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ABSTRACT

Delivery of bioactiveproteirsis a valuable strategy iradilagetissue agineering(CTE)
because daheirability to regulatehe geneexpressiorandextracellular matrix (ECM) production
of engineered cartilag&his, lowever,has been challenged by the naturéiofactive proteins
includingtheirinstability, poor tissue penetration ability, short Heé andarelatively highprice
Development oharospheres as roteindelivery deviceshouldsolve these issues by promoting
the temporal and spatial presentation of such bioaptateinsin a defined targdor theenhanced
half-life time and effectivenessAmong various polgnerbasedmicro/arospheres, lginate
micro/harosphers have been wiely used as protein deliverydevice because of their mild and
easy protein encapsulation process, inert naturetamacity and biocompatibilityHowever, one
of the major limitations ofisingalginateas aproteindelivery devicaes its high initial burst release
due toits high porosity and instabilitif exposed ina higher pHreleasemedia To addresshese
issues, this study aimedo developthe protein loaded alginatearospheres as a delivery device
with areducel initial burst releaseThe hypothesis waslndreasingthe alginate concentration,
crosslinking timeor drying time reduce theinitial burst releaseindependently of associated
changes to the size and number of nanosphe&asvine Serum Albumin (BSA) was used as a
model protein in this study to evaluate the performance of algmatespheres as protein
delivery device while protein loaded alginatnarospheres were prepargi a combination of
waterin-oil emulsificationand external gelatiomethod The pocess parameters tested to reduc
the initial burst release includalginate concentration, creeking time and drying timeThe
effects otthese process parameters on the nanosphere size and distribution pattern, relative number
of microspheres, initial burst release, protein release kinetics and encapsulation efficiency (EE%)
were investigatedAlso, if thechange irsizeand relative numbeasf nanospheresy varyingthese
process parameters affectbdinitial burst release wasvestigatedIt has been illustrated that by
properly increasinghe alginate concentration, crebaking time and drying timé& was possible
to reduceinitial burst release by 28, andamong various process parameters ahéalginate
concentratiorshowed aignificant effecon theinitial burst releasevhen considered alonglso,
it was confirmed thatluring determination of the effeat various process parametéhg relative
number of nanospheregynificantly affectedhe initial burst releas@.aken togetherthis study

demonstratethatregulatingvarious process parameté&s mearto reduce initial burst releasé
iii



alginatenarospheresurging more studies on alginatarospheres for their potentiapplication
in CTE
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CHAPTER1

INTRODUCTION

Articular cartilage (AC) is a highly specialized connective tighia¢hasa complex and
stratified structurgandcovers the disl ends of bonesuch as knee ardp joints It is avascular
and amral in naturg1, 2]. In normal cartilagethe percentage of interstitial fluid ranges from-65
80% of the total weight with the remaining being collagen and proteog[il¢ab/nlike other
tissues,the interstitial fluid of AC is slightly acidic (pH 7.26.9). Water is the most abundant
componen{80% of the wet weightin AC, and in addition to providg lubricationit alsohelps
to transport and distribute nutrients throdlyacartilage[3].

AC is composed of only one type of ¢ellled chondrocyteChondrocytes arembedded
in the extracellular matrix (ECMxonsisting of collages) proteoglycans, glycosaminoglycans
lipids, phospholipidsand other non-collagenous proteingl]. These chondrocytegespond to a
variety of stimuli, such as growth factors, mechanical loads, piezoelectric force and hydrostatic
press, therebysynthesizing the ECM of cartilageuch ascollagen andproteoglycansin its
immediate vicinity[1, 4]. Depending on the properties of collagemd proteoglycas) AC can
respond tdhetensile, shear and compressive forces during joint lod@ing

One of the problems associated WAR is thatwhenthis tissuewears off because of
physical injury, improper joint loading or lér degenerative joint diseasés,repair becomes
challenging. This is most likelgecause ofhe poor regenerative capacitf cartilage,not only
due toits avascular and aneural nature but atke tothe complex stratified architecture
comprisingof 4 different zoneg2, 1]. The composition and organization of the matrix, cell
morphology, cell densit collagen orientation and tlkicess varyfrom zone to zond2, 5].
Additionally, each zone haa unique mechanical propeytand gene expression patterniggy
distinct propertiesf cartilage[6].

OsteoarthritisQA), one of the most prevalent type of cartilage degenerative joint dssease
occurs due tbreakdown and eventual bsf cartilagd4, 7, 8, 9] At present, more than 250,000
knee and hip replacements are performed in the United States egangeahas been expected

that with an increase of aging population and obesthye number of osteoarthritis cases will



increase drastically in upcoming ye§l8]. In a very recent study, it has been reported th#tdy
ageof 85, nearly 1 out of 4 people witlave osteoarthritisn the hipand 1 out of 2 will have
osteoarthritisin the knee, costing an estimated US $8llon per year in healthcareelated
expense$ll]. As a result, cartilagdefect repair is a thorny clinical issue. The existing therapies
for cartilage defect repaimclude chondral shavingsubchondral drilling, microfracturing,
mosaicplasty, prosthetic joint replacement, subchondral abrasionlogaus chondrocyte
implantaton [8, 12]. However, none of them can repair cartilage defect permanently because of
their various limitations, such as unsuitable donor tissue availability, donor site morbidity, diseases
transmission, implant lossud to limited durability of the prostheti@ndrequirement to ndergo

many surgeriefl2].

At present, among all therapeutic approacloastilage tissue engineering (CTE) has
showna great potential for cartilage defect rep&iTE aims to regenerathe neocartilaginous
tissue by combining three basic components of tissue enginemraiigas suitable biocompatible
scaffold, cells and an environment includiagmechanical stimulugand a combination of

appropriate bioactive facto(Bigure1.1).

Bioactive Factors
Blended or Nanocomposite
RS aee Scaffolds Damaged Articular
<- Cartilage Tissue
Cells N P — - ‘
Seeded on the N 2P ) /i
- — Scaffolds e s gl Implanted or /[ B\
> AN/ =/ . R ( fiw .
< W/ A Injected into \ -4 4
\ |\ X2/ Atticular Cartilage l‘:\‘:@» 4
i e N . Injury [
Suitable | r’ Lt ) |
Environment | g ] /
xh
Repaired Tissue

Figure 1.1: Schematic representation of cartilage regeneration by combining three basic
component®f CTE a suitable biocompatible scaffold, cells and an environment including
mechanical stimuli and a combination of approprimb@ctive factorg2].

It is expected that through dynamic interaction of these three comppoAéhtsan be

created tonimic the nativeone[2]. After decades of research on CTE, hybrid scaffotuzle of



hydrogelsor polyesterbased solid polymersre gaining popularity because of their capacity to
mimic the mechanicdk.g., polyestebased solid polymers) and biological properties (e.g., using
hydrogels impregnated with cells) of native cartild$y@, 14] In terms of scaffold fabrication,
recently 3D bioprinting hashewn greatpromisesbecause of itability to fabricatethe complex
scaffold architectures by manipulating mechanical and biological parameters of each zone
independently5]. A cell seeded PChlginatebasedhybrid scaffoldwith improvedbiological
propertieshas already been successfully fabricatedur lab[15]. However, one of the major
challenges yet to overcome is riegulatethe zonespecific gene expression ithe enginesred
cartilage constructhis is most likelypecause ahechangen chondrocytgohenotype that occurs
either during a monolayer culture due to cellular dedifferentiatid@®] or due tochondrocyte
maturationwhen cultured for grolonged period ofime [15]. This dedifferentiation andhe
maturation of cells is responsible for expressing genes typical of deep and calcified AGhe of
Therefore, efforts have been made recentjyréwventthe phenotypechangeof cells impregnated

in engineered cartilageOne of the approachesuld be using bioactive proteinsthat should
prevent the phenotypic changef cells thereby reguating cellular differentiation,matrix
synthesis anthezonespecific gene expression of chondrocyi 17, 18, 19]

1.1 Rol es Pofotkmon&atritvéage Defect Repair
In addition to suport the growing cellén a threedimensional (3D) scaffold oryldrogel

matrix, the success A€ TE depends on obtaininthe appropriate cells for implantation and

directing the developmertf these cellso a chondrogenic pathwg0]. Currently bioactive

proteinssuch agyrowth factord GFs)have becoméncreasinglypopularbecause ofheir ability

to repairthecartilage defect. Their profound impactthecartilage defect repais mainly because

of their regulatoryeffectondirecing different cell types (e.gchondrocytesbone marrow derived

stem cells adipose, synovium, muscle and periosteum derived stem delis to the proper

pathway[18, 21, 20] GFscan bind tothe cell surface receptors and can regubie cellular

proliferation, differentiation, migratigradhesion, and gene expressiesultingin animproved

ECM synthesis of AQ22, 23, 21] There are a large number @Fs such adnsulin like growth

factor (IFG1), Transforming growth factor beta 1 (T@®F1 ) Bone morgiBM@-geni c

2,4 and 7, available that camegulatethe cellular proliferationdifferentiation,gene expression

and ECM production of cartilagéO, 23, 19, 16, 24, 25, 26, 27, 28mongvariousGFs BMPs



have been reptad to havédeneficial effects mthecartilage defect repair becausdladirpotential
to regulate gene expression and stimulatatrix synthesis,chondrogenic differentiatign
maturation and maintenanfs, 28, 10] For examplethey can trigger MSCs to differentiatto

chondrocytesindmaintaintheir cellularphenotypg20].

BMPs aremember of TGFb superfamily ad play animportant rolein cartilage defect
repair Among various BMPsBMP-7 can stimulate both chondrogenesis and osteoge28gis
Unlike other BMPsBMP-7 has the ability taip-regulate chondrocyte metabolism and protein
synthesis without osteophytes formation and uncontrolled cell proliferf2@jn BMP-7 can
maintain chondrocyt@henotype by regulatinthe chondrocyte specific geaeSeveralin vitro
studies suggest that BMPpromoteghe expression of genes typical of middle zariecartilage
such aCol2al, Col9a2andSox9whereas BMP7 suppressdabeexpression genes typical of deep
and calcified zorg[30, 31, 32, 33, 34]

In addition to havinganabolic roles of exogenously expressed BMPto maintain
chondrocye phenotype and chondrocyte specific gene expression-Bki also been reported
to be endogenous|yesent intheadultAC of different specief29]. The concentration of BM#
in normal cartilage is around 50ng/g dry tissu@ch is withinthe physiological rang€50-200
ng/mL) for anabolic activiesof BMP-7 [29]. This endogenously expressed BNMsresponsible
for thenormalcartilage homeostasj29].

In order to manipulate different typef cells to chondrogenic pathwa@gMP-7 need to
be introdueed to the cell milieu byarious manners, such a&gal vectors, nosviral vectors,
nucleofection and direct deliverj20]. A molecular understanding of BM@&saction on the
regulation of chondrogenesis cannot be achieved withptaper understanding tiie signaling
pathways ofBMPs. BMP signaling is mdiated by two distinct pathways canonical Smad
pathway and a mitogeactivatel protein kinase (MAPK) pathwd®5, 36] (Figure 12). In case
of thecanonical Smad pathway, BMP signaling is initiatedh®bindingof BMP to its receptos,
such as BMPR and Il [37]. Upon BMP binding, the type Il receptor phosphorylatde
serine/threonine residues in type | receptors resultingimcreased phosphorylation thle down
stream signaling molecules, including Smafland 8 (RSmads)[37, 36] Afterwards the R
Smads bind with Smadl or commonpartner Smads (Sonads) to form heteromeric complexes
[37, 36] These Smad complexes translocate intotleteus where they bind to the DNA directly,

or interact withthe DNA binding proteinsthereby, regulatinthe transcription ofhetarget genes



[37, 36] On the other hand, durirgmitogenactivated protein kinase (MAPK) pathwaMP
regulats cellular process using the extracellugignal regulated kinases (ERKs);JGnNH2-
terminal kinases (JNKs) as well as the p38 MAIR3& 39, 35] A precise modulation cheBMP
signaling pathway is criticab cartilage defect repair amdaintenace ofcartilage homeostasis.

Extracellular

Type || BMPR ; ( Type | BMPR

Intracellular

Target Target
Nuclear
Figure 1.2 Schematic representation of BMP signaling patfh$&y

Undoubtedly, bioactive proteins e.g., GFs haygositive impact to repaithe cartilage
defect. However, this might not be true if their concentration is either too low or tooTtigh.
release of bioactive protedmt target site at a very high concentration can result in osteophytes
formation and cartilage erosi¢#0]. The key to success of using bioactive proteins to mingc
native cartilage is that they must be delivered into the tissue site of interastoatimal
concentration and for a proper duration that can vary bastttbioactive protein usej@7, 40]
Forinstancein case of BMF7, the duration of exposure and concentration needed to tkpair

cartilage defecareunknown. However, based on sevearalitro andin vivo studies release of
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50-100 ng/mL BVIP-7 over two weekshouldbe emugh to repaithe cartilage defecipreventng
the progression otartilagedegeneratioffi29].

To repair cartilage defegttraditional approaatsinvolve asystematic delivery of drug or
bioactive proteisvia a non-parental route of administration alirect injection into the tissue site
of interest. Howevetheavascular nature of cartilageeates significant barrier to biodistribution
of thesystematically delivered therapies (dardsFs) to the target sjtmakingthecartilagedefect
repairchallenging[41, 7]. By direct injection it is possible to locally deliver bioactive proteins
into atissue site of interestiowever, he problenmassociated with this approach is tredter direct
injection these bioactive proteiganget cleared from the tissue site @@ressure gradient that
causes flow of synovial fluigpresent irthe cartilage[41]. Thus, due tghort biological haHives
of proteinsrepeated injection is required that is painful and patient incomp#®jeTherefore,
thedevelopment of control delivery devices is importargolve these issues of bioactive fast

and increase their potential use in CTE.

1.2 I mport ance loife €CrobnitdPaochttl ieevden s

In TE, thecontrolled release of bioactive proteins plagsaportantrole, bothin vitro and
in vivo. TE approachinvolves using macre or microporous scaffolds or nanoporous hydrogel
matriceg43]. Cells can be seeded into such scaffolds or matrices and cuhurig by simply
addinganappropriate dose of bioactive proteingitulture medim forthedesired period of time
without controlled releas@t3]. However, the problem associated with such approach is that
bioactive proteia needto be addeaverytime during medium chandd3], which is expensive.
Therefore, even ithe controlled releasef proteinsis not necessary during vitro cell culture, it
is beneficial.The @ntrolled release of bioactive proteins only locally within scafoldhydrogel
matrices not only helps to manipulake cells to behavén a desired waybut also reducethe
requiredamourn of bioactive protein$43], such asGFsthat are very expensiv8ometimesTE
approach involveusing a cell free scaffold or hydrogel matrices containanlgioactive protein
placedin vivo. It is believed that by providing bioactive proteins in a controlled manner it might
be possible to manipulate cells to migrate into the scaffold or matrix and aeeieta desired
way [43].

The ontrolled releaseof bioactive proteismeans application of proteins timeir optimal

concentration. This concentration range is calléderapeutic windoy43]. Forbioactiveproteins



to exerttheir maximum bioactivity they need to be present their optimal concentratiofor a
long period of timetherby, increasingheir effectivenes$43, 44] In order to esureacontroled
deliveryof proteins,theyneed tabeincorporate into some kind of delivery devide minimize
protein denaturation and loss lbactivity [44, 9]. Unlike traditional approaches controlled
delivery using various delivery devices gaolong halflives of proteirs, thereby minimizing the
required amount aéxpensiveproteing[45, 40] The dfference intherelease kinetics using eithe
atraditional approach (i.edirect injection) o control deliverydevice haveen shown ifrigure
13.

s Toxic

=T I U —— Traditional Approach
= T o Optimal Concentration -

g --—----—----—-----A- ptima R Controlled Delivery
g Inactive

@]

Time of release after incubation

Figure 13: Difference inreleasekineticsof encapsulating materialsing eithertraditional
approach oacontrolled deliverydevice[43].

13Design of Contr ol Delivery Devices
Currently, severapproachebave been developed fitre controlled delivery obioactive
proteins.To ensurecontrolled deliveryproteirs can simplybeadmixed withthehydrogel matrix
with which they have some biological affinity. Thegnalsobe loaded inhescaffolds or hydrogel
matricesor they can be loaded in micro/nanosphemgepared using either hydrophilic or
hydrophobic polymersvhich can then be loadedianvarious scaffold or hydrogel matriceslhe
release of these bioactive faxs can be controlled bliffusion, degradation, or erosion
mechanisn{43, 46, 22, 10, 27]in order to desigm delivery device, several factors need to be
consideredsuch aghe MW of protein moleculs, biological half-life, dose requiremenand site
and rate of administratigd5]. Various configurations of control delivery devéae given below
For a controlled delivery,proteinscan be incorporated inta threedimensional (3D)
biodegradable scaffold along withe cells. The scaffold can be prepared usiadnydrophobicor
hydrophilic biodegradable polymer. In casethadscaffold prepared usirghydrophobic polymer,
proteins carbe applied directly before or after scaffold fabrication. However, w@dygirophobic
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polymer it is difficult to incorporate the watsoluble proteins evenly before scaffold fabrication.
In order to incorporatéhe watersolubleproteirs homogeneouslyni a hydrophobic polymer, at
first, proteinsneed to be dissolved anaqueous solution and then mix witlepolymer dissolved

in anorganic solvenf47]. Howevertheuse of organic solvents duritige hydrophobigpolymer
basedscaffold fabrication anthelack of compatibility betweenproteinandpolymermight lead

to protein denaturatiofd5, 48] Additionally, the incorporation of protein prior #nscaffold
fabrication is hampered by other processing conditions (e.g., temperature, light, pressure, solvent,
shear force, surface tension) used to prepare scaffél]s In order to mitigatethe protein
denaturationrdue tothe usetheseharsh processing conditignthey can be incorporated after
scaffold fabrication. This can be done by dippingprefabricategcaffoldin aprotein containing
solution However, this aproachdoes not allowa great control over the release characteristics of
proteins from scaffoldf40]. Furthermoredue topoor hydrophilicity andhe lack of functional
groups of hydrophobic polymersthe solution dipping method mightresultin a low loading
efficiency and poor bioavailability of proteij48]. For this typeof hydrophobicscaffold the
degradation of polymeis a prerequisitdor the delivery of protein intca target ge. However,
sometimesthe degradation of this type of polymenay createan acidic microenvironment
resultingin protein denaturatiof#5].

Unlike hydrophobicpolymerbasedscaffolds, a mild processing conditiotogether with
almost no use of organic solveatlows hydrophilicpolymerbasedscaffolds to encapsulate both
proteins and cells at the same timegcessary for cartilage matrix formatiptd, 40] Usinga
hydrophilic polymer,it is possible to add both cells and bioactive pratiirihe polymer solution
prior to a scaffold fabricationHowever, it is difficult to desigra hydrophilic polymerbased
scaffold such thait maintairs the tissue growth and sustained pioteelease propeds
simultaneouslyThe reason ishe polymer concentrationf ascaffoldneeds to be higim orderto
reducethepore sizdo ensure prolonged protein releas®n the other hand, cell prefers to remain
in acomparatvely agueous polymer solutipsoincreased solution viscosity ahigher polymer
concentrationcan hampethe cell viability [50]. This impliesthat the direct incormration of
proteirsinto acell seeded hydrophilic scaffold limiits ability to controltherelease kineticslue
to different requiremestfor the cell viability and sustained protein release.

Hydrogek play a significant role as a delivery devift bioactive proteins. They are

polymeric networks consistingf crosslinked hydrophilic polymerg51], such assynthetic



polyethylene glycol (PEG)olyvinylpyrrolidone (PVP)algnate, collagen, chitosan and gelatin.
Theycanswell and retain a significant fraction of water within trstructurebut will not dissolve

in water[51, 52] The ability of hydrogel$o absorb water relies on theepence of hydrophilic
groups, such a®©H, -CONH-, -CONH2 and-SO3H [52]. This high-waterretention capacitpf
hydrogelstogether withtheir soft andviscoelastigpropertes, aswell asalow interfacial tension
with biological fluids or water arehe reasosithey mimicliving tissueg52].

In CTE, bioactive protesand cell containing hydrogel matrix have been used imoth
vitro andin vivo to repaira cartilage defecf49]. Using hydrogels,hte @ntrolled delivery of
encapsulating moleculesan be achieved by tunintheir physical proprties, such aghe
degradation rate and pore sjZg The incorporation of proteins into a hydrogeadone by physical
encapsulationphysical or chemical crodmking of hydrogel networlor electrostatianteraction
[7, 53] The re size of hydrogel depends the distance between creisk networks and the
distance between crefisk networksdepends on the MW of polymeric chains that connect the
crosslinks [43]. Protein release froma hydrogel matrix can occur due to diffusjswelling,
hydrolytic or enzymatic eégradation of hydrogel netwo[&3]. Using hydrogel matrixin order to
maintaina cortrolled release for a long timehe distanceamongcrosslink networks should be
the same order of magnitude as tiemeterof protein[43]. This meanghe pore sizehasto be
very small[43], usually ina nananeter range. On the other hanthe optimal pore size for
improved chondrocyte proliferatioand cartilaginous ECM secretion is usually imcrometer
range[50]. Therefore, tiis hard to controtheprotein deliverywhen they are incorporated directly
into hydrogels.

From the above discussiiit is clear thatit is hard to desiga protein loadedcaffoldor
hydrogel matet having all thedesiredpropertiesconcurrently necessary fahecel viability and
controlled protein deliveryThese issues can be resolveddegignng a protein deliverydevice
segparately and then embeddiitgnto a scaffold or hydrogel matrif43, 54. Designing protein
delivery device separateiycreases the possibility and flexibility atquiring acontrolled release
without compromising cell viabilityRecently, scaffold or hydgel matrix containing protein
loaded micro/nanospheréasgained much popularity This is most likelydue to their ability to
deliver bioactive proteins im surrounding matrix containing cellsin a precise and near
physiological fashiof27]. This, in turn, facilitatethe cellular ingrowth and netissue formation

by regulating cell proliferation and differentiativ].



Several studies have confirmed tkia¢ scaffold or hydrogel matrigkontining bioactive
proteirs loaded micro/nanospherémsthe potential to provide¢he desirablereleasekinetics
resultingin animproved cartilage regeneratioRor example,n case of hyaluronic acid (HA)
hydrogel, compared to direcincorporationof TGFb 3  ithe telbb containing hydrogelco-
encapsulationof TGB3 | oaded al g iinmpevtedthe mécltanicalspmipesrias ard
cartilage matrix synthesibothin vitro andin vivo[49]. In Fibrin mdrix, thecontrolled releasef
TGFb3 from heparin nhergesemtoe of leyalinercartdagel tisseedbioth n
vitro andin vivo), in another study when eencapsulated along wittells [55]. Similarly, the
seeding of poly (lactideo-caprolactone) scaffold with fibrin gel containing TGFb 1 | oaded
nanospheres and human adipose tisirezed stem cells (hASCs) induced and sustained hASCs
differentiation[56].

All of these studies indicatmicro/nanospheréssignificantroles as a protein delivery
device inCTE to repair cartilage defect. Thus, it is important to understaagroperties of
micro/nanospheres as a protein delveevice, their release mechanism and how to cottteol

release kinetics.

1.3.1 Micro/Nanospheres as aProtein Delivery Device

Micro/nanospherghave shown great promise apratein delivery device in CTbothin
vivo andin vitro [57, 58, 59, 24, 49, 56, 55They are small spherical particles with a diameter
ranging from micron to submicron scalkhe cevelopment of such kind of delivery deviedps
reducingthe required amount of proteing/hich are expensive. Because beingsmallin size
their mechanical strengtis comparatively higtandthe surface aredo volume ratioincreases
resultingin high protein loadingbioavailability and surface reactivif7, 60] Also, using this
kind of delivery devics protectthe bioactive proteins againissue regrowttand allowthemto
release in responsedo environmental stimulje.g.,pH or temperaturg[54, 27] Furthermoreby
usingmicro/nanosphereg is possible tanaintainthereleasef proteinat the target site for a long
period of time therebyjncreasing tRir effectivenesfs1].

The proteinsencapsulated intonicro/nanosphereare releasd based orthe following
mechanisms: (i) initiateleaseof encapsulating moleculéisrough the particle surface via protein
desorption (ii)proteindiffusion through the micrvaansphere structure (iii) bulk degradation and

the erosion of polymeric network[45, 62] The diffusion of proteinsthrough the
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micro/hanosphergcan be controlledybvarying various process parametetsch aghe polymer
composition, concentration and M\&fosslinking density anddegradatiomate.

The poperties of microlanospheres as a delivery device can Maaged a their
fabrication techniques.Several techniques have been employed for the fabrication of
micra/nanospheressuch aghe ionotropic gelation63, 64] emulsification[65, 64, 66] spray
drying[67, 64, 66] phase separati¢4], microfluidic preparatiof4] andelectrodispersiof64].
Among various fabrication techniques, tleenulsification and spray drying methods are most
popular[64].

Spray drying isone of thepopular techniquethat have been widely used to prepare
micra/nanspheresysingboth hydrophilid68, 69, 70, 71and hydrophobi¢72] polymess. Using
this methodafreezedriedprotein in its solid stateis dispersed imnaqueous or organic pener
solution by homogenization. In caseasfaqueous polymer solutipa crosdinking solution is
also added69]. This polymerprotein dispersion with or withoatcrosslinker is then fednto the
nozzle with aperistaltc pump followed by atomizatioim a stream of heated 489]. While the
atomization helps to disrupt the liquid into small dropldieheated air evaporatéise solvens
instantaneously yielding solid midranasphereq69, 70] The sze of micrananspheres can vary
based orthe nozzle diametef69]. One advantagef usingthe spray@irying method ists less
dependeay on the solubility characteristics thfeencapsulating molecul¢s3]. Furthermore, this
process is highlyeproducibleandhasa good control ovethe particle sizeUsing this methodt
is possible to prepare midranspheres ina narrow size rangg69]. However, the harsh
processing conditia®) such aghe heated air used in this technique might denatuesensitive
proteins due to protein aggregati&T].

The enulsification is aother popular method used in several studies to encapsulate
proteirs. This method is commonly used to prepare the hydrophilic protein loaded
micro/nanosphere Emulsification method can bef two types, such awaterin-oil (w/0) or
waterin-oil-in-water (w/o/w)emulsfication methodBased on the properties of polymers used to
prepared micro/nanospherésth watefin-oil (w/o) and watefin-oil-in-water (w/o/w)emulsion
methods have been usidthe past The micro/nanospheresomposed of hydrophilic polymer
are commonly prepared usittge w/o emulsification methofi74, 75, 76, 77, 78, 79, 80Dn the
other handthe micro/nanospheresomposed o& hydroplobic polymer are commonly prepared

usingthew/o/w emulsification metho{i73, 81, 82]
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During micrdnanospheregabrication using the w/o emulsificationmethod,a polymer
solution contaiing a protein or other chemical acas an aqueous phase whistthen dispersed
in a continuous oil phassontainingan oil soluble surfactantesultingin aw/o emulsion In the
organic phasene dispersiomand break down dheaqueous phase into small partiates bedone
usng a magnetic stirref74, 83] or high-energystirring, such ashomogenizatiorj84, 77] The
continuousorganic phases composed odn organic oil such agaraffin oil[77, 80, 79, 76]iso-
octane[78, 85] ethyl acetat¢74], n-hexadecan§76] or sunflower oil[76] with an oil soluble
surfactant, such &pan 80[76, 79, 80] Span 8985, 78] or Tween 8(76] dissolved inthe oil
During preparation of micro/nanospheres thefactants playa significant role They help to
stabilize the emulsion droplefisrmed duringhe emulsfication by formingathin film aroundthe
emulsion dropletgnd by reducingthe surface tension betwedhe aqueousand oil phasg86].
Sometime the w/o emulsification method is coupled wigither an internal [87] or external
gelation method [83, 84] In such case the emulsion droplets (either microemulsion or
nanoemulsion) formedan be crosslinked (either internally or externallywvith various cross
linkers, such aaCb, CaCQ or glutaraldehydeto form microhanosphere§74, 64, 76] By
contrastsometimeghew/o emulsifications combined witlasolventdiffusion methodto prepare
the micro/nanosphere§/4]. When the emulsification method is combined with the solvent
diffusion methodmicro/nanspheresare formed by diffusion out ofvater fromthe emulsion
droplets tahe continuous oil phasg4]. In order to remove oils, unreacted criisgers or other
reagents, the prepared migranspheres are then washed witlionizedwvater, and variousther
organic solventssuch assopropylalcoholor n-hexang88, 84, 77]

Unlike thew/o emulsificatiormethod thew/o/w emulsificatiormethod is used to prepare
themicro/nanspheres composed ahydrophobic polymef73]. In this process, protesror other
active moleculesrefirst dissolved in an aqueous phase form a w/o emulsion, this aqueous
protein solution is then emulsified withnon-miscibleorganicsolvent such aslichloromethane
[89, 81, 90]or chloroform[90] containinga hydrophobic polyme[90, 91]dissolved in it which
acts as an oil phasghe enulsification stegan becarried out usingmagnetic stirref91] or high
energystirring, such ashomogenization or sonicatide4, 81] This primaryemulsion is then
mixed with a surfactanrtontaining aqueous solution followed aWigh energystirring to fam a
double emulsion of w/o/wVarious surfactanfssuchas Polyvinyl alcohol(PVA) [90, 91, 92]
Tween 20[93], sodium dodecyl sulta (SDS)[93] and dodecyltrimethyahmmonium chloride
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(DAC) [93] have beemsedin the pastUsing this methodheremoval ofanorganic solventan
be performedby either solvent evaporation @olvent extraction leavinghe protein loaded
micro/nancpheres in the agueous continuobiage These micro/nanospherean be collected by
filtering or centrifugiry. However, usinghew/o/w emulsificationmixing of the protein solution
in theorganic phase containing polymer is responsible for protein denatui@@ion

The sze, morphology andwelling of micro/nanospheres plagirect rolein controling
the rate and time of delivery of bioactive molecul¢83]. During the fabrication of
micro/nanospheres usirag emulsificaton method, it is possible to contible size, morphology
and degree of swelling by varying various process parametach asthe stirring rate,
concentration an®W of polymer, degree of crodmking, concentration, typer hydrophile
lipophile balance(HLB) of surfactant.Therefore,based ona certain applicatiorthe process
parameters should be carefully selected.

The @ntrol ofthesize of micro/nanospheres is necessary in order totherelease rate.
Forexamplealargersurface are#o-volume ratioassociated witthe smaller particles exhitsia
faster release comparedtte larger particleg94]. During the fabrication of micro/nanospheres
using the emulsification methodit is possible tomanipulatethe particle size and distribution
pattern by varyinghe stirring speed (using magnetstirrer or homogenizer)54, 92, 95, 47]
Increasing the stirring speed increagesshear forces and turbulenaeghich in turnbreakdown
the emulsionnto small dropletsthereby decreasingheparticle sizg54]. In one studytheeffect
of the stirring speedon the microspheres size using both magnetic stirrer and high energy
homogenizehas been studiett was found that with the increasetbéstirring speed of magnetic
stirrer from 250 to 1250 rpmndthe homogenizer speed from 600014000 rpm it was posde
to reducethe size of PLGA microspheres from 80.85 to 62.04 pm and 15.47 to 4.56 pm,
respectivel{j47]. In both cass, the high-powerinputatahigher stirring speedasexplained as a
reason to reduddeparticle sizg47].

The prticle size can also be manipulated by using different type of surfsdtantng
differentHLB value[96, 76] and at different concentratisfb4, 92, 95, 86, 76 By varyingthe
surfactanttype, HLB value andthe concentration of surfactant iwas possible to prepare
microspheres in the range frat8-600 um, in one studf76]. It has been reported that with the
increase of surfactant concatton andthe decrease of HLB valuby using different typs of

surfactang it was possible to decreadbe size of microsphere$76]. The effect of theype of
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surfactang on the microspheredsize was tested in another studgd it was found that compared
to the surfactant consisting of more fatty acid clgithe surfactantconsisting oflonger
polyoxyethylene chains produc#te smaller sized microspher{36].

The MW and concentration of polym@tay an important role because of their abitay
control the size [54, 92, 47, 97]and matrix porosityof micro/nanospheres prepared usthg
emulsification methodThe control of the particle size and matrix porosity is importabb#sof
themcancontroltherelease rat¢@7]. With theincrease othe polymer concentration and MW,
the viscosity ofthe polymer solution increaseso ahigher shear forces needed to break the
polymer solutiorinto smalldropletg[54, 47]resultingin larger sized particlesn one study, itvas
reportedthatincreasinghe MW of PLGA resulted in an increasd the microspheredsizedue to
an increased solution viscosif¢#7]. By increasingthe concentration of polymetttrylate from
16.7 to 33.3 mg/mthe size of microspheresicreasd significantly from 97.6 to 125.8 pmin
another study{97]. Increasingthe polymer concentration also decreaséte microsphered
porosity resultingn aless releaseompared tahe low polymerconcentration counterpartin
another study97]. Thesestudesimply thatthe microspheredsize and porositgan be controlled
by varyingthe polymerconcentrationtherebyaffecing therelease kinetics

During the fabricationof micro/nanospheregsingthe emulsification methodthe cross
linking condition, such athe concentration and typef crosslinker and crosdinking time was
also found to affectthe release rateThe dfect of different crossinkers, crosslinking
concentratios and crossinking times wasevaluated ironestudy[98]. When different typs of
crosslinkers were used,dueto a lower degree of crodinking usingFormaldehydeit showed
significantly faster release compatedhe Gutaraldehyderosslinked microspheredlso, when
the effect of different crossinking concentratios and crosdinking times was evaluated in that
same studywith the increase dhecrosslinking concentration and cro$isking timetherelease
of encapsulating molecules decreaf#f]. In another studythe increasd crosslinking density
with theincreasd crosslinker concentration alstecreasetherelease of encapsulating molecules
[77]. Both of thesestudies imply thaduring fabrication of micro/nanpkeres the type and
concentration of crosnker and crosslinking time can affectthe release kineticsReduced
swellingandpore size aa higher degree of crodsking might alsoreducethe release rat§99,
100]. On the other han@ninsufficient crosdinking time might be responsibfer anincomplete

crosslinking [101], resultingin anincreased release of encapsulating molecUlesrefore,the
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crosslinking time should be carefully selected to prevemt incomplete crostinking of
micro/nanospheres.

After fabrication of micro/nanospheres, thageither used in their wet stg@5] or dried
using different drying conditi) suchas air dry at different temperatusd65], oven dry at
different temperatures to different tig[@7, 102]or freeze dy [103]. After fabrication opolymer
basedmicro/nanspheresthe post treatment also affects their morpholegylcontroltherelease
rate [86]. While dehydrating gelatin microspheres usiag acetone/water solution and then
acetone in one study resulted in microspheres withonporous, very smooth, and uniform
morphologytheirtreatment withapure acetone only resultedviminkled microspheref86]. Also,
in that same studythe freeze drying of microspheres resulted in microspheres avgibrous
morphology havinghepore size in the rang# 10-50 um[86]. Compared to air dryinghefreeze
drying of chitosan microspheres, prepared using emulsification/internal gelatomasedhe
release rate of Hb in another sty8%]. Therefore, to contradhe micro/nanospheres morphology
and release ratbe post treatment shoulake carefully selected for certain applicatgon

The performance of micrmanaspheres as a protein delivery device can vary based on the
type of polymes used. Inorder to develop micfoanspheres as a protein delivery device, both
natural polymersuch asalginate, collagen, chitosan gelatin and albumin, starch, dextran, inulin,
cellulose hyaluronic andynthetic biodegradable polymers, suchPa&A, PLA,PLG, have been
used inthe past[104, 45] During fabrication of micro/nanospheres thatural hydrophilic
polymers arereferableover the synthetic polymerNon-toxicity, inert nature towards proteins,
chemical modification ability, biocompatibilitand bioavailabilityf natural polymersmakethem
ideal candidat®to preparea protein delivery devic¢d4]. Moreover,the use ofthis kind of
polymers allovg to fabricate micrtnanspheres without using organic solvef#s], responsible
for protein denaturation. Howeverpetter understanding of the protein release kinetics and more
effective ways to redudeeinitial burst release is important in @to getadesired protein release

kinetics using naturglolymerbasedmnicro/nanspheres.

1 M giasDel i Devgétredt enidn Od hemi €al s
Alginates have been declared by FDA (Food and Didgninistratio) as a GRAS

(generally regarded as safe) ingredigt5] and have been widely used as a delivery device of

protein and other chemicaBiffusion of several proteins from alginate beads has been reported
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in literature, incluthg basic fibroblast growth factor (bFGKFL06, 107] acidic FGF[107],
endothelial cell growth factor (ECGF)08], BSA[109], Insulin[110], and fibrinoger109]. The
reasonfor widespread application of algindbased delivery devices relies on their relatively
simple protein encapktion processand excellent biocompatibility towards proteif4].
Additionally, a mild encapsulation process free of organic solvents allows protein incorporation
into analginate without denaturatida11]. In order to desigman alginatebaseddelivery device,

it is important to understantthe physical andchemical propertiesf alginate Among various
forms of alginates, sodium alginate (S#hich is a sodium salt of alginic acj#i01], is mostly
used.

Alginate is a naturally occurring anionic copolymer which is hydrophiticnature and
composed ofi 4 glycosidically linked mannuronic acid ¢Mhit) and guluronic acid (&nit) units
[112, 113, 64]Figure 1.4 A) They can be obtained fromariousnatural sources, such as brown
seaweed and certain species of bacfddd, 113, 101] Depending on their sources, their MW
and the relative percentage of G and M units can VHrY2, 64] The MW of commercially
available alginates varies from 32,000 to 400,000 g3, 64]

Incorporation of proteins into alginabmsed micro/nanospheres can be done uader
relatively mild gelatn process that can be performed in ambient temperature and does not require
any toxic chemicals, such as organic solvents, thereby, preventing protein denaturation. During
gelation,theG-units of one polymer chain form junctions with theu@its of theadjacent polymer
by binding withthe crosslinker cationqd113]. This, in turn, results in a cretiaked gel structure
with protein encapsulated within the matrix (See Figure 1.4B). Gelation of alginates can be
induced by usig various divalent cation of crofiskers; e.g., B& C&*, Mg?*, Zr** or Sr*? can
be used for gelatiof64]. Among various crosknkers, C&* is mainly used because of its ron
toxicity, clinical safety, easy availabilitgnd economical attractig64, 115]

The function ofanalginate as a protein delivery device dependssdviW, and theelative
percentage of G and M usift has been reported thaeprotein release ratenechanical strength,
elasticity, swell ability, matrix porosity and degradability of alginate matrices can vary based on
their relative (G/M) ratig111, 104, 114] Compared tdhe low MW alginates having lower
percentage of Ginits, thehigh MW alginates havingrelatively higher percentage of@hits are
more effective in retarding protein diffusighil4]. This is most likely becausmly G-units ofan

alginate participateuring crosdinking with Ca* and with the increase of-Gnits the degree of
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crosslinking increases. This, in turn, increases mechanical strength resaléinglginate gel that

is less prone to swelling and erosidi 3, 111] However, alginate gels prepared with more than
70% Gunit content become brittle and they lose their swelling ability after drying. Furthermore,
in presence of high @nitsthe porosity ofalginate ged increases as theadopta more open pore
structure showing minimal shrinkage abilityp4, 64, 115]0On the contrary, alginate gels prepared
using a high percentage of M units become swellable, less porous, softer, and more elastic.
However, as a result of high water absorption, alginate gels contaihigber percentage of M

units dissolve quickly compared to ageontaininga higher percentage of @inits[64, 105, 111]
Therefore, a pper balance amorigerelative percentages of @dM unitsin thealginate matrix

is necessary so that they minimize gel brittleness and show compardtigklynechanical

strength, stability and less porosity in the gel matrix.
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Figurel.4. (A) Chemical structure of sodium algina®) (Mechanism of ionic crosinking
betweeralginate andationcrosslinkers[116].

Several techniques are available to fabricate alginased micro/nanospheres. They can
be preparedsingionotropic gelation, emulsification, electrodispersa@rspray drying methods
[49, 64] Among them,the emulsification and spray drying are very popular. However, as
discussed earlietheheated air and dryingrocess used itmespray dryingnethodmight denature
some of the proteinf67]. By contrastthe alginatebased delivery devisegprepared usinghe
emulsification method can protethe bioactive proteins from degradation proving their
biological halflives. Usingthe emulsification methogbioactive proteins can be mixed evenly in
the alginate solution and the solution can be emulsified under dispersive force (e.g., sonification

or homogenization))116, 84]
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In most caseghe emulsification method is used in conjunction with external or internal
gelation. Micro/nanoemulsion prepared usihg emulsification process can be crdis&ked by
either external gelatiofil07, 83]or internal gelatiorf103, 117, 85] During external gelation,
micro/nanospheres are produced by adding £&@érnally intothe emulsion droplets of protein
loaded alginate formed after emulsificatif88]. On the other hand, during internal gelation,
insteadof adding CaCl externally after emulsification, acid soluble calcium salts (e.g., calcium
carbonate) are uniformly mixed with alginate prior to emulsification. Using this method,
controlled release of soluble calcium ions is usually obtained by a chatigggpH by addingan
oil soluble acidn order to free C4 from insoluble calcium sal{d17, 60, 118]

Properties of alginate spheres, such as strength, stiffness, pore size, and permeability of
encapsulated molecules can vary based on their gelation pf@dé8s<60] Micro/nanospheres
prepared using external gelatiare inhomogeneous in structure. This is because during external
gelation,a higher percentage of both €and alginate are present in the surface atalver
percentage in the core resulting denser layer at surface and looser layeiri8p68] Unlike
external gelationa concentration gradient is hardly present when internal gelation is used,
resultingin ahomogeneous structure of microsph¢tds]. However, internal gelation hasveral
limitations. Firstly, the pore size of microspheres prepared using internal gelation has been
reported to be larger thahe microspheres prepared using external gelatiesultingin thehigh
permeability of release media into the microsphé¢ids8]. Secondly, liberation of COfrom
CaCQduring internal gelation might weaken the ma{8%]. Therefore, during fabrication of
alginate micro/nanospheragelation method should be cardyutelected.

In mammalsthe degradation mechanisfor an alginate is not enzymatic. This is most
likely because, mammals do not have alginase enzyme necessary to dsgratiener chain
[113]. The degradatiormechanism ofan ionically crosslinked alginate is dissolution or
hydrolysis. Dissolution occurs durittigerelease of divalent cations of crdsiked alginate due
to anexchange reaction with monovalent cation, such dddwg113].

Even though alginate micro/nanospheres have been widely used as a protein delivery
device, one of the major limitations of alginates as a delivery dsdieeir inherent high porosity
and instability at high pH mediunthe morphology and relea rate of encapsulating molecules
using alginate spheres largely dependh&pH of the mediunjl14]. The elease rate a@low pH
decreases significantly due to shrinkage of alginate spfgrés On the contrary, ahigher pH,
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ahigh degree of swelling and rapid dissolution of alginate spheres ¢&&drsl19] This is most
likely due toanenhanced relaxation tfepolymer chain ofhealginate an@nenhanced exchange
of thedivalent ions of alginate witthemonovalent ions in surrounding media, resultimgburst
release of encapsulating molecul@$4, 119] In one study, Fluorescein isothiocyan&tbeled
bovine serum albumin (FITBSA) was encapsulated in @éginate microspheres and incubated
in aphosphate buffer at pH 7[220]. Low stability ofthealginate above pH 5 has been reported
to be the reason why all of the loaded FIBEA was released within 6 hoyd0]. Considering
thepH value (pH 7.26.9) ofthe interstitial fluid of cartilagg3], it is most likely thathe use of
alginatebased micro/nanospheres may increase releasge ehcapsulated proteins duette
poor stability of alginates, resultimg rapid swelling and dissolution.

In spite of having@me limitations, alginates are still considered an excellent candidate as
a protein delivery device because of their temperature independent mild gelation process, low
price, relatively inert aqueous environment towards proteins, and ability to contehpelease
rates by varying various process parameférs3, 104, 44, 121, 111Many approaches have been
undertaken to reducthe degradation rate of alginates. For example, it has bemorted that
increasingthe alginate concentration can reduce the rate of degradgiit#?]. Increasingthe
degree of crosbnking, in another study, has been reported to dectbasgegree aswellingby
improvingthemechaical properties of alginaf@23], which can also redudhedegradation rate.
The concentration of alginates atite crosslinking time used in the previous study, where 100%
FITC-BSA wasreleased from alginate microspheresr&v2% and dninute respectively. Also,
the resultant microspheres were dried completely by freeze difyliR@]. The dginate
concentration and crodimking time that vere used in that studymight not be enough.
Additionally, the pore size othe freezedried microspheres was probably larger resuling
fasterrelease rat¢86, 65] Another probable reasdar the faster release might be becatise
microspheres were driecbmpletely during freeze dryingo they developed surface cracking
[102]. Increasinghe alginate concentration and crdgsking time might reducéhe release rate
by decreasingthe degradation rate and increasirtbe mechantal strength of alginate
micro/nanospheres. Moreover, instead of complete dehydration, partial drying might tlegluce
pore sizg113] of micro/nanospheres resultingaless release. In order to effectively contiad
burstrelease of alginate, it is important to understdrefactors responsible fa burst release

and ways to prevent it.
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Burst release can be referred talasrelease of a very high percentage of encapsulating
molecules within a short tim@24]. Burst release occurs duedorface protein desorption and
diffusion from the outer surface of micro/nanosph¢i@b, 62] Due toits toxic side effect, in
most cases this high initial burst redeas undesirablg24]. Moreover due totheburst releasea
very high percentage of protein release occurs in a very short ttiereby decreasing the
effectiveness of the delivery devigE24, 114] The ideal protein release profile should show a
zeroorder release kinetics, i.econstant protein release with time as shown in Figur¢6bpb
However, practically this kind of protein release profile is difficult to achieve. In most cases, upon
placement of micro/nanospheresdrrelease medium, an initial burst release of a very high
percentage of proteins occurs befdhey achieve constant release raf@24]. The difference
between protein release profile maintainaeeroorderkinetics oronehaving a high initial burst
release have been shown in Figure 1.5.

Release profile
with burst

\

\

Zero-order controlled release

) Burst
Release

/

Cumulative protein release

v

Time

Figure 15: Schematic representation showing the difference in release ph#tieeen zero
order controlled release and due to initial burst relEE24.

Because otheinherent high porosity ankigh degradability of alginates, in most cases,
coating or reinforimg alginates with several natural polymers, such as chi{@$ari17] Dextran

sulfate[63] or methylcellulose hydroxyethyl cellulo$#26], has been used to prolong the protein
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release and redutkeeinitial burst release. Due to surface coatmgeinforcing of alginatéased
micro/nanospheres, it is possible to redtlogir degradability and porosity andcrease their
mechanical strengfi04, 127, 44]The effect of polycation coating on alginate beasiag either

poly (L-lysine HBr) or poly (vinyl amine) was evaluated in one study and reported a decrease in
the burst release withan increasein polycation concentratiof128]. However, coatingor
reinfordng of alginatebased micro/nanospheres adddditional processing steps and cost.
Moreover, improper coating of alginab@asedmicro/nanosphereshouldresult in protein loss or
anincomplete protein release profjel 7, 83] Therefore, alternative approashto reduce protein

diffusion need to be explored.

1 . As(pproacviens mind e i alel RarsRtoa®d mMf usi on
Through Mi catorsipfhere M

Various approaches have been congddo reducethe initial burst release anthe
diffusion of protein or other chemicals throutite micro/nanospherematrix. The initial burst
release and protein diffusion from micro/nanospheres largely depehd mnoperties of proteins
to be encapsulated. Additionally, the diffusion rate @ir@nitial burst release can be controlled
by regulating electrostatic interaction amdhgproteinpolymers[104, 129] by varying polymer
concentration130, 131] MW [131], crosslinking density[132], particle size, swelling rate,
proteinto-polymer ratio and drying conditioj®5]. Therefore,a thorough understanding of the
relationship amog these process parameters #ralrelease mechanisms is important to design

micro/nanospheres showing less burst release.

1.5.1 Effect of properties of protein
Properties ofhe proteins to be encapsulated, suclhasr MW [124], pl valug[104, 117,
44, 129]andthe percentage of protein loadif@33, 134, 135]play a vital role inthe protein
release rate. Burst release has been reported to be dedoedsetligh MW proteins due to their
greater hindrance tihe pore diffusion124, 136] The dfect of TGFb2 and Bone morphogenetic
protein7 (BMP-7) on protein releasérom nanospherewas evaluated in one study. Due to
comparativelya high MW of TGFb2 compared to BMF, TGFb2 loaded nanospheres showed
slower release rate comparedhe BMP-7 loaded counterpaf26]. However,anincrease irthe
protein diffusion with the increase of protein MW has also been reported in another study when
Caalginate macrobeads (d=3.30+£0.20mm) were u3bde. d f f usi on oZlobuin gh MW
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(MW=154kDa) and fibrinogen (MW=341kDa) was reported faster compared to low MW albumin
(MW=69kDa). It was speculated that this might be dug¢htochange inthe Caalginate gel
structure, when higher MW proteins were used for encapsulation, miderdiffus i onZ o f
globulin and fibrinogen faster compared to albuifii@9]. The ®lubility of chemicals has also
been reported to hawamn effect on their diffusion througthe microsphere matrix. For example,
due to high water soluly, therelease period of FIT@extranwaslasted only for 12 days inthe
release mediunBy contrastusingthesame condition the release periodtfugsparingly soluble
Brilliant blue (BB) was more than 2 montfis37]. From these studies it can be hypothesized that
anincreased protein solubility imnaqueous release medium might also increase protein release.
The net charge of proteins and their pl valegn also influence their diffusion throutite
micro/nanosphenmmatrix[104]. For example, a protein with a high pl value and overall net positive
charge can interact withn anionic polymeitthereby inhibiting its diffusion througtine polymer
matrix. By contrast, a protein withlow pl vdue can release more rapidly though the anionic
polymer matrix[104]. However,a sustained protein release by electrostatic interaction between
proteins and polymers might cause protein denaturation becatrssadfinity of the polymer to
bind withtheprotein[138]. Therefore, properties proteinsneedto be consideredarefullywhile
designinga protein delivery device

1.5.2 Effect of process parameters

Process parameters play a significapie in burst release. Burst release is a surface
phenomenon and the entire release profile is proportional to the surface area exjhesetbtse
medium. The least the surface atearolume ratio is exposed to the release medium the least is
the bursreleasgd62, 139] It has been reported that compared to-porous micro/nanospheres,
porous micro/nanospheres have larger surfacetarealume and consequently high permeability
to release medium resulting anincreased initial burst releag®40]. The pesence othe pre-
existing pores and channels in PLé®Ased microspheres were found to be responsible for a high
initial burst release of about 60%rugs [141] Therefore, decreasing the porosity of
micra/nanspheres might reduce their permeability to release medasuoiting in adecrease
protein release.

Like microsphers porosity, the degree of swelling also has a profound impacttten
protein releasg62, 139] The mechanism of protein release involves swellinghefporous

structure of microspheres followed by dissolution and diffusion of prdteireach the release
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medium[142]. However, more swelling means less compact gel structure and more permeability
of the release medium througtne gel network resultingn more releasd142]. Therefore,
decreasinghe degree of swelling of microspheres is another prerequisite to rélaepeotein
release rate.

An increase intheloading percentage of protein adecrease ithe polymer/protein ratio
of micro/nanospheres is also resgible fora high initial burst release. The effeaif various
percentageof BSA, such as 2.64%, 0.66% or 0.45% loadinghemelease profile of PLGAvased
microspheres ere evaluated in one study. It was reported thiae 2.64% BSA loaded
microsphereshowed a considerably higher initial burst and more rapid release compé#hned to
0.66% or 0.45% BSA loaded microspheres. This higher initial burst and rapid protein diffusion
usinga high percentage oBSA loadingaremost likely due tanincrease in BSA concentration
gradient between the microspheres @melouter aqueous phase fthie release mediunfil33].
Therefore the percentage of protein used to design protein loaded microsphevaseaids to be
carefully considered to reduce initial burst release.

Earlier studies confirmed th#te polymer concentratiofi.08, 109, 140, 63, 62, 13ahd
MW [121, 62]play a significant role ircontrolling the diffusion rate of encapsulating proteins
throughthe micro/nanosphere matrix. This is because increasieagolymer concentration and
MW will increasethe solution viscosity, therehyeducing the tendency of the protein or other
encapsulated molecules to be carried towtaslmicro/nanospheres surface, hence, less burst
releasd62, 121, 143]By varyingthe polymer concentration and MVt is possible to contrahe
internal gel structure and porosity of microsph¢td£], crosslinking density{62, 112, 121]size
[121], swelling ability[62], and degradation raf@44]. In case oPLGA, a hydrophobigolymer,
increasinghe MW from 5000 to 15000 Daltons decreagkdinitial burst release of FITBSA
from 70% b less than 20%. The author attributeedecreased water uptake and degradation rate
atahigher MW to be the reason thfereduced burst release and total reldadd]. Thedecrease
in thematrix porositydue to anncrea in thePCL concentratiorirom 16.7mg/ml to 33.3mg/ml
were found to decreasike protein releasgl33]. In case othe hybrid chitosan/tripolyphosphate
microspheres by increasirlge chitosan concentration from 0.05 to 0.30a%d its MW, it was
possible to reductheinitial burst release and total BSA rele§s2].

The dfect of concentration and MW of alginaten the protein release has been reported

in a few studieskor examplejncreasinghe MW of analginate reducetheinitial burst release

23



of BSA fromthealginate microsphergrepared usingnemulsification methodl121]. In case of
theCaalginate macrosbeadsrepared using the exterrg@lation method, increasiriigealginate
concentration from 2 to 4% showed a considerable decretisr@ease of BSA109]. However,
to our knowledgethe effect ofthe alginate concentration otheinitial burst release of BSA and
other proteins from micro/nanospheres prepared using a combinatitihre af/o emulsification
and external gelation method has not been investigated Siece, the properties of
micro/nanospheres arttdeir initial burst release can vary based on the fabrication method used
[145, 118, 146]therefore, it is worthwhile to test hovarying alginate concentration can affect
theinitial burst release and total protein releaslso, while a considerable effect thfe alginate
concentration on the protein release has been reporg@ravious study109], another study
found no effect ofthe alginate concentration on tipgoteinreleasg108]. This implies thathe
effect of alginate concentration on the protein release can vary basiesityme of protein used.
Moreover, most oftethe encapsulang molecules that have been used to determine the effect of
MW and alginate concentration on the release behavior of alginate micro/nanospheres are
chemicals other than proteins. For examtile effect of alginate concentration time release of
Brilliant Blue (BB) dye was tested in one study. BB release decreaseanwitreasen alginate
concentration and MWL131]. The dfect of variousalginate concentrati@on the release of
Furosemide was evaluated in another stadg found thathe drug release prolonged witn
increasen alginate concentratiof130]. However, o effect of the alginate concentration the
release of Blue Dextramwas reportedin another study102]. Sincethe properties of these
chemicalsarequite different from proteins arttie effect of alginate concentration on the protein
release from micro/nanospheres prepared using different fabrication methods have not been
studied enoughtherefoe, more investigation is required. This will allow évaluateif the
variation inalginate concentration shows similar effecttbarelease kineticéor proteins as it
does for other chemicalBurthermore, this will help to better understand if theying alginate
concentration shows similar effect dme initial burst release and total protein release when
different fabrication methadare used. Thereforethe evaluation of the effect of alginate
concentration orthe protein release kinetiassing different fabrication methodsight help to
design micro/nanosphetmsed delivery devisdavingaless initial burst release.

Crosslinking conditions have also been reported to hasignificant effect ortheinitial

burst release and total releaseuaiteinsor other chemicals. Becausetbe more constricted gel
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network of the crosslinked micro/nanospherebiey show more capacity to deldie protein
diffusion compared ttheoneswithout crosdinking [114, 74] The wse of different types of cross
linkers at various concentrati®fil47, 62]or crosslinking times [101, 102, 127, 147, 148, 137]
can reduceheinitial burst release and total release of the encapsulating molecules. This is most
likely because of their ability to contrtiie crosslinking density and matrix porosity. It has been
reported thidue to an increase in tbeosslinking densityanda decreas inthechain mobility of
polymers using higher crosdinking concentratioror crosslinking time will form stable, rigid

and less swell able micro/nanospherg$49, 150] These rigid and less swell able
micro/nanospherest a higher degree of crebsking will reduce protein diffusion rate due to less
available free space for protein dision[149, 150] To test the effect of crodmking time on
protein release, BSA loaded chitosan microspheres were prepared in onesstga@incubation
method [147]. The incubationmethod involves suspending blank microspheres in a protein
solution. In that studytheincrease of crosknking time increasethedegree of crosknking and
reduced swell abilityof microspheresHowever, unexpectedly, at higher crosdinking time
instead ofdecreasingelease rate, amcrease in thenitial BSA release was observed. This is
because, a higher crosdinking time, compact microsphere surface and less microsphere swell
ability preventedhe diffusion ofBSA from the protein solution intdhe microspheresTherefore,
protein adsorbed neé#ine microspheres surface instedd 7]. Even though the result of this study
was negative it helps to understand the effect of dmokmg time on the properties of
micro/nanospheres$n another studytherelease of lactic acid from gelatin microsplseoss
linked with glutaraldehydedecreased due tareduction in microspheres swelling ahigher
crosslinker concentratior crosslinking time[149]. By increasingrosslinker concentratioror
crosslinking time it was possible to reduce initial burst release by 20% and 30% respectively
[149].

The effect of different crosiinkers, crosslinking concentratiosaand crosdinking times
ontherelease behavior efariousencapsulating chemicals from alginate microspheres also have
been studied in previous studies. For example, the effect oflotkesconcentration and cross
linking time ontherelease of Celecoxib (CXB) from chitosan/alginate microspheres was evaluated
in one study127]. Increasinghe crosslinker concentratioror crosslinking time wasfound to
reducethe diffusion rate oCXB due tothe increasan crosslinking density and rigidity of the

hybrid microspherg¢127]. However no effect ofthe crosslinking time onthe release of blue
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dextran from alginate beads walsoreported[102]. The effect of various crosbnkers,such as
BaCb, CaCh or Alo(SO4} ontherelease of Furosemide from alginate microsphereseyasted
in another studj130]. It was found thaa higher degree of crosmking of microspheres prepared
using either BaGlor Alx(SO4} crosslinker showed less releasimmpared tahe CaCb cross
linked counterpartgl30]. The dfect of 10, 20and30-minutecrosslinking times onthedegree of
swelling of alginate beads atiterelease rate of liquid pesticides were tested in one $14@).
By increasinghecrosslinking time from 10 to 30 minutes, it was possible to decrdasgegree
of swelling andthe release ratesignificantly. Denser structure ahe alginate beaslwith the
increase of crosknking time has been explained as a reasothtodecrease diffusion of the
encapsulated molecul&s48]. However, to our knowledgthe effect of crosdinking time onthe
initial burst release ofthe protein loaded alginatenanospheres has not been reported yet.
Thereforethe evaluation of the effect of crodimking time on protein releaseiimportant.

Drying conditions also have an effect tire release rate of protein, or other chemicals
[130, 65] By drying of micro/nanospheres, it is possible to conth@ matrix porosity and
distribution oftheencgsulated molecule®uring drying, water is removed from the gel network
resulting in an increase in polymer concentration which eventually retheagerage pore size
of the gel network causin@ less releasg65, 104, 124, 114]Even thoughthe drying of
micro/nanospheres can redube release of encapsulating molecylegposite results have also
been reported. For example, freeze dryinthefchitosan coated alginate microspheres shoaved
faster release of Hemoglobin (Hi)milar to wet microspheres, in one styé§]. However, when
the microspheres were air dried at 4°C to 6°C they showed least Hb release campaateor
freezedried microspheres. Sindbe freezedrying temperature is higher compared ttee air
dryingoneg the author speculatédat theless Hb releasesing theair drying methods attributed
to its slower drying rate[65]. Moreover, the freezing process duringhe drying of
micro/nanospheres usitlge freezedrying methodmight breakthe particles causing the leakage
of their contenthat is undesirabl§l51]. Therefore during desigmg protein delivery device
drying conditiors should be carefullgelected.

Even thoughthe drying of micro/nanospheres have the potential to reduegrotein
release rate, it might not tiee caséf they are completely dehydrated. Theory indicateswiale
complete dehydration might destroy the structural integritymafrospheres due tsurface

cracking causing faster releaspartial drying might reducéhe matrix porosityresulting less
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releasg114, 104, 130, 102JFor example, the effect of degree of dehydration on the release of
furosemide from alginate microspheres was evaluated in one[$&@]yIt was olserved thatlue

to complete dehydratiamicrospheres dried at 80°C for 2 hours showed faster Furosemide release
compared teheair-driedmicrosphere§l30]. In another study, to evaluate the influence of drying
time onthe réease oBlue Dextran from alginate beads, three different drying conditions, such as
drying at 80°C for either 6 or 12 hours or undried microspheees avaluatefiL02]. It was found

that the drying time has significant effect aime releaseof encapsulating molecule®ue to
complete dehydration, drying of alginate beads at 80°C for 12 hours rasuiester release of

Blue Dextran compared to 0 or 6 hour drying tigneup,with O-hr dryingtime showingheleast
release.The surface cracking ofmicrospheresduring the drying was explained as a reason
responsible for faster release for both drying time gs¢Lp2]. Thereforethe drying condition
should be caretly selected to prevent rapid release. In case of protein loaded micro/nanospheres,
they cannot be dried under such high temperature, since it might cause protein dendfwetion
though it has been reported in literature that partial drying can redanieosphere porosity and

is better than complete dehydration, in which drying condition and howthagyotein loaded
alginate micro/nanospheres should be dried to prevent burst release is still unKrteewetore,

the evaluation of the appropriate dryioondition and drying time to prevent protein denaturation
and reduce the initial burst release and total protein release is important.

In addition to morphology he size of micro/nanospheretsa ha a profound impact on
therelease kineticf86, 152] The ncrease in particle size $iaeen reported to reduce the initial
burst releasandrelease rate of encapsulating molec(i€x, 64, 104, 113, 121, 130, 153his
is most likely due tthereduced surface arga-volume ratio and increased diffusion path distance
with the increasén size[154, 155, 14Q]Also, dueto anincrease in micro/nanospheres sibe,
degradation time of micro/nanospheres increases resiuitapgrolonged releasg21]. The size
of micro/nanospheres depends on various process parameters, shebtasng speed65, 81]
polymer concentration and MY¥21], concentration and type of surfactants during emulsification
[81, 121] the degree of crosBnking using different concentration of cretssker [78] and
different crosdinking time [100]. Drying conditiors [151, 130]andthe drying time[102] have
also been reported to have an effectlasize of micro/nanospherdduring determination of the
effect of various process parametenghe initial bursteleaseand protein release kinetitsmight

be interesting to sekthechange irmicro/nanospherés s i z e agy plays@ domimamtirole
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to controlthe release rat&Normalization of the initial burst releas@d protein release kinetics
based on the same relative sizendéro/hanospheres will allow to determine the effect of various
process parameters when their size is equal. This approach will indirectly help to confirm if the
change irsize ofmicro/nanogheredy varying various process parametsraffecting the initial
burst releasand protein release kinetiddowever, to our knowledgeormalization otheinitial
burst releaseand protein release kinetidsased orthe same relativeize of micro/nanospheres
hasnot been investigated yet to determiinthe change irsize of micro/nanospheréy varying
alginate concentration, crodmking timeor drying time is affecting the release

As mentioned earlier,efease ate depends on the surface am@aolume ratio of
micro/nanospheres exposed to release meflid2]. More surfacareato-volumeratio exposed
to release medium result;i more release[152]. The surfaceareato-volume ratio of
micro/nanospheress alsodependenbn the number omicrohanospheresVith the increase of
the number of micro/nanospheres the surfa@ato-volume ratio will increase resulting more
releaseThis implies that the maber of nanospheres might affect the release Tdte.relative
number of micro/nanospheres prepared using various phogessnditions might also vary
dependingon the process parameters us&diring determination of the effect of various process
paramegrson the initial burst releasend protein release kinetidanight be interesting to see if
the change inthe relative number of micro/nanospheadfectsthe release ratéNormalization
based on the same relative number of micro/nanospheres will allow to determine the effect of
various process parametersthe initial burst releasad protein release kinetiadien the relative
number ofmicrohanospheres is equal. This eggch will indirectly help to confirm if thehange
in relative number of nanospheres is affecting the releakmwever, to our knowledge
normalization oftheinitial burst releaseand protein release kinetidsased orthe same relative
number of micro/naospheres has not been investigated yet to deteifrtime change in relative
number of micro/nanospheres by varying alginate concentration,-insésg timeor drying time
is affecting thenitial burst releasand protein release kinetics

From the abve discussiorwe can conclude thdily varyingvariousprocess parameters
such aghe polymer concentratias) MW, type of crosdinker, crosslinking concentration, cross
linking time, drying condition and drying timi is possible to contrdaheinitial burst release and
protein release kinetics of micro/nanospheres. This is because these process parameters allow

controling the size,number of micro/nanosphergsprosity, crossinking density and relative
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percentag of protein in micro/nanospheres whichturn can affectheinitial burst release and
protein release kinetics. However, most oftemencapsulating molecules that have been used to
study the effect of these process parameters are not protein buidmaltugs, dye and other
chemicalg131, 130, 112, 127, 153, 102, 101, 148incethe MW, charge, Pl value of proteins
are quite different than those of othbemicals, therefore, it is important to investigatadeffect
of these process parameters show similar trenthemitial burst release and protein release
kinetics as it does for other chemicals. Moreotteg effect ofthe alginate concentrationyass
linking time or drying time onthe initial burst release and total protein release from alginate
micro/nanospheres prepared using a combination of w/o emulsification and external gelation
method have not been investigated yeiriation of these pross parametemnight affect the size
and number of micro/nanospheres which might also affect the release. Haveenslization of
the initial burst release based on the same relativeosinemberof nanospheres has not been
investigated yet to determinkthe change insize or relative numbeof micro/nanospherey
varyingthe alginate concentration, cragsing time or drying time is affecting the release rate.
Evaluating these effects is impant to understand their significancetbaprotein releaskinetics
and to develop alginate micro/nanospheres haadess initial burst releas&€herefore, a thorough
investigation of the effect of these process parametdteeanitial burst releasand protein release
kineticsfrom alginate nanospheres prepared using various process parameteessary.

The nitial release andotal protein releasef micradnanspheres also deperah the
properties othebioactive proteins tbe encapsulate@SA has been useslidely usedn pastas
a model proteirof BMP-7 [156] andthe MW of BSA is close to BMF7, an important bioactive
protein for the cartilagedefectrepair. Henceijt was expected thaturing the development of
alginatenanepheres as a delivery devjese of BSAwould help to better understand the effect
of these process parameterdiominitial release and release kinetafsalginatenanspheres. This
would provide useful information to tedia potential of alginateanspheres to use asdelivery

devicefor thesmall MW BMP-7 and otheproteins.

1 . Research Objectives

The aim of this thesis was to develop alginate nanospheres as a protein delivery device
with a reducedhitial burstrelease by varying various process parameters for potential applications
in CTE.
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In this study, the protein loaded alginate nanospheres were prepared using a combination
of waterin-oil emulsification and external gelation. The concentration of alginatghto prepare
alginatebased micro/nanospheres ranges from 2% t¢12%, 130, 63, 101, 109Fince the effect
of alginate concentration on the release rate of protein from alginate naressphepared using
the emulsification method has not been investigated yet, therefore, this thesis investigated the
effect of alginate concentration on the initial burst release, protein release kinetics and EE%. The
use of 2% alginate in a previous stways responsible forery fastrelease of 100% FITC labeled
BSA (within 6 hours)[120]. Therefore, in this present stydguring the determination of
concentration effect, 3% alginate was selected as the lowest value andri#tealg the highest
value. Alginate concentration higher than 5 % was not selected because at alginate concentration
higher than 5%, the solution becaswery viscous and it was very difficult to dissolve the alginate
uniformly using a magnetic stirrer.

In case ofalginatebasedmicrospheres, crodmking time that was tested in previous
studies to determine the release of encapsulating chemicals, ranged@fomisuted127, 102,

101]. However, the effdoof crosslinking time on the protein release from alginate nanospheres
has not been investigated yet. Therefore, this thesis investigated the effect of 1, Afioutd80
crosslinking time on the initial burst release and protein release kinetics. Hemgute cross
linking time was selected as a lowest value to show how incompletelicikiag might affect the
initial burst release and 3fiinute crosdinking time was selected as the highest valu®s€
linking time higher than 3@ninute was noteged since previous studies already confirmed that
30-minute is the maximum time required to uptake Ca2+ by alginate gel rfi&irix158]

This thesis also investigated the effect of drying condition and dryingaintie initial
burst release and protein release kinetics of alginate nanospheres. To determine the effect of drying
time, nanospheres were dried at @&t different times, such asl@our, 0.5hour, 1.5hour, 4.5
hour and 24our. Since, the effect of dng time on the nanospheres dried at 37 °C was not
investigated before and it was not clear how long the nanospheres should be dried to reduce release,
therefore drying time was selected based on log inteaslit allows to visualizéhe effect of
certain parameters on certain outcome by minimiiveghumber of groups necessatyere the
24-hour drying time was selected as a completely dehydrated group (as no mass change of alginate
nanospheres was observadter 24hour) to show how complete drying might affect the initial

burst release.
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By varying thealginate concentration, creisking time or drying time the size and the
relative number of nanospheres can vary, which can also affect the initial lraserand protein
release kinetics. Thereforthjs thesis also investigated the effect of the size and relative number
of nanospheresn the initial burst release and protein release kinbtiasormalizing thenbased

on the relative size and relative nioen of nanospheres

1 . Rresearch Hypothesis

Increasinghe alginate concentration, creBeking time or drying time reduce theinitial

burst releasendependently ofssociated changes to the size and number of nanospheres

18Thesngarm zati on

Therest of the thesis organized as follows. Chapter 2 disctissesperimental design,
materials and methods used for the development and characterization of protein loaded alginate
nanospheres. Chapter 3 provides the results of the sffewtarious process parameters tbe
relative number of nanospheres and their size and distribution pattern, protein release kinetics,
initial burst release and EE%ong with a detailed and comparative explanation of results
obtained. This chapter alsasdusseghe limitations of present study and finally, Chapter 4

summarizes the thesis providing a conclusion and discussing some future directions.
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CHAPTER?Z2

MATERIALS AND METHODS

This chapter discusseéle materials and methods used to fabricate and charactbeaze
protein loaded alginatearospheresSection2.1 describeshe materials andabricationmethod
used to fabricathhe BSA loaded alginatearospheresandSection2.2 describethemethods used

to characteriz¢he performance of BSA loaded alginatarospheres asroteindelivery device.
2. Materials and Met hods

2.1.1 Materials

Low viscosity Sodium Alginate (B25266) from Fisher scientific Paraffin oil, Span 80
from, BSA (A2153, Dulbecco’'s modified Eagle's medium (D56480d PenicillinStreptomycin
from Sigma Aldrich 24 and 96 well plates from Thermo Fisher ScientiSopropyl alcohol,
double distilled water (DDW), calcium chloride (CacGIPhosphate buffered saline (PB&hd

Bradford assay reagent

2.1.2 Preparation of protein loaded alginatnanospheres

In order to prepareprotein loadedalginate nanosphergesa combination ofw/o
emulsification and external gelatianethodwas used as reported if84]. Briefly, SA was
dissolved in DDW with the help of a magnetic stirrer toayetlginate concentration of eithg%o
or 5%. BSA, a model proteinas then added inthealginate solution and then mixed completely
with the help of a magnetstirrer to gé a protein concentration of BQug/mL of alginate.This
BSA containing alginate solution actas a aqueougphase duringmulsification.Then in a 24
well plate,50 uL of anonionic Span 80 surfactant was addetl L of Paraffin oilto geta Span
80 concentration of 5%.HE mixture was homogenized at 50@dn for 20susing a probe type
tissue homogenizer (FisherbrdMd850 homogenizemwith powerful 850-watt motor, probe
dimension: 7 x 110 mm)rhe mixture of paraffin oil and% Span 80 a&d as a continuous oil
phaseduring emulsificationNext, 300uL of aqueousalginatéBSA solution was added into the

nonaqueougaraffin oil/Span 80 mixture andashomogenized again for another 40s to break
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downthesolution into smalemulsion dropletsthereby, forminga waterin-oil emulsion.During
emulsification,the Span 80 was added as a surfactanstabilize the emulsion mixture by
decreasinghe interfacial tensionamongthe aqueous dnalets andthe surrounding oil phase
therebyforming stable alginate dropletsis important to note thaheconcentration of surfactant
plays a significant roléo prepare stablemulsiondroplets The ®ncentration ofa surfactant
should be equal above its CMCQo prepare stablemulsiondroplets The CMC of Span 80 at
watersparaffin oil has been reported to be @5(w/w), and a previous study from our lab
confirmed thatthe 5% span 80s enough to preparspherical alginate microspheres without
aggregation159]. Thereforethe 5% Span 80 waassumedo be enough to prepare highly stable
agueous droplets without coalescen&fterwards,to crosslink the alginate droplets150pL of
500mM CaCk solution was addedxternally andhe mixturewasfurther homogenized for 20s.
The mixture waghenleft for crosslinking for a specificperiod of timeto form the crosslinked
alginatenarospheresDuring crosslinking, the C&* replaceshe Na' of alginate and forms an
ionically crosslinked threedimensional matrix of alginate gel spheres entrapping the protein
[121]. After crosslinking for a specific period of tim&00pL of pure isopropyl alcohol was added
to haden the alginatenanspheres.The resultantnanospheri® were then co#icted by
centrifugation atl983x g for 10 minutesTo remove some of the trapped oil droplets, unreacted
reagents and uncomplexed polymelse nanospheresvere then washed two times with lm
isopropyl alcohol and one time withmL DDW. After fabrication the nanospherewere either
used directly without ging or dried at 37°Qor a specific period of timeand then used for
nanospher® characterizationPreliminary study showed that alginateteirferes duringthe
Bradford assaysee Appendid). Thereforeglginatenanospherewithout any BSAwereused as

a negative control. Alginateanospheresvithout any BSAwere prepared the same way as
mentioned above except no BSA was mixed wiith alginate.The £hematic diagram othe
fabrication methodised to preparalginate nanosphesis given in Figure 2.1.

It is important to note thatuding determination ahe dfect of various process parameters
on the performanceof alginatenanospherest least 2 batchesf nanosphere@vhere each batch
was performed in triplicate andontans 3 independent samples) were prepafdte only
exception was for nanospheres prepared ubegfo or 5% alginate, 1dninutecrosslinking time
and Ghour drying time where total 3 batches (n= 3x= 9 independent samples) of nanospheres

were preparetb determire the protein release kinetics, initial burst release and EEStthese
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groups in order to getin equal sample sizehe data of6 independent samples out of &sv
randomly selectedsing the SPSS softwardReportingthe number of batches arile number of
independent samples at the same tisruite confusing. Thereforérom now on thenumber of
independent samples usechichin this cases always 6,s reported.

Oil layer
3 or 5% SA
. w/ orw/o
Paraffin oil+ Span 80 BSA 500 Mm CaCl2 (aq) Isopropyl alcohol  Alcohol layer

Hardening

*
Fq Crosslinking

:'- 1,10 or 30 mins | %

=9

o
=

: Centrifuge [oe7 070"
. od s %
s 10 mins at

1983 x g 2X alcohol

Homogenize Ho mugcnizc I;]Domogen ize vash
20 sec 40 sec 20 sec
.o Drvin g 1X water
® . wash
e o e
ded
Nanospheres  0,0.5,1.5,4.5 or ) -
24 hrs Centrifuge 5 (:cntrlfugc 5
min at 1983 x g minat 1983 x g
X Sodium Alginate Calcium Alginate

Calcium Chloride Solution

Figure 21: Experimental design of microsphere fabrication. A. Schematic diagram of
narosphere fabrication. B. Representation of Gilodsng process of Sodium alginate with
CaCk [160].

2.1.3Experimental Design

A summary ofthe process parameters used to fabricate BSA loaded alginatespheres
is given in Table 2. Whenthe effect of one factor was evaluated only its own parameters were
altered, keeping thetherparameters constarfthe firststep of the experient was to determine

the effect of alginate concentration a@he initial burst releaseAfter determiningthe effect of
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alginate concentratiorthe concentration of alginate that showadinimal initial burst release
was usedh thesecondstepto determingheeffect of crosdinking time ontheinitial burst release.
Finally, the crosslinking time that showed minimal initial burst release wased along withhe
alginate concentratioselected irthefir st step to determirte effect of drying time orheinitial

burst release.

Table 21 Experimental designsed tadeterminethe effectof variousprocess parameters on the
performance oBSA loadedalginatenanspheres

Alginate Concentratio] Crosslinking time
Factors Tested (%) (Min) Drying time (hr)
1st Step—> Concentration 3 10 0
5 10 0
3or5 1 0
2nd Step — | crosslinking Time 3or5 10 0
3or5 30 0
3or5 1orl0or 30 0
3or5 1orlOor 30 0.5
3rdStep —>|  Drying Time 3or5 1 or10o0r 30 1.5
3or5 1orlOor 30 4.5
3or5 1orlOor 30 24

2. Eharacteri zatNamm sogfh eAlegsi nat e

2.2.1 Morphology, size and number of nanospheres
Morphology,sizeandtherelativenumberof alginatenanosphereprepared using various

processig conditionswere determined usingn optical microscopdgZeiss) equipped with a

camera Briefly, the nanospheregrepared using various procegs conditions(e.g., alginate

concentration, crosiinking time and drying timeyvere suspended ihmLDMEM (pH 7.2) From
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the suspendecdhanospheres, 3 pL was takenamicroscope slide and micrographs were taken
usingtheoptical microscopeThe wlume ofthe suspendedanospherewas kept constaatt 3L,
and63X magnification was used to ta&kkof theimagesFor each samp)atotal of 3 micrographs
were takenThe sze of nanosphereand theirdistribution patternand the relative number of
nanospheregprepared usingvarious processg conditions were then analyzed from dbe
micrographsusing the ImageJ softwareThe ImageJ softwargrovidesthe areaand relative
number of nanospheresa micrographThearea of nanospherésund using the ImageJ software
was then usd to calculate theliameter of nanospheres usiigcel. For each experimental
condition to determingheaverage diametaf nanosphereand their distribution pattermindthe
relative numberof nanospheresnicrographs o6 independent samples (6318 micrographs)
were analyzedThe distribution pattern of nanosphem@®pared using different experimental
conditiors was analyzed usindhe StatPlus softwareFor different experimental conditiorns
producea histogramthe lower bin limit was set td00 andthe upper bin limit to 2000 with a bin
interval of 100.

The elative size andelative number ofnanosphereprepared using various process
conditions were evaluatdd normalizethe protein releas&ineticsandthe initial burst release
based orthe relative size andelative numberof nanospheresAfter analyzing the average
diameter of nanospheres) order to determin¢he relative size ofnanosphere$or a specific
processig condition (alginate concentratigrcrosslinking time or drying timg, the process
condition that providethe lowest average diameter nAnospheresasconsidered as 1 aritle
diameter ofnanosphereprepared using otheonditiors wascompared relative to Bimilarly,
after analyzinghe relativenumber ofnarospheres foa specificprocesgparameterthe process
condition that providedhe leastrelative number ofnanospheresvas considered as 1 arttie
relativenumber ofnanospheregrepared using other cditions wascompared relative to 1.

2.2.2 Proteinrelease Study from BSA loadedanospheredn vitro

In this study, the supernatant protof&¥] (i.e. removing whole supernatant from the same
batch of nanospheres at different timepoints) was usddteminethe protein releaskinetics It
is important to note thait the beginningheindividual tube protocgi.e., use ofdifferent batcles
of nanespheres prepared usitizge same processing conditiaa collect supernatant at different
timepoints,was usedto determine the protein releageetics However,the individual tube

protocol could nbshowan expected trend ithe protein release kinetics #sis protocolhadlots
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of variability issuedpecause of using different bagdof narospheres at different timepoir(See
AppendixB). On the other handfteralot of troubleshootig the supernadnt protocol showedn
expectedrend intheprotein release kineti@nd itwas reproducibléSee Appendix C)Therefore,

in the present studythe supernatant protocol was usedsing the supernatant protocol,
narospheresvere suspended inmiL of DMEM containing %6 Penicillin-Streptomycin (PSand
incubated in a shaking incubator operating at 37°C anddd@PS was used in DMEM to prevent
thecontaminatiorby bacteria or fungiFourdifferenttimepoints, such a$s-hour, 24-hour, 48-hour
and 96hourwere selected in order to determtheprotein release kinetics. At predetermined time
periods,whole ImL supernatant was collected for analysis by centrifugatid®@&8x g for 10
minutes. The collected supernatant was centrifuged agaat 26873x g for 15 minutesachto
geta clear supernatant solution. After supernatant collectios,pellet of nangpheresvasre-
suspended iimL fresh DMEM and put back intthe shaking incubatoand the process was
repeated until the end of the exipeent The potein contergin the collectedsupernatant ere
analyzed usintheBradford protein assayhich has an absorption maximum at 595nm. The linear
concentration range used is 1.%60 pg/mL of protein, using BSA as the standard protein
molecule. As mentioned earlialginateinterferes duringhe Bradford assay, therefore, alginate

narospheres without any BSA were used ag@ative control for all cases

2.23 Determination of burst release

For nanospheres prepared using various processing conditiamsthar60% of BSA was
releasd within first 5 hours. Burst release meartbe release ofa very high percentage of
encapsulated protein at initilnepoint thereforethe percentage of totakleasedBSA at 5-hour
waspresumed to btheinitial burst release. In order to characterizeltiest releasejarospheres
were suspended in 1IINDMEM and incubatedn a shaking incubatooperating aB7°C and 100
rpm. The supernatant vascollectedat 5-hourand protein content ithe supernatant asanalyzd
using Bradford protein assagq described in sectiagh2.2). The dfect of variousprocessing
conditiors on burstreleasewas determined by calculating what percentagthetotal released
protein wasreleasedtthe5-hourtimepoint The burst release was determined faomaverageof
6 independendamplesandwas calculatedsingthefollowing equation:

861 YaaQdi AL S 21
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2.24 Normalization of data to determine initial burst releaseand protein release kinetics

In order to determinéhe protein release kinetics and initial burst reledlse amount of
protein released fromarospheregpreparedisingdifferent processing coitbnswerenormalized
in 3 differentways:

2.2.41 Normalization based omanosphere$weight

In order to normalize datat first theamount ofprotein releasgtfrom thetotal amount of
recoverechanspheresvasevaluatedTherewasvariability in the amount of nanospheres created
in each tubeThereforeto normalizetheprotein release kinetics basedtbananospherésveight,
the protein releasgat different timepointsrom the total amount ofecoverechanospherewas
divided bythenanspherabweight to geprotein release peng of nanspheresDrying time was
one of the variabketo be testedtherefore,nanospheres were not dried completely betbee
protein release assa@ncethe protein releas@ssaywas completednanospheressedfor the
assaywere dried completely tobtaintheir weight After determination othe protein release

kinetics,theburst release per grof nanspheresvascalculated using equation 2.1.

2.2.42 Normalization based onthe relative sizeof nanospheres

To determingheeffect ofnansphere8size(by varying the alginate concentration, cross
linking time or drying timepntheprotein releaskineticsand initial burst releaserotein release
datanormalized baseddnh e n a n o s p Wwasnorenalided again bgded trerelative size
of nanosphered o normalizetheprotein release kinetics based on the relative size of nanospheres
protein releastper mg ofnanosphereat different timepointsveredivided bytherelativesizeof
nanospheresSimilarly, to normalizethe initial burst release based dhe relative size of
nanosphereghe initial burst release per gnof nanospherewas divided bythe relative size of

nanospheres

2.2.43 Normalization based orthe relative number of nanospheres

The poteinreleasedataor mal i zed based o nwasalbosmormalizedo s pher
based onthe relative number of nanospher&s determinethe effect of relative number of
nanospheresn the protein releasdinetics and initial burst releasélo normalizethe protein
release kinetics based on the relative number of nanosplteegeotein releast per mg of

nanosphereat different timepointsveredividedby the relative number of nanosphe@snilarly,
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to normalize the initial burst release based onrd¢lative number ohanospheresheinitial burst

release per mg of nanospheres was dividetthéxelativenumberof nanospheres.

2.2.5Determination of encapsulation efficiency

In order to determintheencapsulation efficiencyEE%), thetotal amount of BSA released
in the relased mediumi.e. DMEM after 96hours was presumed to be the total amount of
encapsulated proteiithis is becauseo BSA release was found after Béurs (seeAppendixD).
BSA was added ithealginate solution at a concentratioh300ug/mL of alginate. 30QuL of the
protein containing algate solution was used to prepare each sample, therefore, theoretically
maximum amount of BSA that coultk present in each formulation is §@. To evaluatethe
EE%,thetotal amount ofecoveredharosphereprepared usingspecificexperimental condition
wassuspended in DMEMontaining P&nd therincubated irthe shaking incubator (operating at
100rpm speed and 37°Gdr 96 hours to promotetherelease of albf theloaded proteininstead
of determiningthe protein release after 9®ours, the protein release was determinedfatir
different timepointsi.e. 5-hour, 24hour, 48hour and 9éhourto fulfill a propersink condition
At predetermined timeantervals whole 1 mL supernatant was collected for analysis by
certrifugation at1983x g for 10 minutes. The collected supernatant was centrifuged again 2X at
16873x g for 15 minuteseachto get a clear supernatant solutiofthe protein content in the
supernatant was analyzed usiig Bradford protein assay as discedsin sectior2.2.2. The
alginatenanspheres without any BSA were used as a negative control. The EE% was determined
from the average d@ independent samplesd was calculateasingthe following equation:

0t ORI 6'QWRWDBRE O w
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2.2 6 Statistical Analysis

In this study, thetatistical analysisvasperformed using SPSS V.22 (SPSS, Chicago, IL,
USA). The distribution of databtained using various proce@ss conditionswere tested for
normality usinghe ShapireWilk test. All datais presented as meaSEM (standard error of the

mean) A difference was considered statistically significant f@@O05.
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During determination of the effect eachprocess parameten the initial burst release,
EE%and diameter of nanospherdsindependensamplet-test was performed whehe effects
of two independengroupswerecompared (e.g., alginate concentragjoi®n the other handhe
oneway analysis of variance (ANOVA) wased wherthe effecs of more thar2 groups were
compared (e.ggrosslinking and drying timeeffect) In the case of onavay ANOVA, when
significance wadound the Tukeys multiple comparison test was utilized to assess where the
difference occuedbetweerthe groups.

During determination othe effect of alginate concentrati@m the relative number of
nanospherg the data for 3% alginate did not fall into normal distribution. Thile Mann
Whitney U tes{equivalent taheindependentample itest) was used. On the other haddting
determination of the effegtof cross-linking time and drying timeon the relative number of
narospheresall datafell into normal distributionThereforejn the case of cros$inking time and
drying time the oneway ANOVA followed by Tukey's posthoc test was performedwhen
significance was shown.

During determination of the effect of variopocessing conditionsn the protein release
the protein release data of some of the timepoirds mot normally distributedTherefore the
MannWhitney U test (equivalent tthe independensample t#test) was usewhentwo groups
were compared (e.galginate concentration effectBy contrast,the Kruskal Wallis test
(equivalentto oneway ANOVA) wasused whermmore thantwo groups were compared (e.g.,
crosslinking and drying time effegt In the case of Kruskal Wallis tesivhen significance was
showntheDunnis multiple comparison tegtith Bonferroni correctiomvas utilized to assess where
the differencenccurredbetween groups.

To determinavhetherthere wasa significant difference in the amount of protein release
within the same experimental growgmdat different timepointstheoneway repeated measures
ANOVA was used whetheprotein release dafar all the imepoints fdl into normal distribution
On the other handhe Friedman test (equivalent to cm&y repeated measures ANOVARS
usedwhenthe protein release dafar all the timepoints did not fall into normal distribution. In
thecase obneway repeated measures ANOWAahen significance was shovmultiple analysis
usingBonferroni correctiorwas utilized to determinehetherthere was a significant difference
in the amount of protein released between 5 antia2d, 24 and 4&our and 48 and S&our

timepoints. On the other hand, ithe case of Friedman test when significance was shomen,
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Wilcoxon signedrank test was perfared for multiple comparisoswith Bonferroni correction

appliedto show significant difference tlneamount ofprotein releasiat different timgoints.
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CHAPTERS3

EXPERIMENTAL RESULTS ANDDISCUSSION

This chapter reportheresults obtained from this study amebvides a detaitikdiscussion
of these results. Sectidh 1 discussethe effect of alginate concentration, crebsking time and
drying time onthe performance of alginatearospheres as aqtein delivery deviceSection3.2
provides a detailed discussion eaiping the results obtained ire&ion 3.1; andSection 3.3

explainsthelimitations of the present studyd factorghat mighthaveaffeciedthe results.
3. Experi Resudal s

3.1.1 Effect of alginate concentration

This subsection describdse resuls related to the effect of alginate concentratiortios
narosphers morphology, sizeanddistribution pattern, relative number narospheres, protein
releaseinetics, burst release and EE%. Tahlke summarizetheeffect of alginate concentration

ontheinitial burst releasesize and relative number of nanospheres

3.1.1.1 Morphology, size and relative number ofianospheres

Narospheres prepared using vari@alginateconcentratioawere smooth and spherical in
shapeas shown irFigure 3.1.Also, it was found thathe narosphers prepared using higher
alginate concentration Haa higher apparent contrast compared tteir lower alginate
concentration counterpartin addition, boththe 3% and 5% alginateresultedin nanospheres
havinga normal size distribution patteras shown irFigure 3.2 with most of thenanspheres
beingin the rangéetween700 to 900nm. Analysis of the prticle size indicated thaariation of
the alginate concentration Haa significant effecton the mean diameter oharospheres. As
expected130], with anincrease of alginate concentratibom 3 to 5%the mean diameteof
nanospheremcreased from 67408+ 12.37 to 855.3 + 24.22 nm (Figure3.3). The relative
number ofnarosphersthatwasfound after analyzinthemicrographsvas2898.33 £285.23 and
1973.39 #166.37 for 3and 5% alginateespectivelylincreasinghealginate concentration showed

a significant decrease therelative number oharosphers. It was found thatherelative number
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of narospheregreparedising different alginate concentratgamasinversely poportional totheir
mean diameter

A.

Figure3.1: The dfect of alginate concentration erarosphere@morphologyprepared with (A)
3%, and (B) 5% Alg. Optical microscope wal®3X magnification was used to take thlé
micrographsThe dginatenarospheres were prepared under the following conditibd min
Crosslinking time and éhour drying time.
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Figure3.2: The dfect of alginate concentration dhesize distribution of alginatearospheres
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Figure 3.3The dfect of alginate concentratian thediameterof alginatenarospheres.

3.1.1.2 Protein release kinetigdurst release and EE%

The effect of alginate concentration ¢ime in vitro protein releaseinetics hasbeen
reported in Figur&.4 (A-C), wherethe crosslinking time and drying time were kepbnstantat
10minutes and Ohour respectivelyThe concentratiorof alginateappeared to lthan effectonthe
in vitro protein releas&ineticswhenthe datawasnormalized based ahenansphers @weigh,
as shown in Figure 3M With the increase dhealginate concentratioinom 3to 5%, theprotein
releaseat the initial timepoint(5-hour) andthe total protein releaseasfound to bedecreased
However, increased alginate concentration showed no significant differetmegpnotein release
at any of the timepoint3.heoretically themaximum amount dBSA thatcould be present in each
formulation is 9Qug (see section 2.2.5Based othemeasuednanospheres weighhemaximum
amouwnt of BSA (if 100% of BSA got encapsulatethat could be preseper mg of nanospheres
are5.59 and 4.29g for 3and 5%alginate concentrationgspectivelyHowever thetotal protein
release per mg ofianospheres after 9%urs was 2.56 and 2.10 ug for 3 and 5% alginate

concentrationsespectively.
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Whentheinitial burst release wasormalized based dhenanospherésveight, increasing
thealginate concentration from 3 to 5% showed a significant deer@theinitial burst release,
as shown in Figure 3.5A. Witnincrease of alginate concentration from 3 to, 8%vas possible
to decreaseheinitial burst release fror5.55 + 3.62 to 74.50 +1.53%.

To evaluate ithe size ofnanospheres affected the release kinetiesprotein release at
different timepoins wasalso normalized based dlne relative size of nanospheres, as shown in
Figure 3.4B. Fothesame relative size of nanospheres, the pattern of protein releaseskiveetic
similar with the 3% alginate showing more initial and total proteitease compared tine 5%
alginate.At the initial time point (5hour), or the same relative size of nanospheré® 5%
alginate showed a significant decreas¢hmprotein release compared ttee 3% alginaé. Like
before(Figure 3.4A)thedifference in protein release at later timeporetaained unchanged. For
the same relative size of nanosphepespared using and5% alginateconcentrationsthe total
proteinreleaseafter 96hours was2.56and1.65 g respectively.

Whenthe initial burst releasevas normalized based dine relative size of nanospheres
like before (see Figure 3.5A} was found that fothe same relative size of nanospheties5%
alginate showed a significant decreasehi@initial burst release compared tioe 3% alginate
(Figure 3.5B)The nitial burst release f@ and 5% alginat@as85.55+ 3.626 and 58.66 + 1.20%
respectively.

In order to evaluate therelativenumberof nanospheres affected the reledlseprotein
release at different timepointgasalso normalized based ¢ime relative number of nanospheres,
as shown in Figure 3.4Che mttern oftheprotein release kinetics changed whtemeffect ofthe
samerelative number ofanospheres was evaluatédrthesame relative number of nanospheres,
the5% alginate showed an increasehaprotein release comparedtte 3% alginate. However,
for thesame relative number of nanospheres, prepared using either 3 or 5% alyghtierence
in the protein release was nsignificant for any of the tinoints. Forthe same relative number
of nanosphereshe total protein release usirige 3 and5% algnateconcentrationsvas1.74 ug
and 2.10 pg respectively.

Whentheinitial burst release fahe same relative number of nanospheses calculated
it was found thatunlike before (see Figurg5A) for the same relative number of nanospheres
increasing the alginate concentration 5% significanty increasedthe initial burst release

compared tdhe ones prepared usirthe 3% alginate (Figure 3.5CY.he nitial burst release for
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the same relave number ofnanospheres prepared usi®@gnd 5% alginateoncentrationsvas
58.20+ 2.46and 74.50 £1.53 % respectively.
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Figure 3.4The dfect of alginate concentration ahe protein release kinetics normalizkedsed
onthe(A) nanosphere weight; (Bglative size ohanospheregC) relative number of
nanospheres.
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Figure 3.5The dfect of alginate concentration aheinitial burst release normalized based on
the (A) nanospheres weight; (B) relative sizenahospheregC) relative number of

nanospheres.
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The difference in the protein releastedifferent timepointsvithin the same experimental
groupprepared using specific processing conditidB or 5% alginate)wasalso evaluated. Ithe
case 088% alginatetheFriedman test was performed to test if theasany significant difference
in the protein release at differetitmepoints. Unexpectedly, eventlie Friedman test showed
significance, the Wilcoxon test followed by Bonferroni correction showed no significant
difference inthe protein release at any of the timepoints. On the other haride tase 05%
alginate, the oneway repeated measures ANOVA followed by multiple comparigeimg
Bonferroni correction showed significant difference irthe protein release only between 5 and
24-hour timepointsDuring normalizationthe protein release at different timepointasdivided

by the same valydherefore, lhe result remained unchanged irrespectivéhefnormalization

method
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Data represents mean, error bars are SEM (number of independent samples, n=6).
No significant difference was found for different alginate concentration (p > 0.05)

Figure 3.6:The dfect of alginate concentration dne EE% of alginate nanospheres.

The dfect of alginate concentration dhe EE% was also tested in this stydynd it was
found that with the increase of alginate concentration fronbStthe EE% increasgéfrom 46.64
+ 4.16t050.70 * 8.09%Figure 3.6). This might be becaubkeincreased solution viscosity using
a higher alginate concentration preventée protein leaching duringnansphers fabrication
[143]. However,theincreased alginate concentration showed no significant differertbe EE
% of alginatenanospheres.
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Table 3.1: Summary dheconcentration effeatf alginateon the performance of alginate
nanosphereS.he datais presented as mean = SEM.

Alginate Burst Release (%) Relative # of | Diameter (nm)
Concemnt Normalization Method nanospheres
ration Based on Based on Based on
(%) nanospheres nanospheres  relative
weight size number of
nanospheres
3 85.55 + 3.62| 85.55 + 3.62| 58.20+2.46 | 2898.33 + 285.23 674.30 + 12.37
5 74.50 +1.53 | 58.66+ 1.20 | 74.50 £1.53 | 1973.39 £ 166.37 855.30 + 24.22

3.1.2 Effect of crosdinking time

This subsection describake results related to the effect of crdsiking time onthe
nanospheréemorphology, sizeanddistribution pattern, relative number of nanospheres, protein
release kinetics, burst release and EE%. Table 3.2 summthesdted of crosslinking time on

theinitial burst release, size and relative number of nanospheres.

3.1.2.1 Morphology, size and relative number ofianospheres

During determination of the effect ofosslinking time onthe nansphere morphology,
size distribution pattern and the relative number ofmanospheresfreshly prepared alginate
narosphees using the 5% (w/v) alginate were used without drying0-hou drying time).
Narospheres prepared using various cllogsng timeswere discrete and spheaildn shapevith
nanospheres aggregatiat some of the placedVith the increase of crodmking time
nanospheres became opaque showingpitish color.The ntensity ofthe white color increased
with theincrease of crosknking time as shown in Figure 3.7 {B8). This might be because with
the increase of crodmking time C&* uptake increases showin@ white color. However
increasingthe crosslinking time did not affectthe distribution pattern of meospheresand
nanospheres prepared using different climdsng timesshowed normal distributiaimplying
homogeneity (Figur8.8). For different crosslinking times most of thenarospheres were in the
rangebetween 70@nd900nm. Results indicated thadth the increase afrosslinking time from
1 to 10minutes, the mean diameter of alginatearospheres decreased very slightly and then
increased again whehe crosslinking timewasincreased to 3tinutes (Figure3.9). However,
the effect of crossinking time onthe mean diameter of nanospheres was not statistically

49



significant.The mean diameter afiarospheres prepared using various ciloggng times werein
the rangdetweerB5529+ 24.22and919.10 £7.40 nm. The elativenumberof narosphersthat
wasfound after analyzinghe micrographavas1671.11 11562, 1973.39 16637 and 1533.50
+63.78for 1, 10 and 30minutecrosslinking timesrespective}. Increasinghecrosslinking time
did not show a significandifferencein the relative number oharosphere. Like before,the
relative number ofnarospheresprepared using different crefieking times was inversely

proportional taheirmean diameter.

A. B. C.

Figure 37: The dfect of crosdlinking time onthenarosphere8 mo r p fdrepdrea gith (A)
1-Min crosslinking time, (B) 18Min crosslinking time and (C) 3@Min crosslinking time.
Optical microscope with 63X magnification was used to take all micrographs. Alginate
narospheres were prepared under the following conditis¥ Alg and 6hour drying time.
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Figure 38: The dfect of thecrosslinking time on thesize distribution of alginatearospheres.
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Data represents mean, error bars are SEM [number of independent samples, n=6).
No significant difference was found for different cross-linking time ( p > 0.05})

Figure 39: The dfect of thecrosslinking time onthe diameterof alginatenarospheres.

3.1.2.2Protein release kineticsburst release and EE%

To determinehe effect of crosdinking time on the protein release kineticghe time of
crosslinking varied from 1 to 30ninutes, while keepingthelevels of other parameters constant
i.e., thealginate concentration and drying time cons&®% (w/v) and Ohour respectivelyThe
effect of crosdinking time onthe protein release kineticsabbeen reported in Figurel® (A-C).
The cosslinking time appeared to kia a very little effecton the release kinetics of alginate
narospheresvhenthedata wvasnormalizd based othenarogphere$weight EeeFigure 310A).
At the initial timepoint, increagng the crosdinking time from 1 to 10minutes decreasedhe
protein releasslightly andthen increased again wh#re crosslinking time was increased to 30
minutes. Thetotal protein releaser different crosdinking timesalso showed similar pattewith
30 minutes crosslinking time showinghehighesttotal proteinrelease compared tbe other two.
As discussed previousljhedoreticallythe maximum amount of BSAhat could be present in each
formulation is 90ug (section 2.2.h Based orthe measurechanospheres weigliafter protein
release study the maximum amount of BSAif 100% of BSA got encapsulatethat could be
present per mg oheasuredanosphereare5.24, 4.29 and 5.4g for 1, 10 and 3Gminute cross
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linking timesrespectively. Howevethetotal proteirreleaseafter 96 hoursor 1, 10 and 3dninute
crosslinking timeswas2.19,2.10and 2.4Qug respectively (Figur8.10A).

Whenthe initial burst releasevas normalized based otine nanospherésweight, it was
found that ncreasg the crosslinking time decreasedhe initial burst releasevery slightly.
Compared tahe 1-minute crosdinking time, boththe 10 and 3@minute crosslinking times
showed lss burst release withe 10-minutecrosslinking time showingtheleast The initial kburst
releasdfor 1, 10 and 3@ninutecrosslinking times was84.60 + 5.21, 74.50+ 1.53and 81.3 +
4.81% respectivelyFigure 3.11 A) However the effect of crosdinking time ontheinitial burst
release was not significant.

In order to evaluate ifhe size ofnarospheres affected the release kinetilbs,protein
release at different tinp@ints wasalso normalized based dine relative size oharospheresas
shown in Figure8.1(B. For the same relative size afarospheresthe pattern oprotein release
kinetics using different crosinking timesremained samas before (see Figure 3.10A)ke
before,the total piotein releas was highest fothe 30-minute crosdinking time and lowest for
the10-minutes crosslinking time. Also, thedifference intheprotein release was not significant at
any of the timepointsChetotal protein releastr thesame relative size efarospheregprepared
usingl, 10 and 3ninutecrosslinking timeswas2.17, 2.10 and 224 ug respectively

Whentheinitial burst releaséor different crosdinking times wasnormalized based dhe
nanospherésizeit was foundthatthe sizeof nanospheregrepared using different creBeking
times had no significant effect aieinitial burst releaséFigure3.11B). The initial kurst release
for the same relative size ofanosphereprepared using 1, 10 and-&tinute crosdinking times
was73.76 + 1.51, 74.50 £ 1.53 and 76.00 + 44@spectively

In order to evaluate therelativenumber ofnarospheresffected the release kinetjche
proteinreleasewasalso normalized baseddhe relative number oharospheresas shown in
Figure 310C. Forthesame relative number of nanosphgrespared using different creBeking
times, the pattern ofprotein release kineticemained unchangedlso, for the same relative
number of nanospherdsedifference intheprotein release using different crdsking timeswas
not significant at any of the timepointsor the same relative number @farosphers, the total
protein releasausing 1, 10 and 3@minute crosslinking times was 2.01, 162 and 2.40 ug

respectively.
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Figure 310: The dfect of crosslinking time onthe protein release kinetics normalizledsed on
the (A) narosphere weight; (Bjelative size ohanospheregC) relative number oharospheres.

Whentheinitial burst release was normalized basathe relativenumber oihanspheres,
for the same relative number of nanospherdege 10-minute crosdinking time showed a

significant decrease theinitial burst reease compared thel and 36minute crossinking times
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(Figure 3.11C) The initial kurst release fothe same relative number of nanospheres prepared
usingl, 10 and 30 minutes crebsking times wvas77.61 + 4.78,57.75 + 1.18 and 81.33 £ 4.81%

respectiely.
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Figure 3.11The dfect of crosdlinking time ontheinitial burst release when normalized based
onthe(A) nanospheres weight; (B) relative sizenahospheregC) relative number of

nanospheres.
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The dfference in the protein release adifferent timepointsand within the same
experimental group prepared using specific processing conditlorid and 30-minute cross
linking time), wasalso tested. Inhe case of 1 and 3fhinute crosdinking times, the Friedman
test was performed to tathere wasany significant difference ithe protein release at different
timepoins. Eventhoughthe Friedman test showed significan¢ke Wilcoxon test followed by
Bonferroni correction showed no significant differencethe protein release at anyf ¢the
timepoints. By contrast, ithe case of l@minute crosdinking time, the oneway repeated
measures ANOVA followed by multiple comparison using Bonferroni correction shawed
significant difference irthe protein release between 5 andtur timeponts. After 24hour, no
significant difference inthe protein release was found at any other timepoilaring
normalizationtheprotein release at different time pointasdivided bythesame valugtherefore,
the result remained unchanged irrespectivii@hormalization methad
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Data represents mean, error bars are SEM [number of independent samples, n=6).
Mo significant difference was found for different cross-linking time ( p > 0.05).

Figure 3.2: The dfect of crosdlinking time onthe EE% of alginateanopheres.

Whentheeffect of crosdinking time onthe EE% was testedncreasinghe crosslinking
time showed no significant difference ithe EE%. With the increase of creksking time from 1

to 10minutes, the EE% increased and then decreased againOfoniBute crosdinking time.The

55



EE%for 1, 10 and 38ninute crossinking timeswas42.87 £ 7.5050.70 + 8.09 and 42.84 + 6.96

respectively.

Table3.2: Summaryof the effect ofcrosslinking time on the performance of alginate
nanspheresThe datais presented as meaSEM.

Cross Burst Release (%) Relative # of Diameter (nm)
linking Normalization Method nanospheres
Time Based on Based on Based on
(Min) | nanospheres nanospheres relative
weight size numberof
nanospheres
1 | 84604521 | 73.76 £1.51| 77.61+4.78| 1671.11 + 115.62 865.89+ 29.00
10 | 7450+ 153| 74.50+1.53 | 57.75+1.18| 1973.39 + 166.37 855.29+ 24.22
30 81.30+4.80 | 76.00 +4.49| 81.33+4.81| 1533.50 + 63.78| 919.10+ 7.40

3.1.3 Effect of drying time

This subsection describ#eeresults related to the effect of drying timetbanarosphers
morphology, sizedistribution pattern, relative number oarospheres, protein release kinetics,
burst release and EE%. TaBl8 summarizethe effect of drying time onhe initial burst retase,

size and relative number of nanospheres.

3.1.3.1 Morphology, size and relative number ofianospheres

In order to determinéhe effect of drying timeon the narosphere size and morphology,
narospheres were used either immediately détierication(0 hour drying) or after drying at 37°C
for several hours (0.5,1.5,4&nd 24 hours). The effect of drying time oithe narosphers
morphology and size distributigmatternhave been shown in Figurg.13 and 3.14 respectively
wherethe alginateconcentration and crogisiking time were kept constamat 5% (w/v) and 10
minutes respectively.The ranospheres prepared usitige O-hour drying time were discrete and
spherical in shap&vith nanospheres agegationat some of the places. However, wittle increase
of drying time the tendencyf narospheregggegationincreasedas can be seen in Figure 3.1

(A-E). All of the drying time groupsshoweda normal distribution pattetnimplying the
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homogeneityof nanospheref~igure3.14). Forthe0, 4.5 and 24our drying times, most of the
narospheresverein the rangéetween 700 t800nm. On the other hand, fahe0.5 and 1.5our
drying timesmost of thenarospheres were in the rangetweerf00and1100nm. With increasing
thedrying timefrom 0O to 1.5 hourshe size of nanospheragsasfound to beincreased and then
decreased again witthe further increaseThe dfect of drying time onthe mean diameter of
narosphers has been shown igure 3.5. Compared tahe O-hour drying time, lmththe0.5 and
1.5-hour drying times showed a significant increase@®.05) inthemean diameteiHowever, the
effects of other drying time on the mean diameter oharospheresvere not significant The
relative numberof narosphere found after analyzinghe micrographs \as 1973.39+ 16637,
102923+ 95.74, 896.91 + 74.45, 139.86 + 94.19and U#6808+ 98.52for 0, 0.5, 1.5, 4.5 and 24
hour drying times respectivelyCompared tdhe undried nanospheresiareasinghedrying time
showed a significant decreaseherelative number oharosphersfor all of theotherdrying time
groups Like in all other casg for all drying time groupsherelative number oharospheeswas

inversely proportional ttheir mean diameter

D. E.

Figure3.13: The dfect of drying time orthenarosphere8 mo r pprepdrea gith (A) Or
drying time, (B) 0.5r drying time and (C) 1.Br drying time, (D) 4.5 drying time and (E) 24
hr drying time. Optical microscope wih63X magnification was used to take all of the
micrographs.
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3.1.3.2 Protein release kinetigdurst release and EE%

In order to determinthe effect of drying time onthe protein release kineticearosphere
were either used immediately after fabricat{@nthout drying or dried for diffeent times (0.5,
1.5, 4.5and 24 hours). The dfect of drying time orthe protein releas&inetics using various
normalizationmethods have beenshown in Figure 34 (A-C). Duringthe evaluation of drying
time effect, levels of other parameters dalgealginate concentration and cradgiking time were
kep constant at 5% (w/v) and 1@inutes respectively.When the protein releaséata vas
normdized based omthe nanospher@swveight (Figure 3.16A)drying time showeda significant
difference in protein release thiinitial timepoint (5-hour). At theinitial timepoint,the 24-hour
drying time showed a significant decreaséhi@protein release comparedttee 0.5and4.5-hour
drying times. Other drying time grougshowed no significant differenaetheproteinreleaseFor
different drying times, hte difference inprotein releasefter 5hours remained unchangeds
discussed previously, theoreticatlye maximum amount of BSA that could be present in each
formulation is 90ug (see section 2.2.5). Based thie measuredianospherésveight (dried and
measurect the @d of protein release stuglythe maximum amount of BSA that could be present
per mg of nanospherese4.29 5.24, 5.00, 5.05 and 5.68 for 0, 0.5, 1.5, 4.5 and 2dour drying
times respectivelyHowever thetotal proteinreleasefter 96hourswas2.10, 2.74, 2.17 and 2.40
and 0.51ugfor 0, 0.5, 1.5, 4.5 and 2dour drying times respectivelyAmongthevarious drying
time groups, drying of nanospheres tilF&dur resulted imnincomplete proteimelease.

In terms ofthe initial burst release, it was found thatreasingthe drying time showed
no definite pattermvhen normalized based dime nanospheré@sveight (Figure 3.17A) With the
increase of drying time, onlhe 1.5 and 24our drying time group showed slightly Ies burst
release compared the undried nanospheres-{@ur drying time group)On the other handhe
0.5 and 4.5our drying time group showed more initial burst release compat@the undried
nanosphereslhe initial burst releaséor the nanospheres prepared usiigd.5, 1.5,4.5 and 24
hour drying times was 74.50 +1.53, 80.5+4.95, 73.1+4.17, 75.315.24 &W6+10.57%
respectivelylncreasinghedrying time showed no significant differencefeinitial burst release
compared taheO-hour drying time

In order to evaluat# thesize ofnarospheres prepared using various drying siaféeected
the proteinreleasekinetics,the proteinrelease at different tinp@intswasalso normalized based
on the relative sizeof narospheresas shown in Figure B6B. For the same relative size of
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nanospheresncreasinghe drying time showeda significant difference in protein releasd the
initial timepoint.For the same relative size of nanosphdreseasing the drying time to Z#bur
showed a significant decrease in the protein release compared to the 0, 0.5and dr$ing
time groupsAfter the initial timepoino significant difference itheprotein release between any
other drying timesvasfound. The btal protein releastor the same relative size ofarospheres
preparedusingO, 0.5, 1.5, 4.5 and 2dour drying times was2.1Q, 236, 1.77, 229 and 0.4 ug
respectively.

Whentheinitial burst release was normalized basedh@relativesizeof nanospheres
was found thathesize of nanospheres tao significanteffecton theinitial burst releasérigure
3.17 B) Forthesame relative sizef nanospheresill of the drying time groups showésks initial
burst release comparedttee undried nanosphereshe nitial burst releaséor the same relative
size of nanospheres prepared using 0, 0.5, 1.5, 4.5 ahduR4irying times was 74.50 £1.53,
69.42 + 4.26, 5921+ 3.39,71.76 + 4.99 and 64.96 + 10.16 % respectively.

For different drying time groupsniorder to evaluate the effect thie relativenumber of
narosphere®n the protein release kineticghe protein release at different tirpeints was also
normalized based othe relative number ohanspheresas shown in Figure 36C. In case of
different drying time groups, faihe same elative umber of nanospherdhle protein release
kineticsdifferedsignificantly. At the initial timepoint, 6r thesame relative number of nanospheres
increasing the drying time ®4-hour showed a significant decrease in protein release compared
to the 0.5 and 1-Bour drying time groups. Additionally, thel®ur drying time group showed a
significantdecreasén protein release compared to thé-hour drying timegroup at the initial
timepoint The ptal protein releastr the samerelative number ofarospherepreparedising0,
0.5, 1.5, 4.5 and 2Hour drying timewas0.92, 2.58, 2.17, 1.68nd 0.3 g respectively

For different drying time groug whentheinitial burst releasevas normalized based on
the relative number ofnanosphereg was found thathe relative number ofnanospheres daa
significant effecton the initial burst releas€Figure 3.17C) For the same relative number of
nanosphereshe 0.5 and 1.5hour drying timegroups showed a significamicreasen theinitial
burst releaseompared tdheundried nanospheres-four drying timg. After 1.5hours, theinitial
burst releasstarted decreasingith the 4.5 and 24hour drying time groups showing a significant
decrease compared to the -hd&ur drying time groupFor the same relative number of

nanospheres, atif the drying time groupshowedmore initial burst release compared ttte O-
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hour drying time The nitial burst release for 0, 0.5, 1.5, 4.5 aneéhddr drying times was33.86
+0.69, 47.37 £ 2.91, 73.08 + 4.17, 50.91 + 3.54 and 40.22 + 6.29 % respectively.

The dfference in the protein release atlifferent timepointsand within the same
experimental group prepared using specific processing corsl(iiprD.5,1.5,4.5and 24-hours
drying time)wasalso tested in this studij.was found that dryinime dfectedtheprotein release
kineticswithin groups at different tingoints In the case o0, 0.5and1.5-hour drying times, the
oneway repeated measures ANOVA followed Iloyultiple comparison using Bonferroni
correction showed significant difference itheproteinrelease between 5 and-Bdur timeooints.
By contrast, irthe case otthe 4.5 and 24hour drying times, the Friedman test was performed to
test if therewasany significant difference ithe protein releasavithin groups However, despite
the Friedman test showed significandbe Wilcoxon test followed by Bonferroni correction
showed no significant difference ithe protein release taany of the timepoints. ring
normalizationthe protein release at different timepoimasdivided bythe same valuetherefore,
the result remained unchanged irrespectivib@hormalization methad

The dying time appeared to hawesignificant effect orthe percentage ofotal protein
releasecht 96 hours (Figure 3.18) The btal protein releaspercentagevas calculated based on
how much BSA was released from all of the recovered nanospitengmred tahetotal amount
of BSA added in each formulatio®rying of nanspheres for 2ours showeda significant
decrease irmetotal protein release compared to all other dryingsimke percentage athetotal
BSAreleasdor 0, 0.5, 1.5, 4.5 and Z4bur drying timeswas50.70+ 8.09 53.51+ 9.99 44.00 £
6.55, 48.50 8.04and 9.19 +2.67% respectively.
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Figure 3.16The dfect of drying time on protein release kinetiegrmalized basedn the(A)
nanosphere weigh(B) relative size of nanospheres; (Eativenumber of nanospheres.
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Figure 3.7: The dfect of drying time ortheinitial burst releasevhen normalized based tme
(A) nanospheres weight; (B) relative sizenahospheregC) relative number of nanospheres.
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