangiocarcinoma (CCA) through activation of niltpll
signaling pathways, such aagctivating peroxisome proliferateactivated receptor
gammadeath receptors, DR4 almR5, as well suppresg) theactivation of nuclear
factor (NF)} kB, transcription3, Akt activation pathway, cell survival proteissich
as Bcell lymphoma2, B-cell leukemia protein xL, Xinked inhibitor of apoptosis
protein, eFLIP, cellular inhibitor of apoptosigrotein (clAP}1, clAP-2 and survivin
and proteins linked to cefiroliferation, such as cyclin D1 andMyc. Zhang et A
investigated formaldehydeduced genotoxicity recently, indicating that CM could
attenuate formaldehydaduced genotoxicity through ameliorated DPCs and
decreased NkB and AR1 level for its ROS scavenging and aD#Cs capacities in

lung cancer A54@ell lines.
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disease
> Breast cancer » Malaria
» Cervical cancer f glvt = » Myocardial infarction
. > Bacteria :
> Improvement in QOL infection » Heart failure
» Skin canéer > Fungal » Atherosclerosis
» Pancreatic cancer infection » Diabetes mellitus
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> Colorectal cancer infection > Liver dysfunction
» Oral cancer » kidney disease
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Inflammation = . Neurological disorder
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> Rheumatoid arthritis & _ » Parkinson’s disease
» Gastriculcer : “Dﬂepreslsmn > Epilepsy
. » uscular
» Pancreatitis fatigue
» Ulcerative colitis > 0 .
» Inflammatory bowel steoporosis
disease » Psoriasis
» Allergy

Fig. 1.3 Summary of biomedical functions of C\Naksuriya et al., 2014)

ThoughCM has promising pharmaceutical characteristics, its clinic applications
are limited due to low water solubility under acidic omeutral conditions slow
dissolution rate, extensive first pass metabolisnpoor pharmacokinetics,low
bioavailabilityin vivo, and sensitivity to alkaline conditions, thermal treatmiggitt,
metallic ions, enzymes, oxygeand ascorbic acidMoreover, ®-70% of orally
administered CM is eliminated in the faeces. Among all these limitations, poor
bioavailability and rapid metabolism are the key obstacles; 2 g/kg CM aqueous
suspension administered only provides a maximum plasma concentratienfpill
within 1 hour, and then decreases rapidly to an undetectable level in rats. Pan and his

coll eaguesd studies showed that i ntraper
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detected 2.2% gnL within 15 minutes, followed by a rapid decrease after 1 hour.
Evenhigh doses of orally administer€&M (8-12 g daily) result irkle gmL in the

plasma.
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Fig. 14 Molecular targets oM. C, QM; CIAP, cleavage inhibitor of apoptosis;
FADD, Fasassociated protein with death domain; FLIP, FLIGEe inhibitory
protein; DISC, deatinducing signaling complex; MOMP, mitochondrial outer
membrane permeabilization; PKC, protein kinase C; PLC, phospholipase C; XIAP,
X-linked inhibitor of apoptosis protein; VEGF, vascular endothelial growth factor;
FGF, fibroblast growth factor; PDGF, platelet derived growth factor; EGF, epidermal

growth factor(Park et al., 2013)
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1.3.7 Curcumin polymeric nanoformulations

In order to overcome the drawbacks mentioned aboumerous strategies V&
been taken ovethe last decades, includinlPs, nanofibes, hydroged, micelles,
dendrimers, liposomedilms and so orn(Fig. 1.5). All these forms are designed to
further increase water solubility, stability vivo and bioavailability. Among these
formulations,polymericNPs are the maimandormulations studie in recent years
which can improve the circulation time of the loaded drug and may improve its
accumulation concentration at the pathological site through the emhaerreeation

and retention (EPR) effecas well as with promising advantages of good
compatibility and low cytotoxicity.

Shen et al(2013) fabricated two types of stable CM loaded polymeric NPs
usinga multrinlet vortex mixer (PLGA and PEG-PLA NPs). In the study, slow
release of CM from polymeric p&cles was observed for up to 21 days. Higher
solubility and stability was also achieved. Moreovtieey discovered that ChNbaded
PLGA and PEG-PLA NPs exhibited better morphine tolerance ability than
unformulated CM at the sant®sedue to these hydrophilic polymers incriegsthe
bioavailability of CM.Recently, natural polymers were also used to encapsulate CM.
Gupta et aluseda capillarymicrodot technique to generate dbhded SF NPs
within 100 nm. The introduction of SF camsecouldfacilitate incorporateddrugs

transport into breast cancer cells.
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2014; Yallapu et al., 2012)

Knowledge gap
1. The effect of particle size on water solubility of CM negn®stigation

2. Interactions between cells and CM NPsamelear.

1.3.8 Silk fibroin from silkworms
Silk, a fibrous protein produced by silkwormisas beenpopular inthe textile
industry for centuries due to its excellent mechanical priggeriSilks are

synthesized and isolated from specialized epithelial cells that line glands in spiders of
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the clas#\rachnida and from worms, scorpions, mijtbutterflies, bees, and moths.

SF and silk sericin are two components in silk struct(Fay. 1.6). SF, the
central structure of silk (~780%) surrounded by sericin, consief repeated amino
acid sequences (GBerGly-Ala-Gly-Ala)n, while the high glycine content
contributes to tight packing of the beta
and tensile strength. The combination of stiffness and toughnesss ritake

emerging biomaterial.

_ sericin
p

Silk cocoons Protein components of silk

Fig. 16 Silkworms, natural silks (a) and themmpositiongb). (Sobajo et al., 2008)

Biomaterials selection is a key problemtire biomedicine of wound healing,
drug deliveryandtissue engineering. In general, many synthesized dtiemals have
advantages of flexibility in process and modificatiandlow cell toxicity; however,
they also suffer several disadvantages such as inflammation, immune reaction and
lack of biofunctions. Tissue engineering, especially for implantablecgsvsuch as
bone scaffolds, tubular stents and fixation scremsicompletely biodegradable and
resorbable natural biomaterials with good mechanical propegtiesemerging
alternatives. Polysaccharides and protein materials would be ideal selectiaies due

being completely degradable decompomg into nutrient elements (i.e.
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monosaccharidsor amino acidsyvhich areresorbed by human tissues and organs.

Therefore SF (especially produced by silkworma$a pureproteinbiomaterial
used in biomedicine has drawn great attention in recent years due to its good
mechanical strength, biodegradability, resorbability, biocompatibility and minimal or
no immunogenicity. SF is also amenable to aqueous or organic solvent prgcessing
and can be chemically modified to suit a wide range of biomedical applications.
Indeed, the first biomedical application of SF was as sutures in wound treatment.
Silkworm SF, with unique properties and larger yield in comparison with spider silks
and otlker natural proteins are teming a perfect alternative in biomedical
applications. In this review, we summarize various forms eb&edproductsused
in biomedical applications, and also introduce several advanced biomedicas&dr
products in the rece years.

Silk produced bysilkworms (e.g., Bombyx mod)i has been explored to
understand its forming mechanisms arsdphysical and chemical advantagesve
beenexploited inthe textile industry for a long time. Recently, it has been as an
alternative bomaterial in biomedicinghat has attracted much attention dueit®
good biocompatibility, biodegradability and excellent mechanical priegelrSF
powder is obtained by removing the outer layer sericir3@% of the cocoon mass)
by a degumming process.e. boiling in calcium chloride/ethanol/water composite

solution, folloned by dialysis and spray drying (as show in.Hg).

17



Fig. 1.7 Preparation proaciireof SF powder from natural silks

1.3.81 Source chemistry andtructure of silk fibrin

Silks from silkwormscan be roughly classified into mulberry and npowlberry
depending orthe food sources. The domesticated mulberry silkw&ombyx mori
(B. mor) is the most famous member of tBembycidadamily. The noamulberry
silkworms of Indian origin all belong to th8aturniidaefamily, which contairs
Antheraea mylittdA. mylittg), muga silkwormAntheraeaassamengi8. assamens)s
oak silkwormAntheraeapernyfA. perny) andPhilosamia ricini(P. ricini) or Samia
cynthia ricini (S. cynthia ricinj. The SF from nomulberry silkworms has become
more and more important becausét®tuperior qualities.

The amino acid sequences of SF vary from species to sp8EigsomB. mori
primarily comprises lgcine (Gly, 43%), alanine (Ala, 30%) and serine (Ser, 12%)
(shown in Fig 1.8 (a)). SF contains heavy (H) chaiand light (L) chais (1:1 ratio)

linked together by disphide bonds. The H chasrconsist of 12 domainthat form
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the crystalline regions isilk fibres, which are interspersed witprimary sequence
that is norrepetitive and thus forms fewer organized domains in thesfibFhe
hydrophobicdomains in H chamconsist of GlyX repeats, with X being Ala, Ser,
Thr andVal (Zhou et al., 2001)The L chainsare hydrophilic and relatively elastic.
P25 protein plays a significant role in maintaining the integrity of the complex
(Tanaka et al., 1999The primary sequence results itngdrophobic protein with a
natural ceblock polymer design. Higlield of fibroin ispartly due to the formation
of disuphide bonds between the H anahains.

The secondary structurand hierarchical organization also determine many
properties of SF. lts reported that there are three crystalline sw@itsilk, induding
the glandular state prior tyystallization (silk I), the spun silk state which consists of
t h esheét secondary structure (silk and an air/water assembled interfacial silk
(silk 11, with a helical structure). Thsilk | structure is the agous state buis
unstable and easilyconvers to a b-sheet structure when exposed to organic solvent
(e.g., methanol, ethanol and so on) or high concentration saline solution (e.g.,
potassi um c ksheetrstructuees are asymenetrical (as showign 1.8,
(b)): one sides hydrogen side chains frofaly and the other sideasthe methyl side
chains from the Ala that populate thgdrophobic domainghus the methyl groups
and hydrogergroups interact to form the intsheet stacking in the cryssalThe
inter- and intrachain hydrogen bonds form between amino acids perpendicular to the

axis of the chains and the féorThe silk Il structure is insoluble in watand most
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organic solvents (except hexafluoroisopropgafaymic acid and ion liquids)
o
{UL I H\)LN \*“njj j“\m*/\m*ﬁr
waewmgvﬁ" ESensans o
(a) (b)
Fig. 1.8 Amino acids repeats (a) afesheet structure (b) of SfMurphy and Kaplan,
2009)
1.3.82 Mechanical property
Silk raw fibres provide excellent stiffness and elastiqifable 1.3). Silk fibres are
tougher than Kevlar; thstrengthto-density ratio of silk is ten times higher than that
of steel (Rajkhowa et al., 2000)Spider silk fibes in particular have high
extensibility and exhibit remarkable strain hardening behavi&train hardening
refers to increasein stress as a fibris extended in the plastic regidreyond the
yield point. Such behavim is particularly important foenergy absorbing materials.
Stressstrain curves of the wild silkwornsilk fibres exhibit $iape and strain
hardening similar to that of spidesr dragline silks(Reddy and Yang, 2010).
However, most ofhe materials developed fro®F solution are brittle and weak. For
example,the dry tensilestrength of silk film is about 0.02 GPa and elongata
break is lesshan 2% compared to raw fids (tensile strength igbout 0.50.6 GPa
and elongation at break MD%). Suchdifference could be attributed to the

destruction ofthe secondaryand hierarchical organization in the regenerated SF.
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More extasive biomedical applications will be achievedhé& mechanical strength
of regenerated Sis improved.

Table 13 Mechanical property of SF from different sou@€undu et al., 2013)

Source Tensile strength  Tensilemodulus  Breaking
(g/den) (g/den) strain (%)
Bombyx mori 4.35.2 84-121 10.023.4
Antheraea mylitta 2.54.5 66-70 26.0-39.0
Philosamia cynthia ricini 1.9-3.5 29-31 28.024.0
Coscinocera hercules 5#.2 8787 12.145.1
Hyalophora euryalus 2.740.9 59#8 11.145.8
Rothschildia hesperis 3.3#0.8 7146 9.5#4.4
Eupackardia calleta 2.840.7 58418 11.845.5
Rothschildia lebeau 3.1#0.8 5444 15.546.7
Antheraea oculea 3.14#0.8 5745 14.546.6
Hyalophora gloveri 2.80.4 4843 19.346.9
Copaxa multifenestrata  0.94.2 3946 4.12.7

1.3.83 Biocompatibility
SFbased biomaterials are considered htave good biocompatibility, minimal
inflammatory reaction, low cytotoxicity and no other saffects on normal cells,
tissues and organs. However, silks with sericin used in suture material shows
reactions from Tcell mediated delayed hypersensitivity to acute and chronic
inflammatory issueéGiesa et al., 2011)nterestingly, further studies on sericin itself
show minimal infammatory effect which suggests that synergetic effects ragigt
between SF and sericin when they are linked toggfleang et al., 2010)As a
consequence of extensive studies in recent years, somieasékl materialbave
received regulatory approvadr use in expanded biomaterial devices for plastic and

reconstructive surgery. For example, ditksed Seri Fascia surgical mesh meets the
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biocompatibility requirements of 1SO10993 biocompatibility testing under good
laboratory practices (GLKRMHoran et &, 2009).

Despite promising results of Sfased materials hang been achieved by many
studies, thereare still some issueghat should be considered. Firstorftissue
engineering, the implanted products need to stay in the body for a long time, and also
have tomakeclose contactith tissue and organshus the longem responses of
innate and adaptive immune systemeed further investigation. Second, the
degraded products of Skased biomaterials may indua@n immune reaction
according to their sizand morphology. Lundmark et.akported that the degraded
debris of SFbased material may cause amyloidogenesis. Therdfwdongterm
effects of degraded products of-8&sed biomaterials need further research. Third,
SF exhibits a foreign body resmmn after implantationn vivo. However, it is
normally moderate and decreases with timeanwhile, it is dependent on the

implantation site and the model used.

1.3.84 Biodegradability and resorbability
The definition of biodegradability is the degradability of an implantable polymer by
biological elementsesuling in fragments which can move away from the location
through fluid transfer but not necessarily from the b@dgrt et al., 1992)US
Pharmacoeia defines an absorbable (suture) biomatasabnethat loses most of its

tensil e strengt h-implantatron im vivé CAccoddany $00thisp o s t
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definition, SF is classified as nategradable (SF lesits tensile strength within 1
year). Howeverthere are many studiés vitro or in vivo suggeshg that SFbased
biomaterials are degradaldgera longer timeperioddue to proteolytic degradation
always being modulated by foreign body resposseAs an implanted product,
regenerated Sbasel biomaerial degrades much faster than ébrThe degradation
rate can be regulated from hours to years mainly depampdn its secondary
structure (beta sheet conteriit also the morphology, molecular weight distribution
(MWD), and themechanical and biolacal conditions surroundg thelocation of
implantation. Other synthesized polymers such as poly (lactic acid) (&@hdy)oly
(glycolic acid) (PGA) only exhibit limited degradations by enzymes, like
metalloproteinase (MMPs). Meanwhile, the degradationdyxts of these
synthesized polymersandecreas¢helocal pH and causaninflammation response.
On the other hand, the definition of ksorption is total elimination of the initial
foreign material either through filtration or metabolism of the degradwdaterials.
Other synthesized polymers such as RIDMPGA have been approved by regulatory
authorities Their degraded products are resorbed but produce acidprooyicts
which cause another issue. Compmhravith synthesized polymers, Siased
biomateral has not only a controllable degradation rate but alb@m-resorbable

properties witlbut extra sideeffects
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1.3.9 Research progress of regenerated silk fibroin used in biomedicine

One ofthe biomedical advantages of SFadsiomaterial is watebasedprocessing.

SF dissolve in water in its Silk | state, andemainsstable for days to weeks
deperling an the storage temperature, concentration and pbhefegenerated SF
solution. The regenerated SF solutcambe transformechto other forms (hydrogs)
nanoparticles, nanofies, flms and scaffolds) (as shown Fig. 1.9) under mild
conditions without high shear force and organic solvent. Sufficient supply of silk in

the market could be a guarantee for its application in biomedicine.
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1.3.91 Silk fibroin hydrogels

Hydrogels are natural or synthetic polymeric networks whaigphysically durable
to swelling in aqueous solutions but do not dissolve in these solutgdsogelscan
be used for drug, cell, cytokine and nucleic acid delivery due to its flexible pespert
similar to natural tissue because thfe high water contentSF hydrogels are
fabricated by soélgel transition of aqueous SF solution in the presence of acids,
dehydrating agents, ions, sonication or lyophilization. The SF concentration,
temperature and the amount offCianpact the Sebel transition process.

In the lastfew years, Kaplan and his amorkers foundthat pH, vortexing,
electric field and ultrasonication induce gelation of silk solutions. According to
previous studies, SF hydrogels are ideal substitatelsidmaterials due ttheir low

cytotoxicity, excellent cell adhesion and good biocompatibijlitgwever, regenerated
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SF products always lack strengthnd thusit is necessary to enhamcheir
mechanical properties. Bently, Numata et al(2014) developed a novel way to
fabricate silk hydrogel and sHpectin hydrogel by dialysis against methanol. The
arginine and lysine in SF froBombyx morinteract with pectin to form a molecular
network to construct a higstrength and elastic hydrogel stiwre when SF content
exceeds 15 wt%. Furthermore, water release during the compression process, which
is a typical characteristic of natural tissues such as cartilage and plant cell wall, was
observed in Sikpectin hydrogel. Calabrese and Kaplan (2012)fabricated
silk-poly-L-lysine and silkpoly-_-glutamate hydrogels encapsulating mesenchymal
stem cek (hMSCs) via ultrasonication. These modified silk ionomers have the
potential of supporting hMSCs to differentiate to osteogenic or adipogenic lineages
in the corresponding mediaMing and Zuo (2014)repared silk fibroin/sodium
alginate nanofite structural hydrogel to serve as a template to mediate the
mineralization process of CaGGndfound that CaCe@morphologyis reflected by

the mineralization time. Nuemwusirregular particles form in the SF/SA hydrogels
and transform to rhombohedral crystals with increased mineralization time. Although
deeper investigatiors neecekd, they provided a novel method to lead the growth and

formation of nanescale biomateails.

1.3.92 Silk fibroin nanoparticles

NPs are between 1 and 100 nm in size. Freeze drying, spray dryingsssihbly,
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grinding, jet breaking, desolvatiorand emulsion are always used to prepare
microparticles and NPs. In biomedical applications, NPs can decrease adverse effects
while enhance drug bioavailabilityneanwhile, NPs can be easily transported by
blood circulation in vivo and have higher intradelar uptake rate than
microparticles due ttheir greater surface area to volume ratio. TiNBsare mostly

used as drug carrefor drug or bioactive molecular control release.iSk natural

protein with versatile functions that can be helpful is #pplication. More and more
SFNPshave been reported in recent years.

Zhao et al. (2012a)abricated SFNPs (about 50 nm) using a novel
solutionenhanced dispersion by supercritical LBEDS) method for achieving
controled release of drugs. A nesteoidal anttinflammatory drug indomethacin
(IDMC) was chose as the model drug,and the drug loading and encapsulation
efficiency were 2.05% and 10.23%, respectively. IDM@asreleased from SKNPs
over 2 days after ethanol treatment. One way to control dlegse from SINPs is
to change its secondary structure (beta sheet content) by organic salvént,
annealing and compression treatment, whictkeedhe whole processomplex.
Another way is to blend with other polynsgisynthetic or natural) to enhands
mechanical properties as well as increase drug stalslitpia and Kundu (2013)
combined SF and albumin (Alb) to formiPs (~200 nm) using desolvation.
Methotrexate was chos@sthe drug model, which rehigh encapsulation efficiency

of 87+2.5%, andsustairedrelease from the SEIb NPs over 12 days. These 3¥b
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NPs were efficiently internalized by cells and resided in perinuclear spaces without
any toxicity. Moreover,Subia et al. (2014¢onstructed a Skolate compositaNP
system €200 nm) for target delivery the results demonstrated that this system
facilitates interaction with the cells and retention at the site of action for a longer

period oftime.

1.3.93 Silk fibroin nanofiber

Nanofibres are defined as fibs with diameters less thal00 nm. Electrospinning is
the most common method used to prepare nanefibecausa small diameter and
weblike structure of nanofilms can be obtained. The requirements of nanesibr
used in biomedicine such as drug delivery, wound healing and &ésglugeering are:
biocompatibility, good mechanical properties and appropriate pore size. SF isolated
from silkworms has beneficial peptides conegtof RGD sequences which have
important effects on promoting cell adhesion, migration and prolifer@tepari and
Kaplan, 2007) Advantages of regenerated SF rfames include tunable filar
morphology and properties based on application, and incorporation of bioactive
molecules whilébeingregeneratd from silk solution. In recent years, SF nanadgor
haveattracedmuch attention all over the world.

Sheikh et al. (2013aused a thresvay stopcock connector to fabricate
SF/hydroxyapatite (Hap) nanoféds based on electrospinning without using any

organic solventThis method can easily introduce Hap NPs i&fo nanofibes, and
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also keep SF and Hap NPs intact. Moreovessgltomposite nanalbres display
norttoxic reaction and good cellular attachment in cell toxicity and cell attachment
studies. Furthermore, on the basis of this study, they constructed &Hidap
nitrate nanofibes to add in antimicrobial activity for bone tissue engineering
application. However, the result demonstrated that the high concentration (higher
than 0.5%) of silver nitrate could cause toxic effesh NIH 3T3fibrolasts and
advere effecs in cellular attachmen€Elakkiya et al (2014b)incorporatedCM into

SF nanofibes during electrospinning. THeM-loaded SF nanofiles with diametes

from 50-200 nm were used ake carrier for contrded drug release. The results
indicated thatthere was 80%CM released rom the SF nanofiles over 10 days.
There was a rapid release at the initial time fo#ddby a slow and sustained release,
which demonstrated that there was a covalent interaction bet@dkrand SF

nanofibe surface.

1.3.94 Silk fibroin filims
Casting isa common method to prepare $ifims, which casts the aqueous, acidic
and ionic silk solution on plates or into oids (Gupta et al., 2007; Murphy et al.,
2008). LangmuirBlodgett (LB), manual or spin assisted layer by lageposition
techniques and spin coating meth@ade also used to produce sflkns (Higuchi et
al.,, 2000; Wang et al., 2005WWater vapor annealing, stretching and ethanol

treatment are employed to incredbe b-sheet crystallinity of SF films in ordeo t
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improve their insolubility. It is necessary to modihe surface characteristics of silk
films through advanced printing systems and lithography technology to meet the
requirements of biomedical applicatioth@wrence et al., 2012).

For biomedical apptiations, SF films can be usedaamatrix for drug delivery,
wound healing and tissue engineering. Recer@y, et al. (2013)constructed
chitosan/SF blending films for wound healing using alginate dialdehyde (ADA) as a
crosslinking reagent. In this studyDA could change the structure of the membrane
and reduce the pore size thus dedrgpshe water absorption rate of the film.
Meanwhile, it stillattainedanadequate moisture level for the wound. Moreover, this
blendof chitosan/SF mixed ADA film posse&s ahigh proliferation rate and low cell
toxicity when seeded with L929 cells, which indicatdat this film meets the
requirements of wound dressing. On the other haaddei et al. (2013prepared
SF/Gelatin (S/G) blend films through casting agueous solution at room temperature
into Petri dishes witlanenzymatic crosslinking method. Enzymatic crosslinking was
found to be a promising way to stabilize SF/G films for biomedical applicatioas
to its mild processing conditions. Furthermore, this process also insrtbaserface
morphological characters of cell adhesion and proliferatempecially, the SF/G
films exhibit surface elastic gradients, which are helpful in cell attachment and
migration. In order to find a possible way to cure corneal endothelium dystrophies,
Yoon et al. (2013yonstructed two types afansparent SF/sericinlins to use as a

substratum for corneal endothelial cell (CEnC) growth. The féxtsibit excellent
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trarsparency and hydrophilicity for CEnC growth. The results indicate that the
transparency of SF/sericin films could be mediated through the content of sericin.

The sericin amount also influersoeell attachment and proliferation.

1.3.95 Silk fibroin scafftds
Threedimensional porous scaffolds are ideal materials for tissue engineering due to
their highly mimeticin vivo physiological microenvironment, which are helpful for
cell attachment, proliferation, migration and nutrient transport. SF is a suitable
material for scaffold used in wound healifffasconcelos et al., 2012j)issue
engineering such as cartilage, bone and tefdiang et al., 2013; Wang et al., 2010b;
Yan et al., 2012pue to its good water vapo permeability, biocompatibilityand
biodegadability. Porogen leaching, freeze drying, and solid freeform fabrication
techniques are used to prepare SF scaffolds. The pore sizes of scaffolds prepared by
freeze dryi ng a canbeltantrobed thrbugOthedempeeaturd, pH
and content oforganic solvents. Solvent casting/particle leaching orfgasing
methodscanobtain better pore structures. Additionally, porogen leached SF scaffolds
are commonly used in tissue engineering applications, predominantly bone and
cartilage due totheir good control over porosity and pore sizes.

However, pure regenerated SF scafdlck strength, flexibility and specific

biofunctiors. In order to obtain better mechanical and biological properties,

compositeSF scaffolds are needed through blendmth other polymersor bio
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moleculesBhardwaj and Kundu (2012)pnstructeda SF/chitosarcompositeporous
scaffold for mesenchymal stem eblsed cartilage repair. The results indicated that
the SF/chitosan scaffold suppsertell attachment and proliferatiatue to its better
structure and chemical interactidru et al. (2011)used a mild process to prepare
porous and nanofibrous SF/collagen composite scaffolds. Collagen was used to
control the sedassembly of SF. The SF/collagen scaffolds containing 7.4#gen
exhibited great improvement in cell compatibility, and provided fibroblasts with a
favourable microenvironment to increase growth and proliferation. Furtherraore,
ternary blend scaffold systemasalso preparedGautam et al. (2013pbricateda
PCL/gelatin/chitosan ternary composite scaffold by electrospinning. The composite
scaffold exhibiteda slower degradation rate thathe PCL/gelatin scaffold due to the
semicrystalline propertyf chitosan. Meanwhile, the presence of hydrophilic gelatin
and chitosan enhance cell adhesion and proliferation, wtschuitable for tissue
engineering. Another way to improwie physical and biological properties of
SFKbased scaffold is to incorporate filleGhorbanian et al. (2013)repared porous

SF scaffold vth diopside nanoparticles asinforcingagent for bone regeneration,
which had enough porosity, desired surface properties, and excellent mechanical
strengthcompared with pure SF or diopsidéandal and Kundu (2009hcorporated
drugloaded calcium algiate beads into SF scaffolds to achieve controlled release
and sustained release. The results showed that this filled sceéfolsustainthe

releaseof drugs withoutan initial burst for 35 days due to the mechanically stable
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shell formed. On the otherahd, postreatment to improvethe properties of
SFKbased scaffoklis also important. Salvador et #hznarCervantes et al., 2012)
firstly fabricated an electrospun SF fibrous scaffold and then coatiedvith

polypyrrole to improve its mechanical resiste. Meanwhile, high electroactivity

wasachievedoy coaing with polypyrrole.
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1.3.10 Advanced silk fibroinbased biomedical products

Except for the traditional forms mentioned above, there are several novel and
advanced biomedical products made from regenerate@igF1.10) Prof. Kaplan

and his ceworkers have contributel much effort in designing and constructing
SFKbased biomedicalroducts for a long time. Here we will introduce some of these

emerging Skhased biomedical products.

1.3.101 Silk fibroin-based microneedle
The current problems of microneedles dhe difficulty to preserve sensitive
bioactive molecules and achieve controlled reledseris et al. (2012found a
method to producea SFbased microneedle system for controltettase drug
delivery The processs as follows: 1) an Al masteris manufactured, 2jpoly-
dimethylsiloxane (PDMSis cast orthe Al master to produca negative mald, 3) a
PDMS malld is removed, 4a drugloaded SF solutiors cast orthe PDMS mauld,
5) theformed SF structures allowed to dry, and 6) drelgaded SF microneedlese
removed. Compasd with current materials used in iononeedles, SF
basedmicroneedles possess excellent mechanical properties, biodegradability,
biocompatibility and the ability to preserve the bioactivity of biological compounds.
During the study, they selectevarious water vapo annealing times to adjust the
drugrelease properties of Skased microneedlesnd found that posprocessing

steps allow control over the diffusivity of the -BBsed microneedles, ultimately
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providing control over drug release kims. The following study of the mechanical
functionality of the SFhased microneedle in a mouse skin model demonstrated that
SFKbased microneedles provide sufficient mechanical strength to penetrate skin for

drug delivery.

1.3.102 Silk fibroinbased imfantable device
Hwang et al. (2012)designed an implantable transient device (a silicased
complementary metal oxide semiconductor) (CMOS) that completely degrade
vivo, and the degradation rate can be controllethbbeta sheet content of SF. het
research paper, they demonstrated the materials, manufacturing schemes, device
components and theoretical design tools for the system. Totally, the device included
transistors, inductors, pacitors, diodes, and resistogith interconnects and
interlayer dielectrics, all put onthe SF substrate. When implanteid vivo,
examination after 3 weeks of the platform revealed only faint residues, with evidence
of slow reintegration into the subdermal layers, along with apparent revascularization,
and nosignificant inflammatory reactions in the histological secti®his novel

transient implantable device could be used for cancer thermal therapy.

1.3.103 Silk fibroinbased fracture fixation device
Fracture fixation mainly use metallic alloy products, vkich also have stress

shielding, palpability and temperature sensitivity problems. SF as a degradable and
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resorbable protein was used to fabricate novel screws and plates for craniofacial
fracture repaifPerrone et al., 2014Thesenew resorbable Sbasel devicedisplay
many advantages including high biocompatibility, minimal inflammatory,
sterilization by autoclaving, easy implantatioare tunable for repair site and
facilitate bone remodkhg. The procedurds as follows. (1) SF solutionis
lyophilized, (2) Iyophilized silk is at into small pieces (3) 1,1,1,3,3,3
hexafluore2-propanol (HFIP)is added to a syringe to dissolve SF piedds
dissolved SF/HPLC solutiors injecied into bone plate or screw blank moulds)
themouldsare mmersé in methanol for 34 days to induca beta sheet structur¢d)
the moulds areemovel and allovedto dry followed by autoclaving for stability/)
tools are usedo obtainthe needed geometryfter implantation for 4 weeks and 8
weeks, the SFbased scmgs ramained in their position and the siteexhibited
continuedremoddling of adjacent bone, with no obvious inflammatory reaction.

Silks are a unique group of fibrous proteins with excellent mechanical strength
in fibre form. The clinical use of silk sutes and availability of silkworm silk have
encouraged aecent expansion of novel biomaterials from silkworms. Native silk
fibres can bedissolvedand regenerated in agueosdution, then further prepared
into different forms including particles, filmbydrogels, fiboresand scaffolds. Cell
attachment and proliferatiocan be improved by surface modification of -Based
biomaterials in tissue engineering. Various celln be seeded and growon

SFKbased biomaterial® form a variety oftissues includig bone, cartilage, tendsn
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and ligamerg The degradability afilk fibroin can be modulated by altering the beta
sheet content to meet different requirements. The unique structure, versatility in
processing, biocompatibility, various biomateriahorphologies, theease of
sterilization, thermal stability, surface chemistry for chemical modifications and
tunable degradation rate features make SF a promising bioahdteribiomedical
applications.

Knowledge gap
1. Physicochemical interactions betwe€M and SF in forming nanoparticleseed
to study.
2. Little literature report on the impaof SF nanecarriers onwatersolubility, drug

releaseand cell uptake efficienogf incorporatedCM.

1.3.11 Nanotechnology

Various nanotechnologieshave been dewloped to prepare NPs, such as
emulsification, saltingout, spray dryingnanoprecipitationlaminar jet breaku@and
lipid templating However, these nanotechnologiesfor preparing Skased
nanoformulations suffer from several issuasch as extreme process conditidhs,
residuevolume of organic solvent and loss of bioactivitshich are the problemef
most concern. Herein, exploration of a novel figree and easy control
nanotechnologybecomesvery important. SCF technology emergip as afigreer

technique has drawn more and more attentiagecent years
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1.3.12 Supercritical CQ

Longterm gability and bioactivity retention are the key issumsactive protein
microparticle fabrication. One of thdraditional processs for preparirg protein
microparticlesis freezedrying or lyophilization( Jovanovi | et al .,
and van de Weert, 2008; Patro et al., 2002; Ratanajiajaroen and Ohshima, 2012;
Wang, 2000) However,the processnustbe tailored according to each individual
proteinbecause not all proteircsinbe lyophilized into stable productspraydrying

and milling produce particles ra@drom 5¢ m 50 m(Christensen et al., 2001,
Corrigan and Crean, 2002; Gee et al., 198fyer et al., 2008; Nie et al., 2008;
Nykamp et al., 2002; Sliwinski et al., 2003; Tonon et al., 20dd) protein
microparticles formedhroughthese methods tend to be denatuogdng to high
temperature ortsong physical stress. Emulsiadrying requires the addition of
organic solvents, which can cause protdmslenature(Kapilashrami et al., 2004;
Soazo et al., 2011Yenperature pressure stress and exposure of proteins to organic
solvents inthese traditiongbrocessemight cause irreversible stiiwral damage and

loss of bioactivities.Severalstrategieshave been reportesh the past decade to
overcome the&rawbacksf conventional processebhe SCF techniqués considered

a promising method for producing protein micrgarticles because ofits mild
formation conditios and good patrticle size contr@onnaillie and Tomasula, 2010;
Chen et al., 2012a, 2009d; de Paz et al., 2012; Priamo et al., 2011; Solaro et al., 2010;

Zhao et al., 2013)The application of four modified S€O, techniques namely,
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gasassisted melting atomizatioGAMA), COx-assisted nebulization withkabble
dryer (CAN-BD), supercritical fluidassisted atomizatiomwith a hydrodynamic
cavitation mixer(SAA-HCM), andthe scCO,-based coating methotb prepare
protein micrgarticlesis reviewed in this article These four methods are suitable for
producing protein microparticles with fine particle size distribution and high
bioactivity retention becausthese modified methods involveebulization of an
aqueous solution or fmation of microparticles withouttilizing any organic solvent
or by utilizing cosolventsonly such asethanol. Cosolventsare lesstoxic than
conventional organic solvents such as acetone ionlalomethane Thus, the
bioactivities of proteins processdtirough these methods areetained or even

enhanced.

1.3121 Properties of supercritical CO
Many compoundsanbecomesupercritical fluig. Carbon dioxide (C£) is aunique
compound that isuitable foru s e as a f,goecausenof isppropriata t 0
critical propertie304.3K, 7.4MPa) compare with other compoundgs shown in
Table1.4). ScCQO; is the most utilized SCFyther compounds hawextremely high
critical conditions andare usually toxic and flamma®IlThe threshold limit value
(TLV) of CQO; is approximately 500ppm, which implies thatits toxicity is much
lower thanfor acetone (75@pm)andpentane (60@pm). Thehigh vapar pressure

of CO; indicatesthat residual C®is not harmful to human heal{Beckman, 2004).
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CO» becomes a nepolar solvent whempressureand the dielectric constant of €O
increase. Hence, predicting the solubility of different molecules-d@&ds difficult
because of these two opposite effedise solubility of Ipophilic compound with

low polarity such as esterethersand epoxidess very high inscCO; at low
pressure(Ribaut et al., 2011)The solubility of molecules containing strong polar
groups (e.g., COOH} verylow in scCO, (Tabernero et al., 2012; Wu et al., 2003).
Nevertheless, any polar sol@n increase its solubility scCO, throughthe u® of
different cosolvents. The solubilityf polar dissolvents such as short alcohols and
shortchain hydrocarbons (ethanol, acetome$}cCO,decreases with the number of
carbon atoms in the chajiVu et al., 2003).

Table 14 Critical properties of different compounds.

Compound Te(K) P: (Pa)
Ammonia 405.7 11.3
Benzene 562.2 4.9
Carbon dioxide 304.3 7.4
Chlorotrifluoromethane 384.9 3.9
Ethane 305.6 4.9
Ethylene 282.5 5.1
Methanol 513.7 7.9
n-Propane 367.0 4.3
Water 647.6 22.1
Xenon 562.9 5.8

1.3.122 Variations of supercritical C&xechnique
ScCO; techniquescan be divided into different groupsependingon the CO;
characteristicaas shown inTable 1.5. Rapid expansion o& supercritical solution

(RESS), rapid expansion of a supercritical solution into a liquid solvent (RESOLV),
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rapid expansion o supercritical solution into an aqueous solution (RESSAS) and
rapid expansion ad supercritical solution with a nonsolvent (RESE are included

in the solvent group iscCO,. Gas antisolvent (GAS), supercritical ardblvent
(SAS), aerosol solvent extraction system (ASES)lutionenhanced dispersion by
supercritical fluids (SEDS)particles by compressed assblvent (PCA), and
atomized rapid injection for solvent extraction (ARISE) belong to the antisolvent
group inscCO.. The cosolvent or compoungroup in s¢CO, includes particles
from gas saturated solutions (PGSS), GAMA, degressurization of an expanded
liquid organic solution (DELOS)CAN-BD, supercritical fluidassisted atomization
(SAA), and SAAHCM belong to thenebulization compoundjroup in s¢COs.
Supercritical fluid extraction of emulsions (SFEE) an extracting atsolvent
compound groupn scCO.. RESS, GAS, SAS, SEDSnd SAA arethe most
common methodsutilized to produe microparticles (Jung and Perrut, 2001,
Mishima et al., 2000RESSN, GAS, SAS and SEDSwere often utilized in thpast

to produce bioactivenaterials such as proteif€hang et al., 2008; Chen et al.,
2009a, b; Elvassore et al., 2001; Kalani and Yunus, 2011a; Lee et al., 2007; Zhao et
al., 2012a)Neverthelesspreparingabile protein microparticlesthrough antisolvent
techniques has had veliynited successbecause theskbile proteinseasily lose

their bioactivity andbecome denaturd after processing comparedith robust
proteins such asnsulin and lysozyme(Carpenter et al., 1993; Moshashaee et al.,

2003; Muhrer and Mazzotti, 200Brestrelski et al., 1993Most of theseantisolvent
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techniques usually require the addition of organic solvents or exposure of proteins to
high temperature or high pressut@AMA, CAN-BD, SAA-HCM, and seCO
coating methoslare oftenemployedto produce tein microparticlesbecause these
methods do not requirthe addition of organic solventand successfully avoidhe

mild formation condition®f such solvents

Table 15 Variations of SCFs technique.

sc¢CQpas s¢CQz as sG¢CQO; as cosolvent: scCOas s¢CQO as
solvents antisolvents  or as a compound nebulization  extracting
compound compoung

RESS GAS PGSS CAN-BD SFEE
RESOLV SAS GAMA SAA
RESSAS ASES DELOS SAA-HCM
RESSN SEDS

PCA

ARISE

RESS: apid expansion oh supercritical solutionrapid expansion of a supercritical
solution into a liquid solventRESSAS:rapid expansion o& supercritical solution
into an aqueous solutipRESSN: rapid expansion od supercritical solution with a
nonsolvet; GAS: gas antisolvent SAS: supercritical antsolvent ASES: aerosol
solvent extraction systemSEDS: solutionenhanced dispersion by supercritical
fluids; PCA: particles by compressed asblvent ARISE: atomized rapid injection
for solvent extractin, PGSS: particles from gas saturated solutipnSAMA:
Gasassisted melting atomizatipELOS: depressurization of an expanded liquid
organic solution CAN-BD: COr-assisted nebulization with laubble dryer, SAA:
supercritical fluidassisted atomizatipnSAA-HCM: SFEE: supercritical fluid

extraction of emulsions
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1.3.13 Promising modified supercritical CQ techniques for preparing protein
microparticles

1.3.131 Gasassisted melting atomizatig@AMA)
PGSS is suitable for processing active protebecause it does not requitke
addition oforganic solvents. The method calsobe applied t@rocessg materials
with low melting point (Rodrigues et al., 2004However establishingefficient
supercritical processesaccording tothe different physicochemical properties of
various proteins guch ashydrophilicity or hydrophobic character) is difficult.
Inhomogeneousnicroparticles with poor pharmaceuticploperties such aslow
stability or inconvenient drug release profilesay form when this techniqueis
employed.GAMA is an improved variation of PGS show in Fig. 1.11 GAMA
increaseshe production of proteimicroparticlesandutilizesa second gas (usually
air) during atomization and precipitatiohhe GAMA technique isuitable even for
mild conditions and minimizes the use of harsh organic soluerlike traditional
methods such asspraydrying or homogenizatioriThis techniquecanbe utilized to
proces fragile active materialssuch agproteinsand peptidesHigh product recovery,
high protein loadinghigh bioactivityand negligible solvent conteoan be achieved

by optimizing the operating conditions.
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Fig. 111 Schematic representation GAMA.

Salmaso et al. (2009%9uccessfullyutilized the GAMA technique tofabricate

insulinloaded lipid submicromarticles. The amount ofrisulin loading in the final

products was measuredy extracting protein from the melted particleBhe

extraction procedure waslidated througtpreliminary studies Resultsrevealedhat

more tharB5% ofloadingprotein can be recoverédm melted micrgarticledebris

and by treatment with BMSO/acidic water mixtureThe results also shoad that

increased DMSQrontent in the processqarotein/lipid mixtureimproves protein

recovery yield in the final lipid submicroparticle product. Insulin extracted from

the particles was subcutaneouslyinjected into mice with diabetes.The results

revealedsimilar hypogly@emic profilesof insulin extradgbn comparedwith native

insulin, which indicaés thatthe bioactivity of insulin was noteducedoy the GAMA

processThereforethe GAMA techniquecan be utilized to process various excipient

combinations to increase thgroduction of protein microparticles with tunble
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biopharmaceuticalcharactestics o wi n g t o t he ke eopehating g u e 0 s

conditions

1.3.132 COr-assisted nebulization withkmubbledryer (CAN-BD)
Micronization of hydrophilic compoundscan be performed through CAMNBD
(Sellers et al., 2001)he process is as foll@(Fig. 1.12) sc-CO,andthe solution
are pacedin contact in a lowdeadvolume tedor a shortperiod;an emulsion ishen
formedwhensomeof the CO; is solubilizedin water This emulsion issubsequently
sprayed ito a drying tamberfilled with pre-heatedN.. N2 aids inatomization and
drying. Unlike complete saturatiorthat ocaurs in PGSS or PGS&ying, the
dissolved s€CO; in water functions as an atomization enhancentent. The
diameter of the micro droples or powder can be controllied by varying the
temperature, pressure, flow rates and diameter restribt@wbacks related to

blockageof thenozzle (JouleEThomson effect) arsuccessfullyavoided

oF]
=F]
h )
2 —
2
2
Solution Co,

Fig. 112 Schematic representation of CABD.
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The successful use othe CAN-BD technique in preparing protein
microparticles is shown in Table 1.6. Additional pH buffers and appropriate
excipients, such as disaccharide sugars (e.g., sucrose or trehalose) or surfactants (e.g.,
Tween 20 or Tween 80)are necessary for protein microparticlés achieve
long-term stability and full retention of bioactivity. No additional processing
difficulties are encounteredith the addition of these solution componenEull
retention of thebioactivity of a proteinvaccine after CANBD processing was
revealedby Sievers et al. (2000andboth in vitro and in vivo testeonfirmed the
results. Prepaation of fine dry powder of live attenuated measles vaccine virus
through CAN-BD has beenreported recently (Sievers et al.,, 2007). A
myo-inositotbased formulationwas utilized to develop an inhalable dry powder
vaccine. Approximately 72% 18% SD (n= 8) of viral activity was retained through
CAN-BD processingShoyele and Cawthorne, 2006; Sievers et al., 20083.resut
is better than that oftommercial sorbitebased measles vaccine formulation
obtained byfreeze dryingin which bioactivity after processings merely50to 60%.
Moreover 20% £9 SD (n=4) of the viral activityof the myeinositolbased
formulation was retained afterd7at 37€C. Thestability of the powder formulation
prepared throug&AN-BD exhibitedless than 90% loss afterd7of storage at 37¢
which indicates that the powder formulation padshe stability criterionof the
World Health OrganizationA polymerase chain reaction assay of measles vaccine

virus nucleoproteins in the lungs of cotton fatsducedvivo viral replicationresuls
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after the rats inhatethe myeinositolbased CA-BD powder formulation for o
14 d. Siever®studyalsoproducedsome interesting result¥he enzymatic activities
of lactate dehydrogenase and trypsinogen were enhaaifted processingwith
CAN-BD (Kisich et al., 2011)Theseresultsindicate that the protein molecules in
the original stok solution which were denatured or in a sudictive folded
conformation, can possiblpe refolded into a native and active structuafter
treatment with ¢CQO,. Gieflauf and Gamse (200Qubjectedpowder samples to
hourly pressurization and depressurization W€ O,. The enzymatibioactivity of
porcine pancreatic lipase increase@60%aftertreatment with & COo.

Table 16 Summary of bioactive materials containirgarticles produced by

CAN-BD.

Proteins Solvents Bioactivity Advantages
Alpha-1-antitrypsin  Water Full retention of enzymatic 1.Substantial
(PC et al., 2008) activity. retention or

Anti-CD4 [89] Water Full retention of antigen binding even

activity. enhancement

Trypsinoger|88] Water Not reported/Full retention and  of protein
even enhancement of original  bioactivity.
activity possible

IgG (human) Water Full preservation of total human 2.No
(Reverchon and IgG content and full retention of aggregation
Spada, 2004) activity.
Lactate Water 15% of original activity (no 3.Can be
Dehydrogenase stabilizing excipients added); 40¢ operated as
(Sievers et al., to >95% of originahctivity either a batch,
2001) depending orstabilizing semicontinuo
excipients added us, or
Measles vaccine  Water Full retention of virus activity. continuous
virus (Sievers et al., process
2007)
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A wide range of substances has been successfully micrahizetyhCAN-BD
(Table 1.6) The resulting microparticles or powdexxhibited high retention of
bioactivity, which indicate that the CAN-BD techniqueis an effective method for

producing active protein microparticles.

1.3.133 Supercritical fluid-assisted atomizatiowith a hydrodynamic cavitation
mixer (SAAHCM)
SAA is a modifed methodof spray drying which is an efficient techniquefor
producing microparticles Lysozyme microparticles hae been producedthrough
SAA with water as the solve@dami et al., 2009)The bioactivity ofthe lysozyme
particleswas maintained after SA4rocessing However, denaturatioand loss of

bioactivity of the protein could occur owing tine final addition ofthe organic

9 -
J.

Solution

| Vent
SP
? <—>T<— H

Vent

solvent.

Fig. 113 Schematicrepresentation of SAAICM. HCM: hydrodynamic cavitation

mixer; ABPR: automatic back pressure regulate; SP: separator; Pr: precipitator.
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SAA-HCM is an improvement of SAA. A hydrodynamic cavitation mixer is
introduced in SAAHCM to enhancehe mixingeffectbetween liquid feedstock and
CO. (Fig. 1.13. An orifice plate functions as a cavitation generatahemixer. The
aqueous solution is mixedith CO, and carried to the transient bubbtisven by
pressure variatiowhenthe premixed fluid flows throu@ the orifice plate. Aarge
number of CQ cavities arghen generatein the liquid regionowingto the recovery
of pressure after the orifice. These cavitegsidly collapse Phaseboundaries and the
interfacial area cahedisrupted and increased lilge high transient energy caused by
the implosion of these cavities. A continuousiearthermodynamieequilibrium
solubilization ofscCO; occurs in the liquid solutiofCai et al.,, 2008)The mass
transfer of the twgphase flow systenis enhanced througthe formation of the
cavities. The homogeneous emulsion in the cavitatrorer should be formed
rapidly to protect the protein structure. The flow region available for the liquid in the
nozzle carbe efficiently reduce by undissolved CQ andthe viscosi and surface
tension of the aqueous solution cabe reducel by te dissolvedCO,. The
homogeneityf the small primary dropletsan beincreasd by these tweeffects, and
final micrgparticle morphology and size distribution cdso be controéd.

Bovine serum albumin (BSA) microparticles have been produbedugh
SAA-HCM by Yaoet al(Wang et al., 2011yvith water aghe only solvent. Hollow
and spherical microparticles were produddd. considerablehange in the primary

structureof the BSA micoparticleswas observed based on the results of sodium
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dodecyl sypbhatepolyacrylamide gel electrophoresis (SPAGE). No newpeaks
were likewise observethy Fourier transform infrared spectroscopy (FTi&er
SAA-HCM processingwhich indicats thatthe secondary structure of BSA did not
change The BSA microparticles confirmed high retention of primary and secondary
structure of native BSA.

Lysozyme microparticlesvere also preparedhrough SAA-HCM. No organic
residue was detectedhenwater was utilied as the solvent to solubilizgsozyme
Separated and sphericaicroparticles withdiameters ranging from O0td 5e m wer e
successfully produced under optimum operating conditionsBioactivity was
maintained at higher than 85%.and no damage ithe primary and secondary
structure of the processed lysozymeas found Considering the reported results
above, SAAHCM is an alternativeto conventional methods famicronization of

active proteins.

1.3.134 SupercriticalCO, based coating method
CO: is readily available, environmentally acceptalaled norflammable. The gas
has a critical pointhat can be easily reached allogrCO; to function atmoderate
temperature$304.3K). No toxicresidues remaiafter seCO, coatingbecause C®
easily reverts ito gas atatmospheric pressur@he solvent poweof CO, can be
significantly varied and adjusted by simpharying the temperature and pressure

conditions. This original behawio of adjustable solventsenders CQ@ a very
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promising substitute foorganicsolvents in microencapsulation processesovel
coating process based saCO, technologywithout any organic solvent has been
devdoped recently by Richard et.4Thies et al., 2003Jhe processconsiss of two
steps(Fig. 1.14). First, the coatingmaterial is dissolveih scCO, with continuous
stirring. Second, the solvent power ofscCO, is gradually redusd through
depressurizationo graduallyprecipitate the coating materiahto protein particles
dispersed in themedium. The process is totallydifferent from the previously
describedscCO;-based processes becausddes not lead to in situ formation of
microspheresbut to the production of microcapsulesmposed of a preformed core

of proteirs surrounded by a shell of coating material

Condensor

|

Reservoir

y
— -

Condensor

Stirrer

Autoclave

—— .

Heat exchanger

Fig. 1.14 Schematic representation ofG€, based coating method.

Richardet al (Ribeiro Dos Santos et al., 200€howed that preformed solid
protein particles canbe efficiently coated with polymer materiathroughscCO

coating A subsequensustainedrelease of solverftee microcapsulegontaining
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proteirs occurredwithout any structwal changein the protein. Gelucire® 50/02,
which iscomposed o mixturecontainingfatty acidesters and glyceridedid not
crystallize,whereas pure triglycerides such as Dynasan® dit¥ Gelucire® 50/02
appeas to be a suitabl@olymercoating material fothis particularcoatingprocess.
This finding suggests that a homogeneous coatffgct is producedwhen
Gelucire® 50/02is precipitatedupon the BSA crystalsThus, long-term release
combinedwith a very limited initial burst effect wasuccessfullyachieved at 37C
over a 24 period.Benoib sesearciDos Santos et al., 2008)dicates that the use
of sugar granules yields promisimgaults. Coating was effective, anthe smooth
coating obtained with Gelucire® B2 reveaédthe tendency of this material torm

a coat rather than discrete crystalswi ng t o t h e-compohemmmaiura.l 6 s
The most atractive advantage of thigechniquethat is not exhibited by other
scCOx-basedtechniquess that active materialsuch as proteins or peptidese
continuously coated during the process in the solid stateithout the needto
solubilize theproteins Exposure to heat aratisorpion of the water/solvent interface
are the main causes of protein inactivatioor denatuation in classical
microencapsulation processtsat are successfullyavoided. The abovenentioned
findings indicate that this process should be veelapted toprotens and other
biomaterials the use of biodegradable polymersuch as polylactidepoly
(lactideco-glycolide) or mixtures of lipidic compounds and polymeasspotential

coating materialshouldbe considered ithefuture.
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1.3.135 Solutionenhancedlispersion by supercritical fluidSEDS)

The SEDS process has also been exploited for protein particle formation widely,
including drug, polymer, protein, drlgaded polymer and bifunctional composite
particles and so offig. 1.15) Chen et alprepared the PLLA microparticles liye

SEDS process and investigated the effects of process parameters such as temperature
(T), pressure (P), concentration of the organic solu(®)) and flow rate of the
solution (F). The results suggested that comeéinh of the organic solution is the
greatest factor to determiribe diameter of microparticles, and the relationship of
influencing factors for particle size is C > F > T > P. By adjusting the experimental
parameters, various PLLA microparticles wittifeglient mean particle size ranging

from0.646 . 64 em, would be produced for diffe

Solution
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_ Organic solution __ -~ ’ =r(D)
4 8

Fig. 115 Schematic of the apparatus for the solumimanced dispersion by
supercritical CQ@ process; (1) solution pump, (2) high pressure vessel, (3) gas bath,
(4) CQ cylinder, (5) cooler, (6) C&pump, (7) heat exchanger, (8) coaxial nozzle, (9)

filter and (10) water bath. T: thermometer; P: pressure gauge.
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Sc-CO, techniques,especially SEDS, CAN-BD, SAA-HCM, GAMA and
scCO-based coating methed are good alternative for bioactive material
processingProtein microparticles andPs with narrowparticle size distribution and
high retention of bioactivitycan be obtaied by these ecdriendly technologies
becausethese technologies utilizerganic solvents with relatively low toxig or
avoid the use of suddolvents However,many other protein@xcept robust protemn
that have hightolerance for organisolvents, pressureand temperatureush as
lysozyme and insuljnand bioactive molecat need tobe micronized bythese
promising modified s€0O, techniquesto extend their applicationrPerforming a
thermodynamic study to determine the solubility of the systeamd the
corresponding phaseointiers before utilizing these techniques is necessary. No
general equation provides an accurate estimation of solubility at prebentarnie
situationapplies tothe PSDand morphology of fingbrotein microparticlgoroducs.
However, based on previousork, the future of these modified sS€CO, techniques

with regard to therocessingf active proteings promising

Knowledge gap
1. Nano structure€M-SFIDDSs needto be developetly the SEDS process.
2. The n vitro and in vivo antcancer effect of nano structur€M-SFIDDSs need

to beevaluate.
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1.4 Summary of ResearchGaps

Through reviewing the recent literatusé CM, SF and supercritical technolodiie

following knowledge gaps are identified alisted:

1.

2.

The effect of particle size on water solubility of CM need®stigation
Interactions between cells and CM NPsamelear.

Physicochemical interactions betwe€M andSFin forming nanopatrticleseed
to bestuded.

Little literature repor on the impactof SFnanacarriers orthe watersolubility,
drugreleaseand cell uptake efficiencyf incorporatedCM.
Nanostructure@M-SFIDDSs need to be developdxy the SEDS process
The in vitro and in vivo antcancer effect of anostructure€M-SFIDDSs need

evaluation.

1.5 Project (ojectives

In order to fill the knowledge gaps mentioned above, the following research

objectiveswere developed:

1.

To prepareCM NPs by theSEDSprocessthenstudy the mechanism of particle
formation and drug release

To evaluate the biological activities of CM NPs prepargBDS

To fabricate CMSF NPs by the SEDS process, then investigate the interactions

between CM and SbBased carriers

55



4. To evaluatehein vitro anticancer effecof CM-SFNPs prepared ¥ SEDS

5. To corstructa CM-SF nanofibrousIDDS by the SEDSrocessand thenstudy
themechanisnof nanofibrous structure formation

6. To explore an appropriate peastatment method focontrolledrelease of CM
from SF nanofibrous matrices, then exantimein vitro and invivo anticancer

efficiency of CMSF nanofibrous IDDS

1.6 Project Significance and @ginality

SCFtechnologyespecially SEDSs apromising alternative fopreparingbioactive

molecule particles and nanostructured DDSThis research project combindise

multi-functions of CMandsuperior advantages of $fased carriexto fabricae CM

NPsandCM-SF NPsandnandcstructuredCM-SF IDDSs by SEDSwill offer a novel

nanostructuredmplantable,biodegradable, andontrollabledrugreleaseDDS for

futuretherapy.The specific aspects of significant contributions aredibelow:

1. The present study will provida promising solution for enhancirthe water
solubility of hydrophobic drugs wita SCFbased nano drug DD$vhich could
be applied invariousfields including drug deliverypbiomedicine, textiles, food
and colar reagens.

2. It is the first time that S#based carrierbave beenntroduced into SCibased
nanostructured DDS to achieve condldrug release an@cilitate cell uptake.

3. This project will develop animplantable biodegradable and controllable
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drugrelease nanofibrous DDS flarcalizedandsmarttreatment of cancer.

4. This study will develop knowledge antheoretical understanding of the
mechanism of CM NPs, CM8F NPs and CMSF nanofibrous DB formation as
well as their physiochemical and biological properties, especially the

anti-cancer effect.

1.7 Research Mthodologies

To achieve the objectives mentioned above, the following rdetbgies were

adopted.

1.7.1 Curcumin nanoparticleformation

The SEDS processwas employed to prepare CMNPs Meanwhile, design of
experiments(DoE) was usedo design full factorial experimentto study the
mechanism of particle formation during SEDS. The effect of process parameters on

particle size waalso investigated by DoE analysis.

1.7.2 Physicochemical and biological characterizations of curcumin
nanoparticles

Physicochemical properties including surface morphologgrticle size, size
distribution,chemical structure and composition, crystallinand thermaktability;

efc., canbe characterized and analyzed by common techniques such asiiskion
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scanning electron microscopy (FEEM), Fourier transform infrared spectroscopy
(FTIR), powder Xray diffraction (XRD), differential scanning calonetry (DSO),
thermal gravim analysiSGA), et.

For biological activities characterizations the minimum inhibitory
concentrations(MIC) on two bacteria strains were measured usingbrath
micro-dilution assay with a mimomodification The in vitro anti-oxidant activity
was measured on the basis of scavenging activity of the stahRPH
(1,2-diphenyt2-picryl-hydrazyl) free radicalThe anticancer effecion cancer cell
HCT116 and cytotoxicity effect on normal celNCM460 were measured byMTS
assay usinghe CellTiter 96 AQueous One Solution Cell Proliferatigkssay kit
(Promega).Cellular uptake efficiency was observed &yonfocal laser scanning
microscope (CLSM). Cell cycle and apoptosis assays were conductatdeon

HCT116 cell line usingflow cytometer

1.7.3 Curcuminssilk fibroin nanoparticles formation

The SEDSprocessvasemployed to prepare CI8FNPs Meanwhile DoE was used

to design full factorial experimenito study the mechanism of particle formation
during SEDS. The effect of process paeters on particle size was also investigated

by DoE analysis.
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1.7.4 Physicochemical characterizations and antiancer effect evaluation of
curcumin-silk fibroin nanopatrticles

For physicochemical propertiesurface morphologyaticle size, sizalistribution,
zeta potential, chemical structure and composition, crystallinity, thestadaility, etc.,
could be characterized and analyzed by common techniques suchS&sVEEeta
potentialanalyzer BrookhaveninstrumentsCorporation, USA)FTIR, XRD, DSC,
TGA, et.

For in vitro anticancer effect evaluationhe anti-cancer effecon cancer cell
HCT116 and cytotoxicity effect on normal celNCM460 were measured byMTS
assay using the CellTiter 96AQueous One Solution Cell Proliferatiokssay kit
(Promega).Cellular uptake efficiency was observed B}.SM. Cell cycle and

apoptosis assays were conductedh@HCT116 cell line using flow cytometer

1.7.5 Curcumintsilk fibroin nanofibrous matrices formation and control drug
release

The SEDS process was employed to prepare CI8F nanofibrous matrices
Meanwhile, DOE was usedto design full factorial experimestto study the
mechanism ohanofibrous structuréormation during SEDS. The effect of process
parameters offibre diameterwas also investigated by DoE analysifie different
secondarystructure of Stbased carrieraffects the releaserate of loadedCM.

Therefore, solventvapour (water and ethanol) pesteatment wasemployed to
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control the drug release. Then, the in vilicumulative drug release was evaluated

using arultra-violet (UV) spectrophotometer.

1.7.6 Physicochemical characterizations and antiancer effect evaluation of
curcumin-silk fibroin nanofibrous matrices

For physicochemical propertiesurface morpholog fibre diameter chemical
structure and composition, crystallinity, and thermsthbility, et., can be
characterized and analyzed by common techniques such-8&MEFTIR, XRD,

DSC,TGA, et.

For in vitro anticancer effect evaluatiorthe anti-cancereffect on the cancer
cell HCT116 and cytotoxicity effect on normal celNCM460 were measured by
MTS assay using the CellTiter ®&\Queous One Solution Cell Proliferatidrssay
kit (Promega).Cellular uptake efficiency was observed 6 SM. Cell cycle and
apoptosis assays were conductedh@HCT116 cell line usinglow cytometer

In vivo tumaur therapy wasconstructedon a BLAB/C nude mice modelfor
further investigationof CM-SF nanofibrous mattianti-cancertreatment efficiency.
Thi s study complied with experimental alt
ref i ne meastapprovadnby the Laboratory Animal Center of Sun-¥ext

University (Guangzhou, China).
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1.8 Thesis Outline
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Chapter 4 —»|
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|

Chapter 6 ]
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nanoparticles in supercritical CO2

Curcumin nanoparticles
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CO2 based silk fibroin carrier
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nanoparticles

Development of silk fibroin-derived nanofibrous
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An implantable and controllable drug-release silk
Chapter 7 —] fibroin nanofibrous matrix for smart treatment of

l cancer

Chapter 8 Conclusions and suggestions for future work

VARV,

Fig. 1.16 Diagram ofthesis outline.
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CHAPTER 2 PREPARATION AND OPTIMIZATION OF

CURCUMUN NANOPARTICLES IN SUPERCRITICAL CO2

2.1 Introduction

This chaptedescribeghe fulfilment of the first objective tgrepareCM NPs by the
SEDSprocessand then study the mechanismpafticleformation and drug release
As mentioned inChapter 1, CM possessesany therapeutic properties, including
being antrinflammatory, an antbxidant anticancer, antHIV, and antimicrobial.
Despite displaying multiple beneficial pharmacologiefiects, CM suffers from
extremely lowwatersolubility. The poor solubilityimits its absorption ancesults in
low bioavailability. In this chapterthe hypothesisis that decreased patrticle sizef
CM may contribute to higher water solubility. To test this hypothesis, SEDS was
used tomicronize CM, particle size and size distribution warsedas two major
corresponding variables for optimization with full factorial designs (FFD), steepest
ascent and central composite design (CCD); the effefctsarameters (pressure,
temperature, concentratioand flow rate of solution) on particle size and size
distribution were systemattly analyed The chemical composition, crystallinity,
thermal properties and solubility and dissolution rate of CM NPee vetudied
followed bydiscussiorof the mechanism of CM NP formati@nd enhanced water

solubility.

62



2.2 Materials and Methods

2.2.1 Materials

CM was purchased from International Laboratory (US&® with a purity 0f99.9%
was supplied by Hongong Specialty Gases Co. Ltd. (Hong Kongxetone was
purchased from Oriental Chemical & Lab Supplies. l{tdong Kong).All other

compounds were of analytical purity.

2.2.2 Preparation of curcumin nanoparticles by supercritical CQ
The experimentahipparatus of the SEDS process consists of three major sections: a
CO» supply system, an organic solution delivery system and agmggsure vessel.
The schematic diagram of the SEDS process is shown irRHigln this process,
when the desired experintah conditions were reache@M dissolved in acetone
was injected into the higpressure vessel via a stainless steel coaxial nozzle
simultaneously with s€0, using a highperformance liquid chromatography pump.
After all the solution was delered intothe highpressure vessel, fresh e@as
pumpedin to washthe precipitated particles for about 3f@ins to eliminate any
residual organic solvent. During the washing process, the precipitation temperature
and pressure were maintained as described abover thik washing process, the
CO, flow was stopped and the GOn the highpressure vessel was slowly
depressurized to atmospheric pressure.JkMeNPs were then collected on the filter

at the bottom of the higpressure vessel for characterization.
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Fig. 21 Schematic of the apparatus for the solummanced dispersion by
supercritical CQ process; (1) solution pump, (2) high pressure vessel, (3) gas bath,

(4) COQ cylinder, (5) cooler, (6) C&pump, (7) heat exchanger, (8) coaxial nozzle, (9)

filter and (10) water bath. T: thermometer; P: pressure gauge.

2.2.3 Full factorial designs
To investigate the influence and significance of phecess parameteos the particle
size of CM NPs in the SEDS processMinitab software (version 15) was used to
design a &full factorial experiment (FFD) as shownTable2.1 There werdotally
4 factors (Pessure TemperatureFlow rate Concentration ofCM solution) and 2

levels for each factor.
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Table 21 Experimental factors and levels.

Symbols Factors Coded level
-1 +1
A Pressure (MPa) 10 20
B Temperatur¢C) 35 45
C Flow rate of solution (tmin 1) 0.5 1
D Concentration (%) 0.5 1

2.2.4 Steepest ascent and centrabmposite design
Thefurtherminimization ofCM patrticle sizevas conducted witthe steepest ascent

and central cmposite desiggCCD).

2.2.5 Surface morphologyparticle sizeand size distribution
The surface morpholags of the samples ere visualizedthrough field emission
scanning electron microscpdFE-SEM, JEOL, JSM6490, Japan). Samples were
attached to carbon paint and placed on an alwmrsample holder and then coated
with gold under argon prior to imaging. The particle sofethe CM NPs was
analyzed by NanoMeasurer software (version 1.2) from the SEM photogiidEhs.
size distribution is the same meaning as standard deviation in my thésis.
standard deviation is calculated by using SEM images, Nano Measurer and Origin

software. The calcuteon procedure is shown below.

i
2

Nano Measurer Particle size Standard deviation
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2.2.6 Fourier transform infrared spectroscopy (FTIR) analysis
The samples were mixed with KBr and pressed into a thin tablet. The FTIR spectra
for the samples were obtained on an FTIR Perkin EImer 1720 (Perkin Elmer, USA)

in the transmission mode with the wave number ranging from 4,000 to 400 cm

2.2.7 Xray powder diffraction (XRPD) analysis
XRPD was carried out using an-tXay di ffractometer with
radiation (D8 Advance, Bruker AXS, Germany). Theasurement was performed in
a 2d range of 5~45A wit hscan sfeedovdttAa 2Dt e p

detector at 40 kV and 40 mA.

2.2.8 Thermal analysis
DSC samples were analyzed by DSC thermogram analysis (Simultaneous Thermal
Analyzer [STA] 6000Perkin ElImer, MA, USA) at a heating rate of 10€C rilnover
a temperature range of 25%00C€C in a nitrogen (N2) atmosphere. Each sample was
sealed separately in a standard aluommpan. TG analysis was carried out using a
Shimadzu TG analyzer (TGA58&yoto, Japan) in a nitrogen atmosphere. The-heat
ing rate of the experiment was 10€ min Nitrogen flow was maintained at 50

mL-minL.

2.2.9 Solubility ard dissolution rate measurements
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The solubility and dissolution rate of the origif@2M and the miconizedCM were
conducted using a modified dialysis bag metHedessve amouns of each sample

(10 mg)weredispersedn 5 mL of PBS (pH 7.4)and placed in a preeated dialysis

bag (Molecular Weight: 12,0004,000 Daltons)and then the bag was put ins0

mL of PBSand incubated i water bath aB7°C and 60 rpmAt a specific time 1

mL of the solution was removedollowed by centrifugation (10,08@, 10 min).

Then the concentration of supernatant was detected by UV spectrometry
(PerkinElmer Lambda 18, USA9t 410 nm. The dissolution rate was calculated in

terms of thaCM corncentration and incubation time.

2.210 Statistical analysis
Each experiment was performed in triplicate, andiatibwere presented as mean +
standarddeviations(SD). Statistical analysis was performed using-arey ANOVA

with the level of statistical significance set at(P05.

2.3 Factors Effecting Micronization of Curcumin
In order to study the main effect factor and interactions among thesesfdatang
the SEDrocess, a4FFDwas conducted. TabR1 shovs the four factors foFFD;
each of them had two levelsoded as +1 and respectively

Table 2.2 shovs the result of 16 runs according to tiéD, which were

randomly ordered. Particksize and SD were chasas two research object8un 2
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had the smallest particle size (325 nm) among all 16, mmshe other handun 7
had the largest particle size@24 nm)

Table 22 Experimentatunsand results of full factorial design

Run order A B C D Meansize fim) SD
1 -1 -1 -1 -1 389 61
2 1 -1 -1 -1 325 21
3 -1 1 -1 -1 694 64
4 1 1 -1 -1 337 12
5 -1 -1 1 -1 547 44
6 1 -1 1 -1 386 16
7 -1 1 1 -1 1,024 58
8 1 1 1 -1 370 4
9 -1 -1 -1 1 427 53
10 1 -1 -1 1 368 24
11 -1 1 -1 1 483 9
12 1 1 -1 1 372 53
13 -1 -1 1 1 374 19
14 1 -1 1 1 334 30
15 -1 1 1 1 899 163
16 1 1 1 1 692 118

Pressure (A), temperature (B), flow rate (C), concentration of curcumin solution (D),

SD: standardleviation.

20kv - ° ,000° 10 30 SEI

Fig. 22 SEM image of the originalM powders.
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Fig. 23 SEM images of CM NPgrepared by the SEDS process under different
conditions. (a) 1%35°C, 0.5 nL./min, 10 MPa, (b) 1%35°C, 1 mL/min, 10 MPa, (c)
1%, 45°C, 0.5 niL/min, 10 MPa, (d) 1%45°C, 1 ml/min, 10 MPa, (e) 1%35°C, 0.5
ml/min, 20 MPa, (f) 1%35°C, 1 ml/min, 20 MPa,(g) 1% 45°C, 0.5 ml/min 20 MPa,

(h) 1% 45°C, 1 mL/min, 20 MPa, (i) 0.5%35°C, 0.5 miL/min, 10 MPa, (j) 0.5%
35°C, 1 mL/min, 10 MPa, (k) 0.5%45°C, 0.5 nL/min, 10 MPa, (I) 0.5%45°C, 1
mL/min, 10 MPa, (m) 0.5%35°C, 0.5 nL./min, 20 MPa, (n) 0.5%35°C, 1 mL/min,

20 MPa, (0) 5%45°C, 0.5 m_/min, 20 MPa and (p) 0.5%45°C, 1 mL/min, 20 MPa

Thefull factorial design can help to find out the main effestgarticle size of
CM NPsfrom the parametensicluding the precipitation pessure(A), precipitatbn
temperaturgB), flow rate of CM solution(C) and precipitatiorpressurgD). The
guantitative data analys the results shown in Tab23 was carried out using
Minitab. Fig. 2.4 shows the standardized effect of the factors particle size The
main effectsplot for particlesizeis shownin Fig. 2.5 (a).

As shown inTable 2.3 and Fig. 24 (a) and (b) factor A, B, C (P<0.()
significantly affeced the particle size(nm). However, D (P>0.8) had a slight effect

on particle size. According to th&opes of the linesn Fig. 2.5 (a) the order of
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importance of the factors for particle siseas follows:B> A > C > D. Meanwhile,
there were interactions between AB, BC, AD, B&mABD.

Table 23 Estimated effects and coedients for particle size

Term Effect Coef SE Coef T P

Constant 0.5011 0.01552 32.9 0.000
Pressure (MPa) -0.2064  -0.1032 0.01552 -6.65 0.000
Temperature®C) 0.2152 0.1076 0.01552 6.93 0.000
Flow rate (ni./min) 0.1539 0.0770 0.01552 4.96 0.000
Concentration (%) -0.0152 -0.0076  0.01552 -049 0.631

T: temperature; P: pressure: Coef: coefficient; SE Coef: standard error coefficient.

Normal plot of the standardized effects
(response is particle size (nm), Alpha = 0.05)

9
Effect Type
@® Not Significant
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Pareto chart of the standardized effects
(response is particle size (nm), Alpha = 0.05)

2.120
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Fig. 24 Standardized effe¢h) and pareto chart (bf the factors on particle size.

Main effects plot for particle size (nm)
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Contour plot of particle size (nm) vs temperature (N ), pressure (MPa)
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Fig. 25 Main effects plot (a) and contour plot (b) of particle size.

Within the range of parameters studiedthe particle sizeincreasedwith
increasing temperature or flow rate of solution, and decreasaugpitationpressure.
Theimpactof concentration of solutioaloneon the particle size se@tinot obvious,
and decreasinghe concentration redudethe particle size ofCM NPs slightly
(shown in Fig 4.5 @). Fig. 4.5 ) displaysthe trend of particle sizenderthe
conditions of temperature and pressure. The particle size decredgbetbwer
temperature and higher pressuheis according to this trend, the next optietzstep

had a clear direction.
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2.3.1 Effect of precipitation pressure
As shown in Fig2.5, an increase in the precipitation gé® induced a reduction in
the particle size o€M. Runs 3 and 4 (Table2 show that increasing the pressure
from 10 to 20 MPa led to a decrease in the particle siz€BF NPs from 694 to 337
nm. This trend was also observed in the morphologgMfNPs shown in Fig2.3,
(c) and(d). Zhao et al(2013)alsoreported a similaphenomenon.

The nucleation and growth mechanism induced by sap#mation can be used
to explain the result. In the SEDS process, mutual diffusion between the liquid
solution and s€O, resulted in phase separation and supersaturation of the solution,
thus leading to the nucleation and precipitation of particles. Lower supersaturation
ratios resulted in fewer nuclei, which in turn yielded larger particles. An increase in
pressure led to an increase in the>@®nsity and mole fraction, thereby enhancing
the antisolvent effect of S€CO,. Therefore, supersaturation within the liquid phase
was more quickly reached, preventing the crystals from growing and inducing the

formation of particles of smaller siZéin et al., 2011).

2.3.2 Effect of precipitation €mperature

Figs. 2.4 and2.5 show that precipitation temperature significantly influenced particle
size, and increasing the temperature cduseincrease in the particle size ©M

NPs Runs 5and 7 (Table2.2) indicae that an ncrease in temperatufeom 35to

45€ would result in an increase in the size@# NPs from 547 to 1,024 nm. These
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results were supported by surface morphologgshown in Fig2.3 (b) and(e).

Temperature can affect the density of supercritical fluid. A small change in the
precipitation temperature can lead to considerable density changes, especially near
the critical point(Kalani and Yunus, 2011b)he increase in temperature caused
decreased dsity of scCOp, thus resulting in a decrease of the antisolvent effect of
scCOs. Therefore, achieving supersaturation was slowed and a bigger particle was

formed. Similar results were also observed in other stdesset al., 2011).

2.3.3 Effect of flow rate of solution

Figs. 2.4 and2.5 show that precipitation temperature gigantly influenced particle

size, and increasing the temperature cawse increase in the particle size ©M

NPs Runs 5and 7 (Table2.2) indicde that an ncrease in temperature from 85

45€ would result in an increase in the size@/ NPs from547 to 1,024 nm. These

results were supported by surface morphologgshown in Fig2.3 (b) and(e).
Temperature can affect the density of supercritical fluid. A small change in the

precipitation temperature can lead to considerable density changesiaigmear

the critical point(Kalani and Yunus, 2011b)lhe increase in temperature caused

decreased dsity of scCOy, thus resulting in a decrease of the antisolvent effect of

scCQO,. Therefore, achieving supersaturation was slowed and a biggereparés

formed. Similar results were also observed in other stdesset al., 2011).
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2.3.4 Effect of concentration of solution

As indicated in Figs2.4 and2.5, the concentration of sdian had a slight effect on
particle size; hence, the higher tt@ncentration of solution, thamaller the particle
size. Run6 and 14 (Table€.2) showthat an increase in the concetita of CM
solution from 0.5t0 1% can decrease tparticlesize ofCM NPs from 386 to 334
nm. Surface morphologies shown in F2g3 (h) and(i) demonstra this trend. Chen
et al (2012b)reported similar results.

This finding can be explained by considering that a higher condensation rate
from a higher concentration temdo result in a higher supersaturation, and thus
smaller paitles are expectedMontes et al., 2010)This is consistent with the
classical nucleation and growth theory. However, in the operating conditions, the

concentration of solution affected the particle siz€®FNPs slightly.

2.4 Minimization of Curcumin Particle Size

2.4.1 Steepest ascent

To obtain smaller particle size and naresvparticle size distributiona steepest
ascent studyvasdesigned according to Taki®3. Firstly, fiting a firstorder model:
Y=500-103.8%+108.1%-63.1X:X> (X1: Pressure X Temperature), the slope was
103. 8/ 10 8. bsindpoint A hsearstartcpbint, the basic step @&s (coded
units), 2.5 MPa (uncoded unitg)long with thepressue direction (0.5Fig. 2.6 (a)

and (b)) Temperature along the path of steepest ascas® W (coded units2.5°C).
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As shown in Tabl@.4 and Fig2.7, point A (22.5 MPa, 32°®) had the smallest
particle size (274 nm) an8D (76 nm), which indicatethat the most optimized
conditions were around point A. ThuSCD need to be conducted to find out the
most optimized conditions for the smallest CM NPs.

Table 24 Results osteepest ascent experiment

Runs
A B C
Particle sizerfm) 274 311 424
SD 76 107 179

A (22.5MPa, 2.5°C), B (25 MPa, 30C), C 7.5 MPa, 27.5C)

77



(b) (©)
Fig. 2.7 SEM images of CM NPs. (82.5°C, 22.5 MPa0.5%, 0.5 mL/min; (bBC°C,

25 MPa,0.5%, 0.5 mL/min; (CR7.5C, 27.5 MPa0.5%, 0.5 mL/min.

2.4.2 Central composite design

In order to find out the most optimized conditidos the smallest particle siz&CD
was performed As mentioned abovepressure andiemperature are the most
important two &ctors in relation to particle size. Thpsgssure antemperature were
chosa as the only two factors to conduct CCD experiments (Table

Table 25 Central composite design

Coded level
Symbols Factors
-1 +1
A PressuréMPa) 21.5 23.5
B TemperaturgC) 31.5 33.5

Table 26 Results of central composite design.

Run A B Meansize (nm) SD
1 -1 -1 242 69
2 1 -1 231 61
3 -1 1 242 74
4 1 1 253 79
5 -1.41421 0 261 81
6 1.41421 0 230 63
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7 0 -1.41421 232 54
8 0 1.41421 251 63
9 0 0 233 57
10 0 0 234 54
11 0 0 241 65
12 0 0 232 63
13 0 0 231 59

(A): pressure, (B): temperaturgD: standard deviations.

There were 13 runs in CCBsshown in Table 2.6, andthe particle size and
standard deviatiorwere both chose as object variants. There were no distinct
differences between these conditions (shown in.Rg), which indicats that this
region was actually the most optiized region. As shown in Fi@.8, the smallest
particle sizeandSD rangethatcoud be obtained was around 2280 nm ancb4-81
nm, respectivelyThe optimized conditions wer@resure was from 222.5 MPa,

while temperature was froml332.5°C.

1080 SEM, 1+
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Fig. 28 SEMimages of CM NPsin CCD. (@ 31.8C, 21.5 MPa, 0.5%, 0.5 rio/min;

(b) 31.8C, 23.5 MPa, 0.5%,0.5 nmL/min; (c) 33.8C, 21.5 MPa, 0.5%, 0.5 rb/min;
(d) 33.8C, 23.5 MPa, 0.5%, 0.5 i/min; () 32.8C, 21.1 MPa, 0.5%, 0.5 ma/min;
(f) 32.8C, 23.9 MPa, 0.5%, 0.5 /min; (g) 31.1°C, 22.5 MPa, 0.5%, 0.5 m/min;

(h) 33.9C, 22.5 MPa, 0.5%, 0.5 /min; (i) 32.5°C, 22.5 MPa, 0.5%, 0.5 ry/min.

Table 2.7 Estimated effects and coefficients for particle sind size distribution.

Particle size SD

Term Coef SECoef T P Coef  SE Coef T P
Constant 10350.5 4042.63 2.560 0.038 7077.30 3289.66 2.151 0.068
P -432.2 160.83 -2.687 0.031 -450.06 130.87 -3.439 0.011
T -325.8 184.91 -1.762 0.121 -122.28 150.47 -0.813 0.443
PP 5.9 2.59 2.270 0.057 7.57 2.11 3.597 0.00
T 3.4 2.59 1.304 0.233 0.83 2.11 0.392 0.707
P*T 5.0 3.41 1.465 0.186 3.25 2.78 1.170 0.280

P: pressure (MPa), T: temperatuP€), SD: standard deviation§oef: coefficient,

SE Coef: standard error coefficient.
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Contour plot of particle size (nm)
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Fig. 29 Contour plot of particlsizeof CM NPs. CM: curcumin, NPs: nanopatrticles.

The original CM could beuccessfullymicronized by SEDS, anthe smallest
particle sizeandSD thatcould be obtained was arour@30to 240 m. The optinum
conditiors were: pressure was from -22.5 MPa,while temperature was from
31-32.5C. The flow rate of the CM solution and precipitatiotemperaturehad
positive effects on particle size, while the precipitatiopressure and the

concentratiorhad negative effectsn particle size.

2.5 Mechanism ofCurcumin Nanoparticle Formation
In summary, the neperfect spherical morphology &M NPs prepared under the
operating conditionsn SEDS indicate that NP formation due to nucleation and

growth in the gaseous miscible phase evolved from initial drofetslysis of the
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main effects of process parameters on particle siz&Brsliggest that mutual mass
transfer betweescCQO, and the solution was superimposed on the supersaturation
and was the most important process parameter affégfrfgrmation.Based on the
analysis above, a possible mechanigr@M NP formationin SEDS can be proposed.
Fig. 2.10shows a schematic diagram of tpigssible mechanism. In the process of
SEDS, at the momerthat the solution is sprayed into tlmgh-pressurevessel
through a coaxial nozzle, the solution and #CO; in the vessel are not in
equilibrium. So within an extremely shanitial period, the solution will exist in the
form of dropletsthat or m as a result of the formati
Then the mutual mass transfer between the solutiorsa@, makes the droplets
expand rapidly and the strength of tkelvent reduce significantly. Thus, the
solventrich phase an®€Oy-rich phase are formed. During thddition of polymer
solution intoscCO,, very small amounts of solute will lissolved insc-CO; with

the solvent acting as a cosolvent ustituration of the polymer in the mixture of
sc¢CO; and solvents reached. Continued feeding of the solutiesuls in crossing
over the equilibum boundary andupersaturation of the polymer in the mixture of
s¢CO, andsolvent. Subsequently, a phase transition takes place solWentrich
phase, leading to the formation of polymer nualeil a polymerich phase. With the
continued mass trafes between droplets andcCO;, the nuclei formed in the
supersaturated polymer solution quickly grow into largetymer NPs. After

precipitation, the solverg¢-CO, phase can be flushed out to obtain pure polymer
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NPs, and remaining traces of the solvemé removed by a continuous flow foésh

scCOo.
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Fig. 210 Schematicof the mechanism of CM NP formation in SEDSc-COz:
supercritical CQ, SEDS: solutionenhanced dispersion by supercritical carbon

dioxide

2.6 Physicochemical Characterizations of Curcumin Nanopatrticles

2.6.1 Chemical structure of curcumin nanoparticles

FTIR can reveal the chemical changes by producing arrédfi@sorption spectrum.
Fig. 2.11shows the FTIR spectra &M NPs prepared by the SEDS process under
optimal conditions. It can be seen that FTIR spectth@briginal CM andCM NPs

did not show significant difference. Thus, thesas no change in the chenal
composition of the samples before and after the SEDE8epso The characteristic
peaks at 1,581 ci 1,511 cmt, 1,279 crit, and 1,152 cnh were attributed to the

stretchingvibrations of the benzene ring, C=C vibrations, aromat© €tretching,
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and GO-C stretching modes, resgwely, in the originalCM. After the SEDS
process, the main peak at 1,152 cfound in the FTIR spectra dhe original CM

shifted to 1,144 crh This finding indicatethat minor structural changes occurred at

the molecular level. A previous study also reported such minor stalichange of
samples after the supercritical €@rocess(Chen et al., 2012b)However, no
observable new characteristic peaks were found in the FTIR specG& dfiPs.
Therefore, there was no change in the chemical composition of the samples before

andafter the SEDS process.

2.6.2 Crystallinity of curcumin nanoparticles

XRPD is an important technique employed to determine the crystal phase of the
samples. Fig2.12 shows the XRPD pattern &M NPs prepared by the SEDS
process under optimal conditiornBhe characteristic highmtensity diffraction peaks

of the originalCM indicate thait was in a highly crystallinéorm before the SEDS
process.However, the intensity of these characteristic diffraction peaks weakened
after the SEDS process.MCNPs exhikited a lower value for the peak areas
(indicative of crystallinity) than that of origal CM (556.5 vs 828.3). Furthermore,
the peaks at 2d =13. 4 Agred. Titese3elults d2nfonsfrafe a n d
that the precipitation by the SEDS processrdased the crystallinity of the original
CM, and theCM NPs exhibited a more amorphous state thia@ original CM

(Montes et al.,, 2010)A crystallineamorphous transition resulted in excess free
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energy and entropy. Compared with the crystalline sthgeatmorphous state was
thermodynanually less stable Consequently, the decreased crystallinity tbé
original CM by the SEDS process faws an increased dissolution rate of drug

powder(Song et al., 2014).
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Fig. 211 FTIR spectra of the originaCM and CM NPs prepared by the SEDS
process under optimal conditions. FTIRFourier transform infrared; SEDS

solutionenhanced dispersion by supercritical carbon dioxide

85



— Curcumin nanoparticles
— Original curcumin

] 20.1
5000 13.4 163 C 218
i S 1730

Intensity

5 ' 10 ' 15 ' 20 ' 25 ' 30 ' 35 ' 40 ' 45
2-Theta(degree)
Fig. 212 XRPD patters of the originalCM and CM NPs prepared by the SEDS

process under optimal conditions. XRPIX-ray powder diffraction; SEDS

solutionenhanced dispersion by supercritical carbon dioxide

2.6.3 Thermal properties of curcumin nanoparticles

DSC is widely usedo characterize the thermal behaviof various materials, such
as melting and crystallizatioThe DSC curves o€M NPs prepared by the SEDS
process under optimabnditions are given in Fi®.13 (a) For the originalCM, a
sharp peak at 164@ correpondingto the melting point was foun(Xie et al.,
2011).After the SEDS process, the melting pointGil was unchanged and a sharp
peak at 164.4C was still observed fo€EM NPs. However,CM NPs exhibited a
lower value for the endbermic peak area@ndicative of the crystallization extent)

than that otheoriginal CM (705.4 Jg! vs. 985.1 Jg1). The reduction in the integral
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area can be attributed to théisrupted molecule chains and the decreased
crystallization extent caused by the SEDS pracé&bss result was consistent with

that of XRPD analysis.
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Fig. 213 DSC (a) and TG (b)urves of the originaCM and CM NPs prepared by
SEDS under optimal conditionsDSC. differential scanning calorimetry; TG

thermogravimetricSEDS solutionenhanced dispersion BgCOs.
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TG curves corresponding the thermal weight losses tife original CM and

the CM NPs prepared by the SEDS process under optomaditions are shown in

Fig. 2.13 (b) Upon heatingthe original CM suffered a pronounced weight loss step
occurring near 10T that can be ascribed to the lossvater composition. However,
weight loss was not observed in t@# NPs In addition, based on the tangent
method, the decomposition temperaturethebriginal CM andCM NPs were found

to be 273.6€ and 266.7C, respectively. Thus, the thermal stabilit¢ bf decreased

after the SEDS process owing to decreased crystalline structure. The result agreed

well with those of DSC and XPRD analyses.

2.7 Solbility of Curcumin Nanoparticles and Its Action of
Mechanism

Fig. 2.14 (a) shaws the dissolution profile o€M NPs prepared by SEDS under

optimal conditions. The kinetic solubility curve thfe original CM reached the pla
teauquickly. The maximum solubty of theoriginal CMwas~0.2¢ g/ mL at 60 m
After SEDS,CM NPs exhibited a maximum solubilityf approximatelyl . 4 € g/ mL .
Moreover, the disolution rate oCM NPs was higher thathat of theoriginal CM,

particularly in the first 180 mins. The dramatically increased dissolution rate and
solubility of CM NPs can be attributed to the increased specific surface area for
better wettability resulting from the reduced particle S&2d. NPs also exhilted less

crystallinity thanthe original CM. A decrease in crystallinity resulted in decreased
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thermodynamic stability, thereby fawing increased dissolution rate and
bioavailability of CM (Fig. 2.14 (b)) Comparing with previous publications (Chen et
al., 2012) the increase dissolution rate asdlubility of CM NPsis due to the
reduced particle siz€NoyesWhiney equationpnd the change of physical state into
the amorphous forrfOstwaldFreundlich equationthe much larger specific surface
area contributed ypthe much smaller particle size for better wettability, and the
inherent thermodynamic instability of the amorphous form are the main mechanisms

whereby the solubility and dissolution rate are improved.
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Fig. 214 In vitro drug release profiléa) of the original CM and CM\Ps prepared

Curcumin nanoparticles

by SEDS under optimal conditisn(b) Mechanism oénhancedvater solubility of
CM NPs. CM: curcumin, NPs: nanoparticles, SEBSIutionenhanced dispersn

by supercritical carbon dioxide

2.8 Conclusion

In this chapterthe first objective(to prepareCM NPs by theSEDS process then
study the mechanism of particlermation and drug releasevas describedby
preparingCM NPs via SEDS. Theresultof 42 FFD indicated that an increase in the
flow rate of solution and the precipitation temperature increased the stA biPs

whereas a reduction in the precipitation ptee increased the particle size. The
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single effect of the carentration of the sotion on particle size was insignificant.
The optimum particle sizethat could be obtained was arour80 to 240 m. Given
the reduction in particle size and crystallini§M NPs exhibited higher solubility
and higherdissolution rate than the origin@M. It was concluded tha8EDS is an
effective method for preparindgrug NP DDSs for improving the solubility and

dissolution rate of poorly wateoluble drugs.
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CHAPTER 3 BIOLOGICAL EVALU ATIONS OF

CURCUMIN NANOPARTICLES

3.1Introduction

This chapterdescribesthe fulfilment of the secondobjective (to evaluate the
biological activities of CM NPs prepare¢ BEDS. Chapter 2reportedCM NPs ¢
240 mm) prepared via SEDS, and the water solubility of CM NPs was enhanced due
to their higher surface area tmlume ratio and more amorphous region. However,
the biological functions of CM NPs need further investigatibime hypothesis of
this chapter is that smaller particle size andhigher water solubility would
increasethe bioavailability and biological functionsof CM. To test this hypothesis,
experimentsinvestigating the properties dntibacterial, antoxidant, in vitro
anticancereffect in vitro cytotoxicity and intreellularuptake vere performed. Both
gram positive and gramegativebacterialwere used to teshe anti-bacterial ability

of CM NPs; antioxidant activity was evaluated layl,1-diphenyt2-picryl-hydrazyl
(DPPH) free radicalvengingmethod; intraellular uptake activity wawvisualized

to study the mechanism ofteractions between CM NPs and celismally, the cell
viability of cancer cell HCT116 and normal cell NCM460 was evaluated tthieist

vitro anticancereffectand cytotoxicity of CM NPs, respectively.
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3.2 Materials and Methods

3.2.1 Materials,bacterial strains and cell lines

DPPH @,2-diphenytl-picryl-hydrazyl) and ascorbic acidwere purchased from
Oriental Chemicals & Lab. Supplies Lt(Hong Kong). Twobacteria strains were
used includingescherichia coliATCC (Americantype culture collection) 25922and
Staphylococcus auresdTCC 25923 which were generously given by Dr. Polly
Leungfrom The Hong Kong Polytechnic Universit%.human colorectal cancer cell
line HCT116 and a normal human colon mucosal epithelial cell line NCM460 was
obtainedfrom the Cell Bank of the Chinese Academy of Science (Shanghai, China).

All other compounds were of analytical purity.

3.2.2 Determination of minimum inhibitory concentration (MIC)

The MIC of CM NPs on two bacteria strains were measured usingorath
micro-dilution assay with a minor modification. The bacteria were cultured overnight
(12-15 h); then the culturevas inoculatel in the ratio of 1:10Qafter 26 hour s 0
incubation, the concentration was adjusted to 1.5®D according to the
McFarland stadard 0.5.The aiginal CM and CM NPs were dissolved in DMSO
solution and deionzed QI) water with the concentration of 10 mg/mL as stock
solution,respectivelyand then placed in a 9@ell plateand DI waterwasadded to

dilute thestock solutiongo the concentration as follev2000, 1000, 500, 250, 125

62.5 and 31.2% g L.nThe bacteria culture was added to thew@l plate in the
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final concentration of 5x18well (0.1 mL). The optical density of the mixture in the
96-well plate was recorded &0 nm using a microplate reader (BioRad, USfér
18-24 hours of incubation. The MIC values welefined aghe lowest concentration
of CM which maintained the culture medium clg@Deoo less than 0.05)The

optical density valu¢OD) serveal as the réerence for the changes of turbidity.

3.2.3 Anti-oxidant assay

The in vitro antioxidant activity ofthe original CM andCM NPswas measured on
the basis of scavenging activity of the stabRPH (1,tdiphenyt2-picryl-hydrazyl)
free radical. 1 mlof different concentrationd 252 mg/mL) of the original CM, CM
NPsand standard ascorbic acid were taken in diffeweais. 5 mL of DPPHwas
added,and thenincubated at 3 for 30 min. Absorbance was measured against
methanolas blank at 517 nm usiregUV-visible spectrophotometeAbsorbance of
DPPH was taken athe control. The analysisvas carried out in triplicate. Lower
absorbance ahe reactionmixture indicatd higher free radical scavenging activity.
Ascorbic acid was used #se standard. Thelifference inthe absorbance between
thetest and control of DPPH waslculated and expressed as pe@gascavenging
of the DPPHradical. The scavenging activity of DPRidn be calculated usirteg.
(3.1) below

P3AAOAA@EHABGO pTT (3.1)

where the absorbance of samples represents the OD517 values of different
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experimental groups; and the absorbanad@®tontrol refers to the OD517 values of

thecontrol groups.

3.2.4 Cell culture and proliferation

HCT-116 and NCM460cells were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Invitrogen) supplemented with 1f@#tal bovine

serum FBS) (Gibco, Invitrogen) and 1% pestrep (100U/ml penicillin and 100

e g/ ml streptomycin) ( Gi bco, Il nvitrogen)
containing 5% C@ Further, cells were cultured as a monolayer culture and counted

using a Cellometer Auto T4 (Meelom Bioscience LLC, USA).

3.2.5 Cellular uptake study

The cellular uptake efficiencyf the samplesvas evaluatedby visualizing cells in

the presence oEM NPs andthe original CM. Briefly, 5x10* HCT116 cells were
seedednto cover slips (IWAKI, Japann 24well plates over night to allow celte

attach to the slipghen the samplesereaddedto co-culturefor 0.5 and éh. Cells

were washed with ¥ phosphatéuffered saline (PBS) and fixed with 4%
formaldehyde for 1 min. 50@L of methanol(-20°C) was added to completely
remove formaldehyde followed Hyeing permeabilized with 0.2%riton X-100 in

PBS for 10 mins, and washed again in PBS. Cells were sealed with 10% BSA. Cell

nuclei werestainedwith 5 €L of 4666 diamidinae2-phenylindole (DAPI) ér 30 min.
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Stained cells were finally mounted onto glass slides and observedausamjocal

laser scanning microscope (CLSM).

3.2.6 MTS assay

The anticancer effecon HCT116and cytotoxicity effect on NCM460 cell linesf

CM NPs were measured byMTS asay using the CellTiter $6AQueous One
Solution Cell ProliferatiomAssay kit (Promega) Briefly, the original CM and CM
NPswere prepared andterilized by UV light for 30 mins and dissolved in DMSO
and medium, respectivel HCT116 and NCM46Qells were precultivated in the
96-well plates(5x10° cells/well) and allowed to adhere to the plate overnight. The
next day the cell culture medium was replaced bys#dmplesn completed DMEM
(Dul becco's modi f idéfelentE@engehtmtiss Aften2 days ofm) at
incubation in a humidified incubator with 5% g@nd at 37€C, theculture medium
was aspirated and cells were washed with 1x PBS three tin@sfL ofethe MTS
solution mixed with ImL of fresh serurfree medium was theadded to each well
and incubated with cells for anotheh4The absorbance values were measured using
a Model 680 Microplate Reader Model 68Q Bio-Rad, CA at 490 nm All the
experiments were performedtmplicate. Cell viability was calculated using Eq. (3.2)
below:

# ADEAABI ESY pPTT (3.2)

wherethe absorbance of test cells represents the OD490 values of cells treated
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with different experimental groups; and the absorbance of control cells refer to the

OD490values of nortreated cells in the control groups.

3.2.7 Cellcycleand apoptosis measurement
For cell gcle analysis, HCT116 cells (120°) i n the mediumds sujl
harvested, trypsinized, washed and resuspend@B8 Cells were then fixed in 1
mL of 70% ethanol -Q0C) by vortex mildly and incubated at 4€C for 12 h.
Thereatfter, the cells were again pédid and again feuspended iB00¢L of PBS to
which wasthen added L of 7-ADD and incubaté at room temperaturéor 30
mins in the dark. he stained samples were then measared BD FACS Catoll
flow cytometer (BD Biosciences, USA).

For apoptosis analysis, all the cells (5 ®)Lih different groups were collected
and washed twice with PBS by centrifugation. The pellet was resuspendedn
500¢L of ice-cold binding buffer. The 8L of Annexin V-PE and5 €L of 7-ADD
solutions were added to the cell suspension by mild vortexing. The samples were
then incubated for 5 m&in the dark before flow cytométr analysis. The stained

samples were analyzed a flow cytometer.

3.3Biological Activities Evaluations of Curcumin Nanoparticles

3.3.1 Anti-bacterial activities of curcumin nanopatrticles

The ati-bacterial activities of CM NPs against gram positiigtaphylococcus
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aureus Saureu9 and gram negativeegcherichia coli E.coli) bacteriaare shown in
Table 3.1. Both CM NPs ardM-DMSO exhibitedstronger inhibitoryeffectagainst
S.AthanE.coli. Meanwhile, the inhibitorgffect of CMNPsand CMDMSO against
E.coli wassimilar. However, the MI®f CM NPsagainst Saureus(~ 250&g/mL)

was lower tharthat of CM-DMSO (~500eg/mL), which indicatedthat CM NPs

have better inhibitorgffectagainstS.Athan CMDMSO.

Table 31 MIC of curcumin nanoarticles and curcumidMSO.

E.coli SA

Concentration
(eg/mL)
2000 - - - -
1000 - - - -
500
250
125
62.5
31.25
Positive control
DMSO

CM-DMSO CM NPs CM-DMSO  CM NPs

+ + + + + + +
+ + + + + + +
+ + + + + +
+ + + + +

f+0 representscompletely inhibit growth of bacterigl fi+orepresents growth of

bacterial.

Thepossibleexplanation fotheabove result that both CM NPs aB¥-DMSO
exhibited higher inhibitory effect againStAthan E.coli is the different cell wall
compositions.The possible mechanism of abfcterial activity of CM in another

study indicated that the CM inhibited bacterial surface protein sortase A and

98



prevented cell adhesion to fibronectiPark et al., 2005)Thus, the reasons fahe
lower MIC of CM NPs againsSA may beexplainedby the fact that CM NPsan
anchorto the cell walls ofbacteriato disrupt the membranestructure and then
penetrate inside the cells to break downdtractureof cell organellegBhawana et

al., 2011).

3.3.2 Free radical scaveging activity of curcumin nanoparticles

The antioxidant activity of CM NPs was determined by DPPH radical scavenging
efficiency (Fig 3.1). Both CM NPsind CMDMSO exhibiteda similartrend, that is,
higher antioxidant activity when increasing the CM concentration from tb28000
eg/mL. The scavenging ability of CM could be attributed to the donation of H from
the b-diketone group of CM to DPPHJovanovic et al.,, 1999)The similar
anti-oxidant ability ofCM NPs in wateland theoriginal CM dissolved in DMSO is
due to the high solubility of CNNPs, which indicateshat CM NPs prepared via

SEDS could be used as a potential nanoformulation in biomedical applications.
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Fig. 3.1 Anti-oxidant activity of CM NPs, the original CM and ascorbic a€il:

curcumin, NPs: nanopatrticles

3.3.3 Intracellular uptake of curcumin nanopatrticles by cancer cells

In general, the therapeutic efficiency of NBsffected by their intracellular uptake
activities. To investigate the intracellular uptake activity of CM WP€ancer cells
fluorescence images of HCT116 cells (nuclei stained with DAPI, red) incubated with
CM NPs (IC50, green), CADMSO (IC50, green) ahcontrol for 0.5 and 6 h were
obtained by CLSM (Fig3.2 (a) and (b). The results showed that both CM NPs and
CM-DMSO can attach to the cell membranes of HCT116 mewbmeinternalized

into nuclei.
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Fig. 32 Fluorescence images showitige intracellular uptake of CM NPs (green),
CM-DMSO (greenjandcontrol into HCT116 (blue) cells at IC50 concentration after

(a) 0.5 and (b) 6 h of treatment
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As shown in Fig3.2 (a), green ddtuorescencentensity of CM in @1-DMSO
was stronger than that of CM NPs after 0.5 hnafubation which means that the
amounts of CMinternalizedinto HCT116 nuclei were larger than that of CM NPs.
This result can be explained by the fatat CM completdy dissolves in DMSO.
Meanwhile,after 6 h of incubation (Fig3.2, (b)), both CM NPs and GIaMSO
exhibited enhanced greefluorescencentensity within HCT116 nuclei compared
with 0.5 h of incubation time, which demonstratedhat the amounts of CM
internalized into nuclei increased withincubation time. Therefore, the results
illustrated that the incubation time is an important factor inflirenthe intracellular
uptake efficiency of CM NPdn our opinion, the improved intracellular uptake of
CM NPs was a consequencetbé existence bboth passive and active cell uptake
mechanisms. Our findings agree with previous study on colon cancer therapy with
CM-micelles(Yang et al., 2015).

In conclusion, CM NPs exhibited tindependentntracellularuptake activity.
With anincrease in incubatn time, theintracellularuptake efficiency of CM NPs
could be improvedemarkably which indicated that the CM NPs prepared by SEDS
can be used as a potential drug nanoformulation to enhance its bioavailability by

efficientintracellularinternalizationability.

3.3.4 In vitro anti-cancer activity

The cll viability of colorectal cancer cell line HCT116 was evaluated when
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co-cultured with 5Fu, CM NPs, CMDMSO, the original CM (dissolved in medium)

and DMSO for 48 h (Fig3.3). 5-Fu exhibitedani nhi bi t ory effect at
its inhibitory effect improved with increase in concentratibne aiginal CM had a

negligible effectfrom0.0L 00 e€g/ mL owing to its poor w.
both CM NPs and CMDMSO displayeda similar anttcancer trend, that is, whehe
concentration reacdlel 0 € g/ mL, the inhibitory effec
results indicated that CM is a highly desensitive medicine. Furthermore, IC50 of

CM NPs was higér than that of CMDMSO (Table3.2), but the inhibitory effect of

CM NPs was higher than that of GBMSO and 5Fu at 100 &g/ mL. | t
that CM nanoformulations may target tunaells through either passive or active
mechanismgYallapu et al., 2014)In conclusion, our results demonstratedt tine

CM NPs prepared by SEDBad an enhanced antiancer effeccompared to the

original CM. Furthermore, CM NParea potent antcancer nanoformulation at high
concentr at i o mnue toxthe Gdive éntpraatidng with cancer cells .(Fig

3.2).
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Fig. 33 Anti-cancereffect of CM NPs CM-DMSO, the originalCM and 5Fu
treated HCT116 (48h) CM: curcumin, NPs: nanoparticles. The statistical

significance is expressed as ***p <0.001.

Table 32 IC50 of CM-DMSO, CM NPs and-&u on HCT116

Samples | C50 (eg/ mL)
CM-DMSO 6.775
CM NPs 9.244
5-Fu 0.639

CM: curcumin; NPs: nanoparticles.

3.3.5 In vitro cytotoxicity activity
The ll viability of normalcell line NCM460 was used to evaluate the cytotoxicity
of 5-Fu, CM NPstheoriginal CM (DMSO), original CM (medium) and DMSO (Fig

3.4). 5Fu exhibitedan inhibitory effect at a concentrationof 1 €g/mL, and its
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cytotoxicity increasedvith increasing concentratiomp to 200eg/mL. IC50 of CM
NPs and CMDMSO on NCM460 was higher than that eF&, which means that the
cytotoxicity of CM NPs and CMDMSO was lower than -Bu (Table 3.3).
Importantly, IC50 of CM NPs was also higher than that M-BMSO, and CM NPs
exhibitedlittle cytotoxicity at 10eg/mL, which indicatedhatthe cytotoxicity of CM
NPs was lower than CNDMSO. This finding can be explained by the lower
solubility of CM NPs in medium than CIDMSO. The results impliethatCM NPs

prepared by SED8anreducethe cytotoxicity at its therapeutic dosage.
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Fig. 34 Cell cytotoxicity of CM NPsCM-DMSO and 5Fu co-cultured with normal
cell line NCM460 (48 h) CM: curcumin, NPs:nanoparticles. The statistical

significance is expresses***p <0.001, **p <0.01.
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Table 331C50 of CM-DMSO, CM NPs and-&u on NCM460

Samples | C50 (eg/ mL)
CM-DMSO 10.41
CM NPs 18.00
5-Fu 4.726

CM: curcumin; NPsnanopatrticles.

3.4 Mechanism of Curcumin Nanoparticles Inhibit the Growth of

Cancer Cells

3.4.1 Cell cycle arrested by curcumin nanopatrticles

Cell cycle checkpoints control the fidelity of cell division, and verify whether the
processes at each phase loé tell cycle have been accurately completed before
entering the next phase. Cell cycle progression after DNA damage is regulated by
checkpoints. Failure to repair can result in mitotic catastrophe and apdptagisl.,
2013).To better understantthe cell inhibition mechanism, we studied the cell cycle
distribution of HCT116 treated with CM NPs (IC50), &@MSO (IC50), 5Fu (IC50

and control for 24 h (Fig3.5 (a) and €)). 5Fu exhibitedthe highest G2/M phase
arrest (~51%)compared tocCM NPs and CMDMSO, which is closely associated
with its cell nhibition effect (Fig.3.3). Meanwhile, cells treated with CM NPs and
CM-DMSO exhibited a different cell cycle distribution profile; CNDMSO
exhibited a block effect both inthe GO/G1 and G2/Mphase. However, a higher
G2/M phase percentage (~27%) was observed when treated with CM NPs. Our

results are in line with previous study on ddAded NPs inhibited mesothelioma
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and breast cancer cell lines through G2/M phase divisstol et al., 2015; flerio
et al., 2013)In summary, our findings indicated that the growth of colorectal cancer

cellscanbe inhibited by CM NPs through G2/M phase arrest.

3.4.2 Cellapoptosisinduction of curcumin nanopatrticles

Apoptosis is one of the basic biological ngas of cell death associated with
cytoplasmic shrinkage and condensation of nuclear chromatthe joresent study;,

we investigated colon cell line HCT116 apoptosis induction potential of CM NPs,
CM-DMSO and 5Fu at IC50 concentration (Fi®.5 (b) and (d)). After 24 hof
treatment, CM NP®xhibitedthe highest apoptosis rate (~14%) compared 6u5
(~11%) and CMDMSO (~11%). This difference demonstrated that CM NPs at IC50
have better colon cell apoptosis induction efficiency, which may be due to the
intrinsic propetlies and better intracellular uptake ability of CM NRhatik et al.,
2015). Our results are in agreement wighprevious study on colorectal cancer

treatment withCM (Guo et al., 2015).
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Fig. 3.6 Schematic representation of a proposed hypothesis of enhancedrasr

activity of CM NPs.

In summary, CM NPs can inhihihe growth of colorectal cancer cells through
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cell cycle arrest inthe G2/M phase and indeccell apoptosis. The possible
mechanism of improved arntancereffect of CM NPs could be explained by the
higher solubility and reduced particle sigeat can beuptakenby cancer cells
throughthe endocytosigpathway(Fig. 3.6), which is an energgonsuning process
(active) to transpordrug into cells. It is believedhat the endocytosis pathway is
much more effective in cell uptake thtre diffusion pathway (passivgMayor and

Pagano, 2007).

3.5 Conclusion

In this chapter, thachievenent of thesecond objectivéto evaluate the biological
activities of CM NPs preparedylSEDS wasreported CM NPs (~240 rm) were
successfullyprepared via SED®@s describedn Chapter 2 the obtainedCM NPs
exhibited effective ardbacterial and antdxidant activities compared with the
original CM. Meanwhile,CM NPs exhibiteda time-dependenintracellularuptake
activity, which is a strong indication of thecreasedanti-cancer effectThe growth

of cancer cells HCT116 could be significantly inhibited by CM NPs through cell
cyclearrest inthe G2/M phase, accompanied imgudng apoptotic cells. Importantly,
the cytotoxicity of CM NPs was obviously reduced at its therapeutic dosage. In
conclusion, le results demonstrated that CM NPs prepared via SEDS could be
developedinto a potentialDDS showing enhanced bioavailability and biological

functions.

109



CHAPTER 4 SOLUBILITY ENHANCEMENT OF
CURCUMIN VIA SUPERCRITICAL CO 2BASED SILK

FIBROIN CARRIER

4.1 Introduction

This chapterdescribesthe fulfillment of the third objective In Chapter 2,it was
reported that thevater solubility of CM was enhanced in NP formation to a certain
degree. However, water solubility and bioavailabiing still limited Owing tothe
availability of large quantities ahe material from the textile industry, the ease of
processing, controllable degradability, remarkable mechanpcaperties, and
biocompatibility, SF has been explored and engineered for numBiDSs. Basel

on the literature review, the non toxicityater solubility and facilitate cell uptake
property are the main advantages of SF as a carrier for water insolublésiitigsis
CM). The hypothesis of this chapter is that incorporating CM into water soluble
SF nano carriers may further increaseits water solubility and bioavailability.

To test this hypothesi§;M-SF NPswerefabricated in SED$20 MPa pressure, 1:2
curcumin:silk fibroin ratio, 1%final concentration) The advantages of SEDS in
preparation of CMSF NPs includes (1) orstep to obtain dry samples, (8jild
process conditign(3) structure can be tailoreq4) COz is used as a nonsolvent, the
collapse of the structure will not occur during the drying pseadue to the absee

of a liquidvapor interface (5) free of residual solvent(6) eco-friendly. A full

factorial experiment was designed and perforrteedhvestigate the influencand
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significance of thegparametergpressure, CM:SF ratio, final concentratiam) the
drug loading and encapsulation efficienafythe CM-SF NPs during SEDS The
formation mechanism, surface morphology, particle size, drug loading
encapsulation efficiency weiliavestigatedseparatelyfollowed by physicochemical
characterizationand in vitrodrug release evaluatioas well as investigation ofs

mechanism of actian

0 o] _OH
o ’ Q CH3 o L}H3
oo L Lo 0 ep 10
P N N TV AT TN
o ~ Ao N N
o (o] o-n
HO OH Se

D

Curcumin ( Silk fibroin O
O
Curcumun-silk fibroin
Supercritical CO, process nanoparticles

Fig. 4.1 lllustration ofthe preparation process of curcurngilk fibroin nanoparticles
via SEDS Both the curcumin and the silk fibroin were dissolved in

1,1,1,3,3,2hexafluoroisopropandHFIP).

4.2 Materials and Methods

4.2.1 Materials

Raw, B. mori silk fibres were purchased from Jiangsu Wujing China Eastern Silk
Market Co. Ltd. (China).1,1,1,3,3,3hexafluoroisopropanol (HFIP, 99%) was
purchased from Jinan Huifengda Chemical Co, (&hina).All other compounds
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were of analytical purity.

4.2.2 Preparation of silk fibroin powder from raw silk fibers

The rawB. morisilk fibres were degumedthree times to remove the enveloping

sercin in pressurized water at 120for 60 mins. The degummed SF files were
immersedn a solution of calcium chloride, water and ethand:@ molar ratio) for

6 h at 7@€ until they were completely dissolvedtobtain a regenerated SF solution.
Afterwards, the regenerated SF solution was dialyzed against distilled water to
remove the neutral salts throughsgme r meabl e cel |l ul ose tubin
molecular weight cutoff) to obtain a pure SF soluti@dhao et al., 2012b)inally,

dry SF powdemas obtained by spragrying. Samples were kept a€4or further

study.

4.2.3 Generationof curcumini silk fibroin nanoparticles

The procedure for preparing the €8 NPsis shown in Fig4.1 First, SF was
dissolved in HFIRwhich is miscible with CQ and, hence, easilgmoved and then
CM powderwas added tohe deged concentration (0.5% or 1%After dissolving
completely, the blend solution was ready for the SEDS prgqsésdar to section
2.2.2) Finally, the CM SF dry NPswere collected on filtereand vacuum dried at
60°C for 12 h and then kepit 4°C for further characterizations.

A full factorial experiment was designed and perfornedinvestigate the
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influenceand ssignificance of thgparametes on the drug loading and encapsulation
efficiency of the CM-SF NPs during SEDS(Table4.1). Three factors were selected
for experimentation: two levels for pressure, two levelsfiftal concentration and
three levels forthe CM:SF ratio The three factors were selected for two major
reasons. First, concentration and pressure theetwo most important factors
affectingthe particle size and size distribution durBEDS Meanwhile,the CM:SF
ratio is believed to hava certain influence on drug ldang and encapsulation
efficiency. Second, comparedith other parameters, thettweefactors areahe most
convenient to controlThe lkevels ofall of thefactors were chosen by considering the
operation limits of the machine and previous research dath&s phase equilibria)
Table 41 Experiment factors and levelsf fabrication of curcumissilk fibroin

nanoparticles

Coded level
Symbols Factors
-1 0 +1
A Pressure (MPa) 10 20
B CM: SFratio (w/w) 2:1 1:1 1:2
C Final cncentration (%) 0.5 1

4.2.4 Determination of dug loading and encapsulation efficiency

The actual amount of the CM loaded was studied usimggfollowing procedures.
The same amount of samples was added into 10 mB& (pH 7.4). Insoluble
residues were removed by filtration after completely dissolving by ultrasonication,

and the concentration of the solutions was tested using a UV gpeattometer
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(Lambda 18 spectrometer of Perkin Elmer, USADDy10 (da SilvaBuzanelo et al.,
2015). The actual content of the CM loaded was measureddb@sehe standard
curve of CM.The theoretical drug loading, actual drug loading and encapsulation

efficiency were calculated using Equations (1), (2), and (3), respectively.

Theoreti@l drug loading = W1/W3 x100% (2)
Actual drug loading = W2/W3 x100% (2)
Encapsulation efficiency = WW1 x100% 3)

whereW1is the weight of theoretical CM in the GI8F NPsW2is the anount
of the actualCM in the CMSF NPs, andV3is the gross weight of the GIdF NPs
Each experiment was carried out in triplicaa@d & results were expressea$ the

meantSD.

4.2.5 Physicochemical characterizations

The zeta potential of theamples was measured usingzeta potentialanalyzer
(Brookhaven Instruments Corporation, USA). A Fourier transform infrared
spectroscopidFTIR) study was conductetb examinethe chemicalstructureand
composition otthe samples. ie samples wereompletly mixed with KBr andthen
pressed into a thin tableandthe FTIR spectrumvasobtained using a Perkin Elmer
1720 FTIR (PerkinElmer, USA)in transmission mode with the waveimbers
ranging from 4000 cht to 400 cm!. The crystalline state of the samples were

evaluatedusing an Xray diffractometer (D8 Advance, Bruker AXS, Germamyth
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Cu KU (& = 1.5405 ) radiati odrangdrtme meas |
5-45°with a 0.02°step size and 10°mih! scan speed with a 2D detector at 40 kV

ard 40 mA. The thermal properties of the samples were measured using a
thermaravimetic (TG) apparatus (Netzsch STA 449C, Burlington, Germamga

differential scanningcalorimeter (DSC) (Perkiitlmer, USA)at a heating rate of

10€ /min over a temperatureange of25-400C in a nitrogen atmosphereAll

experiments were carried out in triplicate.

4.2.6 Study ofdrug releaseprofiles

The in vitro drug releaseevaluation is based onsection 2.2.9 with minor
modifications Thesameamount of each sample wdspersedn 5 mL of PBS (pH
7.4) and placed in a preeated dialysis bag (molecular weight: 12,000,000
Daltons) The bag was then placed into 5Q wf PBSand incubated in a water bath
at 37C and 60 rpm.At a specific time 1 nL of the solution wasemovedand
centrifuged at 1@00 rpm for10 mins. The concentration of the supernatant was
detected by a UV spectrometat 410 nm. The cumulative release amount was
calculated in terms of th€EM concentration and incubation time. Each experiment

was carried out in triplicajandall results were presented the meattSD.

4.2.7 Statistical analysis

Statistical analysis of daigarticle size, drug loading, encapsulation efficiency and
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drug relase)was performed usin@riginPro 8.0software and were expressed as
meanzstandard deviatiarStatisticalanalysisof data in the full factorial experiment
wasperformed with onavay analysis of variand@®NOVA). P values less than 0.05

were consideretb be statistically significant.

4.3 Physicochemical Characterizations of CurcumiSilk Fibroin

Nanoparticles

4.3.1 Surface norphology, particle size and size distribution

The method is similarto that in sectior2.2.5. Thesurface morphologies ahe
original CM andthe CM-SF NPs produced via SEDS under different experimental
conditions areshown in Fig 4.2 Theoriginal CM exhibitedirregular shapes witthe
particle size ranging frompgroximatelyl em to over 1Gem. However, the&CM-SF
NPs exhibiteda sphericallike morphology with particle size <100 nrihe largest
particle size waspproximately 8 nm obtained from run 210 MPa pressure, 1:1
CM:SF ratio, 1%final concentration, Tabld.2), whaeasthe smallest particle size
wasapproximately6l nmfrom run 7(20 MPa pressure, 12M:SF ratio, 0.5%inal
concentration). Both particle size and sizbstribution [defined as Span
(D90i D10)/D50 were controlled by the experimental parametéig. (4.3 (a) and
(b)). The results showethat pressure haa negative effect on the particle size and
size distributionsThe CM:SF ratio had more significant effect on size distribution

than on patrticle sizehat is,increasing the SF content slightly increcsiee particle
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size butgreatly reduced the size stribution The final concentration exhibiteah
oppositeeffect compared with the CM:SF ratendhada more significant effect on
particle size than on size distribution, such thateasingthe concentration othe
initial solution in this study signidantly increased the particle sizmit slighty

decreasethesize distribution.

50KV X5000 1gm  WD87mm

NONE S 50kV  X50,000 100nm WD 86mm SEI 50kV  X50,000 100nm WD 8.4mm

NONE SEI 50KV X50,000 100nm WD 86mm NONE
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(m)

Fig. 42 SEM images of theriginal curcumin powdefa) and curcumisilk fibroin
nanoparticle prepared via SEDB different runs (bm): (b) 1:1 CUR:SFratio, 10
MPa pressure 0.5% concentration;(c) 1:1 CUR:SFratio, 10 MPapressure, 1%
concentration{d) 1:1 CUR:SFratio, 20 MPapressurg0.5% concentréion; (e) 1:1
CUR:SFratio, 20 MPapressure 1% concentrationyf) 1:2 CUR:SFratio, 10 MPa
pressurg 0.5% concentration;(g) 12 CUR:SF ratio, 10 MPa pressure 1%
concentration; (h) 1:2 CUR:SFratio, 20 MPapressure 0.5% concentrationyi) 1:2
CUR:SFratio, 20 MPapressure 1% concentrationjj) 2:1 CUR:SFratio, 10 MPa
pressure 0.5% concentration; (k) 2:1 CUR:SF ratio, 10 MPa pressure 1%
concentration{l) 2:1 CUR:SFratio, 20 MPapressure 0.5%concentration{m) 2:1

CUR:SFratio, 20 MPapressurgl% concentration

These results are similartbose InCh en et  adtudydoswhichtitede 2 ¢ )
is awidely accepted explanatidiReverchon and De Marco, 201Hn increase in

pressure leads to an increasethe density of the s€0;,, therebyenhanag the
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solubility and mass transfer of the-8©, and solution, further increig the
supersaturation rate while previeigtthe crystals from growingndfinally induang
particle formation with a small particlezei and narrow size distributiqdin etal.,
2011).According to Kalaris report(Kalani and Yunus, 2011bjhe concentration of

the solution has two opposite effects on particle size and size distribAtioigh
concentration causes high supersaturation, which leads to fast nucleationueprod
particles with a small particle size and size distributi@unversely a high
concentration induces high viscosity and surface tension in the solution when
sprayedinto the vesseandthusslows downthe mass transfer of the-€&, and the
solution The aystal growth mechanism becoma major driver in this context to
produce large particles with a wide size distribution. The opposite effects of the
CM:SF ratio on particle size and size distribution in this study could also be
explainedusingthe heory described abové&he effectscan beascribed tahe fact

that SF is a protein with a high molecular wejghe high SF content in the blend
solution could geatly increasethe viscosity of the solutiorand reduce the mass
transfer of the s€0O, andthe solution This phenomenon providesough timefor
crystal growth which leads to the formation ¢tlomogeneous particlesith large

diametes.
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Table 42 Experimentalruns and results offabrication of curcumirsilk fibroin

nanoparticles

Runs A B C Particle size (hnnf) Spant DL? EE?
1 -1 0 -1 64 £15 0.63 7.8% £0.71 16% +1.4
2 -1 0 1 83 +17 0.52 9.0% +0.00 18% +0.00
3 1 0 -1 65 +12 0.46  8.5%%0.11  17% +0.22
4 1 0 1 7516 0.64 9.9% +0.00 20% +0.00
5 11 1 77 17 053 9.3%+0.36 28%+1.1
6 101 1 75 +15 0.53 6.6%%0.01  20% +0.23
7 1 1 -1 61 +12 0.56 9.5%+2.3 29% +6.8
8 1 1 1 81 +15 045 12%+0.62 36% £1.9
9 -1 -1 -1 73 £17 0.51 7.0%x0.27 11% +0.41
10 -1 -1 1 78 £15 0.54 6.3% +0.00 9.4% +0.00
11 1 -1 -1 68 +13 055 8.7%%0.59  13% +0.89
12 1 -1 1 69 +13 0.48 8.3%%0.36  13% +0.58

a The data wereepresenteds mearx SD. b Span: (D96D10)/D50.A: pressure; B:

CM:SF ratio; C: final concentratiolL: drug loadimg; EE:encapsulation efficiency

Table 43 Statistical analysis of size distribution of curcursitk fibroin

nanoparticles prepared via supercritical2CO

Runs A B C D10 (nm) D50 (nm) D90 (nm)
1 -1 0 -1 45 63 85
2 -1 0 1 59 83 102
3 1 0 -1 52 63 81
4 1 0 1 51 72 97
5 -1 1 -1 58 75 98
6 -1 1 1 57 73 96
7 1 1 -1 44 59 77
8 1 1 1 65 76 99
9 -1 -1 -1 54 73 91
10 -1 -1 1 55 74 95
11 1 -1 -1 51 66 87
12 1 -1 1 51 71 85

A: pressure; B: CM:SF ratio; C: final concentration.



Main Effects Plot for Particle Size
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Fig. 43 Main effect plots for particle size (a) and size distribution (b) of

curcuminsilk fibroin nanoparticles prepared \sapercritical CQ
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4.3.2 Drug loadingratio and encapsulation efficiency

The drug loadingatio andencapsulation efficienciesereinfluencedby the process
parameters (Tablet.2). Runs 58 show high drug loadm and encapsulation
efficiency among the 12 runs. Specificallyn 8 had the highesdrug loadingratio
and encapsulation efficiencies among the 12 runs, which indicated that 48~CM
ratio hal a significantinfluence on drug loadingatio and encapsulation efficiency
Fig. 4.4 (a) and (B) Moreover, a high SF contecould have increased the drug
loading ratio and encapsulation efficiencietsiis phenomenomight have occurred
becausanore SF in the blend solution can provide more active sitdsriding with
theCM molecules.

Furthermorepressurehad the most significant effect ondrug loadingratio, as
shown bythe p value(Table 4.4 and slog (Fig. 4.4 (a). It was anticipated that
increasing the pressure could have caassdbstantiaincreasan drug loadingratio
but only a slight increase inencapsulationefficiency. However the final
concentrationdid not show any significant effect odrug loading ratio and
encapsulation efficiencie®ressure affects thidrug loadingratio and encapsulation
efficiencies probably becausehigh pressure coulgroduce smallparticles, which
have large surface aeaAt the same timea high concentration of solution may
contain moresolutein one single drop, thereby encapsulating more CM. Conversely,
a high concentration couldlso increase the viscosity and surface tensibrthe

liquid solution when itis sprayed into the vessel, leading aadecreasan mass
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transfer between the €0, and the solution. Givethese two opposite effects, the
final concentrationexhibited only a slight effect on drug loading ratio and
encapsulation efficienes.

Table 44 Analysis of variance for drug loadingtio and encapsulation efficiency of

curcuminsilk fibroin nanoparticles prepared via supercritical.CO

Drug loadingratio

Encapsulation efficiency

Source Seq Adj Adj F P Seq Adj Adj F P
SS SS MS SS SS MS
CM:SF 0.001 0.001 0.001 11.5D 0.002 0.113 0.113 0.056 126.100 0.000
P 0.002 0.002 0.002 36.9D 0.000 0.011 0.011 0.011 25.060 0.000
C 0.000 0.000 0.000 0.3 0.577 0.000 0.000 0.000 0.220 0.651
CM:SF*P 0.000 0.000 0.000 3.60 0.060 0.005 0.005 0.002 5.910 0.016
CM:SF*C 0.000 0.000 0.000 3.2 0.075 0.001 0.001 0.001 1.470 0.269
P*C 0.000 0.001 0.001 9.710 0.009 0.004 0.004 0.004 9.7M 0.008
CM:SF*P*C 0.001 0.001 0.000 7.180 0.009 0.08 0.08 0.04 8.4 0.005
Error 0.00L 0.00L 0.000 0.005 0.005 0.000
Total 0.006 0.148

CM: curcumin, SF: silk fibroinP: pressure, C: concentration.

Main Effects Plot for Drug Loading Ratio
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Main Effects Plot for Encapsulation Efficiency
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Fig. 44 Main effect plot for drug loadingatio (a) and encapsulation efficiency (b) of

curcuminsilk fibroin nanoparticles prepared \sapercritical CQ.

4.3.3 Stability of curcumin-silk fibroin nanoparticles

The zeta potential of the GIMF NPsand the original CM were both negativly
charged as shown in Fig.5, which illustrats that the two suspension syssanere
recognizedas relativdy stable systems in the aqueous solutiSacchetin et al.,
2013). However,the zeta potential of thEM-SF NPs wasigher than that of the
original CM, which may be explained by the molecular interactions between the CM
and the SRhat is,the formation of new bondseutralizedthe zetgpotentialof the

CM. Moreoverthe CM-SF NPsmay exhibitlower cytdoxicity thanthe original CM
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when applied irvivo (Frohlich, 2012)

B 8
% 0.5 % 0.5+
& &
00 ; 00 ;
-150 0 150 -150 0 150
Zeta potential (mV) Zeta potential (mV)
(a) (b)

Fig. 45 Zeta potential of the original curcumin (a) and curcusilk fibroin

nanoparticles prepared via SEDS (b); (8y(x6.5) mV, (b) €15 £0.55) mV.

4.3.4Chemical gructure and component of curcuminsilk fibroin nanoparticles

The chemicastructureof the original CM, CM-SFNPs and SHpowderwasstudied
andcomparedusing FTIR(Fig. 4.6 (a). Several characteristic peaks of the original
CM such as 16021512, 964 and 838m'* were evident for the CANSF NPs.
Meanwhile, major peaks for the SF at 1&EO stretching vibration)1540 (N-H
stretching vibratio)y and 1242cm'! (N-H bending and @\ stretching vibrations
also existed in the CMBF NPs with aminor shift, which indicated that CNbF NPs
were successfullygenerated vi&SEDS. However, certain characteristic peaks of the
original CM including 1627, 128land 1147cm ! were either not eviderfor the
CM-SF NPs or exhibited a slight shift or alteoati which demonstrated that certain

structural changes and chemical reactioresy have occurred between CM and SF
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after SEDS. Moreovethe 3511 cm! (O-H) in the CM shifted to 3229 cht in the
CM-SFNPs whichrevealedhat hydrogen bondsvereformed between the CM and
the SE

The characteristigpeakswithin 17001600 cm?® (known asamide ) indicateda
high intensity and slight interference from other group vibraticompared with
amide Il (16001500 cm?) and amide Il (133220 cm?). Thus,amidel is often
used to analyze the secondary structural change of proteins. In the amide | band, the
adsorption peaksre generally assigned as1653 cm?! to helix, ~1645 cm'! to
random coil,~1625 cm'?, ~1675 cm?to b-sheet, and-1663 cm®to b-turn. The
characteristipeaksof 1651 and 1540 chhin the SF Fig. 4.6 (a) could be assigned
to Uhelix conformation. However, these two peaks shifted to 1657 and 133écm
the CM-SF NPs which meant that thethelix conformation of SF slightly changed
to ab-sheet conformation after SEDA.similar phenomenon was also observed in
Zhao e t al . &Gtedyi(ROWB)ch a minor t rhalin erf or ma't
random coilc onf or mat i o n-sheet corffoRm#onh occutedhadter BEDS

However, how and why thigshenomenoimappened rezls to be investigated further.
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(@)

(b)

Fig. 46 FTIR specta of the original CM, CMSF NPs and SF powder (a) Black
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