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Abstract
Biodegradable polymer devices have been utiliasda means to deliver drugs in a
controlled and less invasive mannBoly (lactide-co-glycolide) (PLG) and poly (lactic
acid) (PLA) microparticles such as doullall/singlewall microspheres and
microcapsules were heavily investigated for controlledvegji of small molecule drugs
as well as proteins and DNA. The size distribution of prelmiided biodegradable
polymer microparticle is a crucial factor for allowable routes of administration. Also, the
geometric structures of microparticles can influetiee resulted release profile. In this
project, by using the Precision Particle Fabrication method, we produced uniform-double
wall microspheres (DWMS) with a proteloaded (Bovine Serum Albumin) PLG core
and a drugree PLA shell, which was expected toopide better encapsulation of the
protein as well as to postpone the protein release. Different inherent viscosity (i.v.) of
PLG and PLA and different organic solvent configurations were used to produce uniform
DWMS. Also, by studying then vitro releaseprofiles and microscopy images, we found
that using ethyl acetate as shatlase solvent, dichloromethane as qamnase solvent and
using lower PLG and PLA i.v., better encapsulation of the prdt@ided core as well as
clearly coreshell structure canebachieved. We have also successfully produced uniform

proteinloaded DWMS with different shell thickness.



Acknowledgements

Words cannot express my gratitude to my parents who give me unconditional
support over these years. Thank you for being great ngpeatdad and also great
mentors. | also want to wish my dear grandpa healthy and happy; your courage inspired
me. Grandma, | am so regretted that | cannot see you for the last time before you left us.
Wish you happy in heaven. And Lifanigs been a swat journey with you on my side.
Thank you for being a great supporter, it really makes me strong

I am gratitude for working in this fascirt
enjoy the research independence Dr. Pack gave me. Thank you for pronaiwgh a
lot of helpful guidance to promote my creativity. Special thanks gitee®PF people:
Kalena, Kara, you really taught me a lot to grab the rope in PPF and Noel, thank you for
fighting against PPF along with me during the hardest time. MarkulR¥ictor and
Mihael, thank you guys for being great lab mates and friends.

All confocal microscopy measurements took place in Beckman Institute, imaging
technology group at UIUC. Scanning Electron Microscopy took place in Material

Research Lab at UIUC. ThankdH EB005181 and GM08522r the financial support.



Contents

IS A T U SRR Vil
LISt Of TADIES. ...cceieeiiieeeee e eeer e e e e e e e as Xi
Chapter 1. INTRODUCTION ... .cuuuuuiiiaieeeeeeeee s eeeess e e e e e e e e e eeeeeaasinnneeeeeaaeeeeeeeeenns 1
1.1 Controlled DrU@REIECASE...........uuuiiiieieeii e 1
1.2 Biodegradable Micropatrticles for Protein Delivery..............ccccceeiiicceeeevevnnnnnns 2
1.2.1 ChOiCe Of POIYMEIS....oiiiiiiiiiiiiiieee e 3
1.2.2 Fabrication Methods............ooooiiiiiiiiiicee e 4
1.2.3 Protein Release MeChaniSm..........ccuvvviiiiiiimniec e 6

1.3 DoubleWall Microspheres and MiCroCcapsules...........ccooovvviiiiiccceeeeei s 8

1.3.1 Conventional Fabrication of Doufdall Microspheres and Microcapsules3

1.3.2 Protein Encapsulation anBelease in Doubl®Vall Microspheres and

YT To o Tor=T o KU ] (= PP 10
R e (o] [Tt A @ o] [T oa 1) PP PPPPPPPPPPPPRIN 11

Chapter 2. NOZZLE CONFIGURATION FOR  PRECISION PARTICLE

FABRICATION ...t e e e e e e e e e ne s e e e eees 13
2.1 Precision Particle Fabrication...............eoeoiiiimmiiiiie e 13
2.1.1 MethOd DESCIIPUIOM ...ttt ieeeiiib bbb e e e e e e s eeer e e e e e e e e e eeeeeeeas 13
2.1.2 ThEOry Of PPE .. ...ttt ettt e e 15

2.2 Nozzle Screening for PRE.......c.oouiii e eeme e 17
2.2.1 Curvature Of NOZZIES..........ooviiiiiiiiii e 17
2.2.2 DIMENSION Of NOZZIES........uuiiiiiiiiiiiiiice e 19



2.3 CONCIUSIONS. .. et e e e 20

Chapter 3. UNIFORM BOVINE SERUM ALBUMIN LOADED DOUBLE

WALL/SINGLE WALL MICROSPHERES FABRICATION USING PPE................. 22
3.1 Precision Particle Fabrication Parameters............ccccooviiiiecciieiiiiiiies 22
3.1.1 DoubleWall Microspheres PPF Parameters..........ccccceeeeeiiiieeee v, 22
3.1.2 SingleWall Microspheres PPF ParameterS..........ccccoeeeeevvieeeiieeee e 22
3.2 Materials and Methods............coooiiiiiiiiee s 23
2. L MALEIIAUS ... e 23
3.2.2 PPF Harication Method............ooviiiiiiiiiieeeiee e 23
3.2.3 SizZe DISHDULION. ....eeiiiiiiiiiiiiiee e 25
3.2.4 Solvent Selection for DoubWall Microspheres..............ccccciiiiiieenninnnes 25
3.2.5 DoubleWall Microspheregabrication............ccccoooevviiiiiiccciiiine e, 28
3.2.6 SingleWall Microspheres Fabrication............ccccooeiiiiicceeeiiiciiciieeee e, 32
3.3 CONCIUSIONS. ...t e ee e 32

Chapter 4. CHARACTERIZATION AND IN VITRO RELEASE OFRUNIFORM BSA

LOADED DOUBLE-WALL/SINGLE-WALL MICROSPHERES...........ccccvviiiiinnee 37
o R o 7= To [T o 1= P PP 37
4.2 MICTOSCOPY....uuuuuuerrrrnrnnnreeeeeeeieemseseeeeeeeeeseaaaeseeessssmmeeeeaeseeessnnssnnssnssnnnnnssnnnnnnn 41

4.2.1 ScanningElectron MICIOSCOPE. ........uiiiiiiiiiiiii e cceeee e ereer s 41
4.2.2 Confocal Fluorescent MiCrOSCOPE. ... ..uuiiieiiiee e i ieeeiiceee e eeeeeaeens 46
4.31N VItrO REIEASE STUAY.......euviiiiiiiiiiiiiiie et 51
4.4 CONCIUSIONS. .....uiiitiiiiiieiiee ettt eeeete ettt ettt et e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnnne s s 53



Chapter 5.  FUTURE WORK ......ooiiiiiiiiiiiic e sieeei et emmme e 57

5.1 DoubleWall Microspheres with Different Shell Thickness............cccccccvvvvvieee 57
5.2 Aqueous/Qil Core PLG Microcapsules for Protein Delivery........................! 60
RETEIENCES. ... e e eeee e e e e e e e e e 62

Vi



List of Figures

Figure 1.1: Therapeutic window for drug delivery............cccevvvviiieeciiiniiieneeneenn. 1
Figure 1.2 Structures of PLG (left) and PLA {l........coooovviniiiiiieeee e 3
Figure 1.3 PLG NYdrolySiS........ueeeiiiiiiiiiiiiiieeiieeeee e 4
Figure 1.4 Typical protein release profile from PLG microspheres.................. 8

Figure 1.5 Structures @oubleWall PLA (PLG) microspheres and PLG (water/oil)

MICTOCAPSUIES. .....ovtiiiiei e eerer e e e e e e e e e aa e 12
Figure 2.1 Schematic diagram of Precision Particle Famicaystem............... 13
Figure 2.2 Outer and inner glass NOZzIES...............ovveviiicceeeieeeee e 18

Figure 2.3 ABado (I ef.t.)...and..0iGo.add8 (right)
Figure 2.4 Optimizedingle and double glass nozzle configurations............... 21
Figure 3.1 Size distributions of different solvent configurations: (A) DCM a&s bo

shell and core solvent; (B) EtAc as shell solvent and DCM as core solvent; (C)

DCM as shell solvent and EtAc as core solvent; (D) EtAc as both shell and core

SOIVEINT. ...ttt 27

Figure 3.2 Size distributions of EtAc (DCM) DWMS: (A) Sample Al, PLG i.v. 0.20

Figure 3.3 Size distributions of EtAc (DCM) DWMS: (A) Sample A3, PLG i.v. 0.20
and PLAi.v. 0.34; (B) Sample A4, PLG i.v. 0.38 and PLA i.v. 0.34; (C) Sample
A5, PLG i.v. 0.61 and PLA V. 0.34....ceeiiiieieeeeeeeeeeee e 31
Figure 3.4 Size distributions of DCM (DCM) DWMS: (A) Sample C1, PLG i.v. 0.20
and PLAi.v. 0.37; (B) Sample C2, PLG i.v. 0.&0d PLAi.v. 0.70; (C) Sample
C3, PLG i.v. 0.20 and PLA V. 1.05. .o 34
Figure 3.5 Size distribution of singleall microspheres EELG i.v. 0.20............ 35
Figure 4.1 BSA loading of double&all/singlewall microspheres: (A1) EtAc (DCM),

vii



PLG i.v. 0.20 and PLAi.v. 0.37{A2) EtAc (DCM), PLG i.v. 0.20 and PLA i.v.
0.70; (A3) EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.34; (A4) EtAc(DCM),
PLG i.v. 0.38 and PLAi.v. 0.34; (A5) EtAc (DCM), PLG i.v. 0.61 and PLA i.v.
0.34; (C1) DCM (DCM), PLG i.v. 0.20 and PLA i.v. 0.37; (C2ZM (DCM),
PLG i.v. 0.20 and PLAi.v. 0.70; (C3) DCM (DCM), PLG i.v. 0.20 and PLA i.v.
1.05; (E1) (DCM), PLG i.V. 0.20......cuieieeeeeeeeeeeeeeeeeeese s eeeeeneseeeen e eee 38
Figure 42 BSA encapsulation efficiencies of doulall/singlewall microspheres:
(A1) EtAc (DCM), PLG i.v. 0.20 and PLAi.v. 0.37; (A2) EtAc (DCM), PLG i.v.
0.20 and PLA i.v. 0.70; (A3) EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.34;
(A4) EtAc(DCM), PLG i.v. 0.38 ad PLA i.v. 0.34; (A5) EtAc (DCM), PLG i.v.
0.61 and PLA i.v. 0.34; (C1) DCM (DCM), PLG i.v. 0.20 and PLA i.v. 0.37;
(C2) DCM (DCM), PLG i.v. 0.20 and PLA i.v. 0.70; (C3) DCM (DCM), PLG
i.v. 0.20 and PLA i.v. 1.05; (E1) (DCM), PLG i.V. 0.20.......ocevveeerreenn.n. 39
Figure 4.3 SEM general view, close view and cression view of DWMS: (A, B,
C) Sample Al, EtAc (DCM), PLG i.v. 0.20 and PLAi.v. 0.37; 8 F) Sample
A2, EtAc (DCM), PLG i.v. 0.20 and PLA V. 0.70.......ccouuuiiuieiinnie e 42
Figure 4.4 SEM general view, close view and cissstion viewof DWMS: (A, B,
C) Sample A3, EtAc (DCM), PLG i.v. 0.20 and PLAi.v. 0.34; (D, E, F) Sample
A4, EtAc (DCM), PLG i.v. 0.38 and PLA i.v. 0.34; (G, H, I) Sample A5, EtAc
(DCM), PLG i.v. 0.61 and PLAI.V. 0.34........cceuiiieeeeeeieeeeeeeeeeererennen. 43
Figure 4.5 SEM general view, close view and cression view of DWMS: (A, B,
C) Sample C1, DCM (DCM), PLG i.v. 0.20 and PLA i.v. 0.37; (D, E, F)
Sample C2, DCM (DCM), PLG\. 0.20 and PLA i.v. 0.70; (G, H, I) Sample
C3, DCM (DCM), PLG i.v. 0.20 and PLA1.V. 1.05.....cciiiiiiieeeeeeeeeeeee, 44
Figure 4.6 SEM general view, closseew and crossection view of singlevall

microspheres: (A, B, C) Sample E1, (DCM), PLG i.v. 0.20.................... 44

viii



Figure 4.7 Confocal imagexf DWMS: (A, B) Sample Al, EtAc (DCM), PLG i.v.
0.20 and PLA i.v. 0.37; (C, D) Sample A2, EtAc (DCM), PLG i.v. 0.20 and
PLA TV, 0.70 oot e ettt eees b e et e e e e e e e e e e e s e 47

Figure 4.8 Confocal images of DWMS: (A, B) Sample A3, EtAc (DCM), PLG i.v.
0.20 and PLA i.v. 0.34; (C, D) Sample A4, EtAc (DCM), PLG i.v. 0.38 and
PLA.v. 0.34; (E, F) Sample A5, EtAc (DCM), PLG i.v. 0.61 and PLA i.v. 0.34.
................................................................................................................ 48

Figure 4.9 Confocal images of DWMS: (A, B) Sample C1, DCM (DCM), PLG i.v.
0.20 and PLA i.v. 0.37; (C, D) Sample C2, DCM (DCM), PLG i.v. 0.20 and
PLAi.v. 0.70; (E, F) Sample C3, DCM (DCM), PLG i.v. 0.20 and PLAi.v. 1.05.

Figure 4.10 Confocal images of singlall microsphees: (A, B) Sample E1,
(DCM), PLG 0.V, 0.20 .ot eeeeeeeeee e veeee e 51
Figure 4.11In vitro release of doublvall/singlewall microspheres: Sample Al,
EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.37; Sample A2, EtAc (DCM), PLG
i.v. 0.20 and PLAi.v. 0.70; Sample E1, (DCM), PLG i.v. 0.20................ 54
Figure 4.12In vitro release of doubtevall/singlewall microspheres: Sample A3,
EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.34; SampleA4, EtAc (DCM), PLG
i.v. 0.38 and PLAi.v. 0.34; Sample A5, EtAc (DCM), PLG i.v. 0.61 and PLA i.v.
0.34; Sample E1, (DM), PLG i.V. 0.20........cuuuuiiiiieieee e eeeeennn e e eeeeeens 55
Figure 4.13In vitro release of doubtavall/singlewall microspheres: Sample C1,
DCM (DCM), PLG i.v. 0.20 and PLAi.v. 0.37; Sample C2, DCM (DCM), PLG
i.v. 0.20 and PLA i.v. 0.70; Sample C3, DCM (DCM), PLG i.v. 0.20 and PLA
i.v. 1.05; Sample E1, (DCM), PLG i.V. 0.20.......ccovviiiieeeiiiiiiemceeiii e 56
Figure 5.1 Size distributions of DWMS (DCM (DCM)) with different shell thickness



Figure 5.2 Size distributions of DWMS (EtAc (DCM)) with different shell thickness



List of Tables

Table 2.1 Nozzle configuration screening for PRE.........ccccccoiiiiiiacn. 19
Table 2.2 Single/Double glass nozzles configuration for.PRF....................... 20
Table 3.1 PPF parameters for singlall/doublewall microspheres................... 23
Table 3.2 PLG and PLA inhareviscosity to molecular weight......................... 24
Table 3.3 Dimensions of doubleall/singlewall microspheres.............ccccc........ 36

Table 4.1 Loading and encapsulation efficiency of dowaé/singlewall

MICTOSPINEIES ... .o er e e e e e e e e e emnes 37
Table 5.1 DCM (DCM) DWMS with different shell thickness........................ 58
Table 5.2 EAc (DCM) DWMS with different shell thickness.............ccccccee... 58

Xi



Chapter 1. INTRODUCTION

1.1 Controlled Drug Release

With fast development in genomics and biotechnology protein and peptide drugee
being created. Because of many problems such as low soluitkpoor stability, the
delivery system®r methodsfor these drugs cadramaticallyimpact the efficacy and

clinical implementation as much as the nature of the drepsseives.

|| MTC

| | \
| Therapeutic Window

Drug Concentration

\ MEC

Time
Figurel.1: Therapeutic window for drug delivery

For many years researchdrave sought talevelop drug delivery systems that can
target drug to specific body sites or precisely control drug release rate for prolonged time
[1]. To produce beneficial results, threvivo concentration of dgishoud be maintained
within the therapeutic windgwvhich consists o lower bound, the minimum effective
concentration (MEC) andn upper bound, the minimum toxic concentration (MT&3,
illustrated inFigure 1.1. Conventional drug delivery systems, suclorat dosing and
injectionstypically generate concentration profiles with peaks and valldys tothe
release and exhaustion of the therapeu@ce of the reasons to consider controlled drug

release is to maintain the drug concentration within theapeeritic window. Besides,
1



controlled release can reduce the dosage frequency and increase patient compliance.

In recent years, mangontrolled release system have been developed, such as
polymerbased druglelivery system, liposombased delivery system and intelligent
delivery systemgl]. These deVery systems can not oniyaintain dug concentration
within the therapeutic window for an extendede after the initial dose bailso protect
the fragile therapeutics encapsulatg?]. From sophisticated microchip and implantable
pumps to simple devices such as demgapsulated polymer microparticles, there are

many ways for drug controlled release nowadays and many of them are commercialized.

1.2 BiodegradableMicr oparticles for Protein Delivery

Biodegradable polymer devices have been utilized for around 30 years as a means to
deliver drugs in a controlled and less invasive mari3es]. Specifically, spherical
microspheres and microparticleave been shown to provide controlled release for small
molecules drugs as well as macromolecules such as proteins anfbEINA

Microspheres and microparticles size ranging from a few to several hundred microns
have received much attention in recent yebws. example, monodisperse microspheres
approximately 15 pum in diameger would be ideal for passive targeting of professional
antigenpresenting cell$10, 11]. Microspheres 120 um in diameter could be used to
target the tortuous capillary bed of tumor tissues by chemoolization [12].
Microparticles 15 pum in diameter and highly porous particle®um in diameter are
effective pulmonary drug delivery vehicld4]. Microspheres 2000 um are less
myotoxic than smaller microspheres (less tham [13]. Because of the simplicity and
versatility of these devices, any commercialized products have been produ€ed.
example, the Trelst@r injectable PLG microspheres and Lup®omlepot for prostate
cancer, the Sandostatin LERPLG depot for acromegaly and Glia@ebolyanhydrides
wafer for brain cancer are all commet@ad implantable or injectable polymer devices

2



[14]. Also, biodegradable microparticles offer several advantages such as high local drug
concentrations at the site of administration, good protection of fragile thecspand
minimized side effect. For protein specifically, the simple formation process of
microparticles and programmable degradation rate of biodegradable polymers make this a

promising delivery system.
1.2.1 Choice of Polymers

Researchers have been udmgdegradable polymers as depot vehicles for drug delivery
for many years. Among them, three classes of polymers have been heavily investigated:
polyesters, polyanhydrides and polyphosphoe§iéx<l 6].

The most frequently studied of these polymers are (atyideco-glycolide) (PLG),
and polylactide or polylactic acid) (PLA). These two polymers are both polyesters and
their stuctures are shown in Figure 1.2. In this project, we will focus on PLG, becsuse it
degradation Kkinetics, drug encapsulation capability and biocompatibility weie
understood and a number of PLG delivery systems have been FDA approved. PLG
degrades by Hdrolysis of its ester linkages in the presence of weG chain scission
by hydrolysis generates products with hydroxyl and acid end groups. These pieces may
be further hydrolyzed to lactic and glycolic acid monomers. The schematic of PLG

degradation ishown in Figure 1.3.

O O

ol H N P
HO Tho/ 0

L _XO y L dn

Figurel.2 Structures of PLG (left) and PLA (right)
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Figurel1.3 PLG hydrolysis

The degradation rate of PLG depends on its monomer ratio: the lower the content of
glycolide units, the slower the degradatibecause increased lactide content leads to
increased hydrophobicity of lactide over glycolide’]. In addition, esteend polymer
degrades slower than carboxylic aeidd polymembecause the acidic microenvironment
interior the hydrolyzing PLG matrices could potentially accelerate the degradation rate

[17, 18).

1.2.2 Fabrication Methods

Fabrication of protedtoaded PLG microspheres/microparticles includes solvent
extractiorlevaporation19], polymer extrusiorj20], spray drying21] and coacervation

or precipitation[22]. Although there are differences of these methods for size range and
drug encapsulated, several things are in common. Initially, PLG should be dissolved in a
suitable solvent such atichloromethane Then, the drug is edissolvedwith PLG,

4



suspended as solid particulate or dissolved in another solvent and emulsified with the
PLG solution. The drug polymer solution or emulsion is broken into droplets which are
allowed to harden according to different fabrication methods.

Solvent exraction/evaporation is one of the most common methods used for
producing drugoaded microspheres. In this method, the RoGition is emulsified in a
nonsolvent phase and broken into small droplets. After emulsificatienpolymerdrug
droplets are stred in the norsolvent bath so thahe solventmay beextracted and
allowed to evaporateThis method is simple, but the size distribution of resulting
particles is relatively broad. In Chapter 2, we will discuss the method of Precision
Particle Fabricon which is an alteration of solvent extraction/evaporation that provides
highly monodisperse microspheres.

Extrusion methods form microspheres by forcing the microsphere constituents
through a nozzle or an orifice. This method can achieve relativelyowmasize
distribution of microspherd23, 24]. However, the high velocity of the stream inside
orifice and the shear force imparted may damage the encapsulated proteins or other
therapeutics.

For spray drying, an atomizer produces fine droplets of the PLG mixture, and a
carrier stream of hot air is used for extracting the solvent. The sizéoudlistn is
relatively narrow because no other chemicals are involved during fabrication. However,
the relatively high temperatusnd shear force of the air stream can damage the protein
inside the particleR25).

Coacervation methods rely on careful selection of PLG solvents as well as non
solvent. The solvent and n@olvent will togetler promote phase separation of polymer
into droplets around the protein encapsula2d 27]. The success of this process
necessitates an understanding of the complex thermodynamics of phase separation and

the resulting size distribution is typically broad.
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1.2.3 Protein Release Mechanism

For protein release from PLG microparticles, there amegdly three mechanisms:
diffusion, chemical reaction and solvent activatfigh

Diffusion is the most common release mechanism for small molecule drugs
encapsulated in polymer depot$e encapsulated small molecule drug migrates from its
initial position in the polymeric system
[2]. Release by drug diffusion is generally based on the size of PLG depots. For protein,
however, the dimension of the protein makes diffasnot so easy because proteins are
too large and hydrophilic to diffuse through most polymeric materiBligring
degradation and erosion of polymeric materials, wited pores would form through
which proteins could diffuse. So the diffusion ratehar ¢ffective diffusivity of protein is
controlledby the rate of formation of watditled pores.

Chemical reaction is acowplished by polymer degradatiomnd erosion.
Degradation is the act of individual polymer chain cleavage and erosion is maseross fr
the overall polymer matrix. There are two types of erosion for polymers used in the area
of controlled release: surface erosion and bulk erosion. Surface erosion polymers degrade
and lose material primarily from the exposed surface area while bulloernpsiymers
degrade throughout the entire polymer matrix simultaneously. PLG is a bulk erosion
polymer, which means protein may move through a complex porous path during bulk
erosion. Also the erosion of PLG will affect the porous structure and accelbeate
release.

Solvent activation involves either swelling of polymer or osmotic effects. Devices
that control the flow of protein solutions utilize osmotic potential gradients across PLG
barriers to generate pressurized chambers containing aqueous soddtfmotein. This

pressure is relieved by the flow of the protein solution out of the delivery d@8ce

t
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For proteinloaded PLG microspheres, the release mechanism can be combinations
of the three mechanisms. Upon immersing the microsphere within an aqueous buffer,
water penetrates toward the center of the microsphere. Since PLG is a bulk erosion
polymer, he rate of water penetration is faster than the rate of polymer hydrolysis and
degradation of PLG copolymers is oagng throughout the microsphevelume. During
this degradation and swelling phase, w4ditesd pores form and grow in size, and the
effedive diffusivity of protein increases. The protein has to diffuse through Afibéer
pores and the release is controlled by effective diffusivity and rates of pore formation.
The release profiles basically comprise three phases: the initial burstgtpbdse and
the steady release phd@9-31]. The initial burst, a relately fast release of protein in
the first few daysmay be due to the protein attached to the surface of microspheres,
protein near the periphery, and protein encapsulated inside small microspheres. The initial
burst is followed by a lag phase of slow pmteelease which may be caused by the low
initial porosity of PLG and a final phase of steady, relatively rapid drug release governed
by higher effective diffusivity through watéitled pores. A typical protein release profile
is shown in Figure 1.4.

PLG microparticles diameter is intricately related to the degradation rate and protein
release properties. For larger particles, water penetration takes longer time and the
formation of wateffilled pores is slow. The relatively long diffusion distance amuvsl
pores formation ratenay lead to the conclusion of slower protein release. However,
larger PLG microparticles will accumulate an increased amount of acidic degradation
byproduct, leading to an acidic microenvironment indi@88. This reduced pH will
further catalyze the degradation and erosion of PLG. This process is called autocatalysis
and will lead to the countentuitive result of fast protein release in large

microspherdd7].
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Figurel.4 Typical protein release profile from PLG microspheres

1.3 DoubleWall Microspheres and Microcapsules

Doublewall microsphereDWMS), comprising two distincpolymer core and shell
phases and miccapsules (MC), comprising aqueous/oil core and polymer shell phase,
are useful controlled release systems. The-she#l structure of DWMS and MC may
provide unique opportunities to control drug release [@889]. For example, particle
diameter and shell thickness have been shown to affect drug releadd0jtélso, the
degradation and erosion mechanisms of the shell and materials add a tunable

parameter.

1.3.1 ConventionalFabrication of Double-Wall Microspheres and Microcapsules

There are various approaches to produce DWMS and MC. For producing DWMS, the
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traditional solvent evaporation method can be used. Two polymers are dissolved in a
volatile organic solvent such as dichloromethane. The solution is then added into an
agueous solution containing surfactant and stirred. As the polymers become more
concentated, they begin to phase separate and form thesbetestructure DWM$34].

This oil-in-water (O/W) method can produce DWMS with core and shell polymers at
their thermodynamically able configuratioa according to the spreading coefficient
theory[41, 42]. The oitin-oil-in-water (O/O/W) method was used for producing DWMS

by different resarchers. Leeet al. fabricated etanizadoll®eaded DWMS using
dichloromethane as organic solvent. First, separate solutions of PLA and PLG in
dichloromethane were prepared. The etanizadole walissolved to dichloromethane

with PLG. The two polymeric solions were then added together and sonicated or
homogenized to create an-oitoil (O/O) emulsion. Addition of the emulsion dropwise
into nonsolvent solution created an O/O/W emulsion. The emulsion was stirred to allow
for the extraction and evaporatiaf dichloromethane as well as the hardening of the
DWMS [38]. Kokai et al. used a similar O/O/W emulsion method to produce solid
lysozymeloaded DWMS[43]. Sanchezet al. used the O/O/W emulsion method to
produce DWMS with solid protein powdkraded oil core MC. Fine particles of protein
powder were disperden mineral oil using higlspeed homogenizer. The suspension was
dispersed in PLG acetonitrile/ethyl acetate mixture solution with agitation to produce the
O/O emulsion. The resulting organic phase was poured through a narrow orifice into the
agueous noolvent solution with stirring to produce the O/O/W oil core [8§].

Besdes emulsion methods, layley-layer deposition on sacrificial template particles
was also used for producing nara micro-scale MC[44]. This method involves the
deposition of layeby-layer film components onto the outer surface of colloidal particles
that are suleguently removed via chemical or thermal md#@ias46].

For these methods, the control of DWMS and MC dimensions such as outer
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diameter and shell thickness are typically pobhe emulsion method can produce
DWMS and MC with relatively broad size distribution and the polymer orientation for
core and shell may change during fabrication. For taydayer coating the diameter

and shell thickness of MC can be very uniform thase dimensions are controlled by the
templates.Besides, this method possesses limitations when generating thick layers or

encapsulating liquid core[47].

1.3.2 Protein Encapsulation and Release irDouble-Wall Microspheres and

Microcapsules

DWMS and MC have been used for protein delivery. Sanehei. reported using oil

core PLG MC for tetanus toxoid delivery. @ats toxoid powder was suspended in the
mineral oil core phase and surrounded by PLG shell phase. After an initial burst, the
systems released tetanus toxoid in a pulsatile makkimaret al. produced insulifoaded

PLG MC using a monoaxial ultrasonic ataer. When the protein solution and the PLG
solution were mixed, a watar-oil (W/O) emulsion was formed within a few seconds.
The atomization process resulted in the formation of microdroplets of aqueous solution
surrounded by PLG solution. Tirevitro release profile of insulin consistétwo parts: a

fast initial burst on the first day, followed by a slow, smooth release for up to 3Q4&hys
Kokai et al. using the o#in-oil-in-water (O/O/W) emulsion methogroducel DWMS

with two polymers PLA and PLG. Initial studies with DWMS encapsulating a
fluorescenly taggedprotein, FITGBSA, indicated that protein localization was restricted

to the PLG core. Proteiin vitro release was performed using DWMS with the model
proteinlysozymeencapsulatkalone or with the surfactant docusate sodium salt (AOT).
Degradation studies showed that DWMS encapsulating lysozyme alone resulted in a core
composition of PLG and shell composition oPLA. In contrast, the polymer orientation

of core and shell were reversed due to Addi@itionin the PLG solutiorj43].
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1.4 Project Objectives

In this project, we have used the Precision Particle Fabrication method, which will be
discussed in detail in Chapter 2, to produce unifbfMS or MC.

We studied the release profile of a model protein, Bovine Serum Albumin (BSA),
encapsulated in the core BIWWMS or MC. By applying an additional drufgee polymer
layer, we can further control the protein release profile not only by changing degradation
rate of the core but also by changing the shell thickness of thefréitpyerand initial
drug distribution within the matrices. Figure 1.5 showsdstigematic of the DWMS and
MC.

For the DWMS structure, we have used PLG as the core material and BSA
encapsulated within PLG using double emulsion methods. The shell material is PLA
which degrades slower than PL{#9, 50]. We studied the relation between PLA
shell/lPLG core (denoted as PLA (PLG)) doubdall structure and the BSA release
profile. For example, we tried to change the PLA sheltkhess and the outer diameter
of the DWMS to study the influence on BSA release. Besittesdrugfree PLA shell
might change the initial BSA distribution within tDAVMS.

For PLG shell/water or oil core microcapsules, we want to study the relation
between aqueous corstructure and the release rate of prot&wp.using oil core with
suspended lyophilized protein inside, we expect to achieve higher protein loading and
better encapsulation efficiency because of less organic solvent contact with BSA in this
method. A previous study demonstrated that the distinct phase separation of an aqueous
/oil core loaded with BSA and PLG shell resulted in pulsed release upon sufficient
degradation of the PLGA shdli7]. By changing PLG shell thickness, we expect to

achieve different BSA release prole
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Polymer 2 (PLG) Water or oil

Polymer 1 (PLA) Polymer (PLG)

Figurel.5 Structures of DoubiVall PLA (PLG) microspheres and PLG (water/oil) microcapsules
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Chapter 2.  NOZZLE CONFIGURATION FOR PRECISION PARTICLE
FABRICATION

2.1 Precision Particle Fabrication

2.1.1 Method Description

The Precision Particle FabricatioPPF) is a technology developed to produce
monodisperse particles of a variety of mater[&l$-54] and adapted by our group for
fabrication of controlledelease devices comprising biodegradable polyf#%s40, 47,

55-60]. Figure 2.1 shows the set up for PPF.

core phase

J

frequency
generator

AC/DC amplifier

|||—||l

shell phase

carrier stream

microscope
objective

video monitor

collection flask

stir plate

Figure2.1 Schematiaiagram of Precision Particle Fabrication system

The PPF system consists of pump system, frequency generator, nozzle system,
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visualization system and collecting system. The pump system kageanpump (IP65,
ISMATEC) which is used to carry the nsolver carrier stream and two syringe pumps
(Pump 11, Harvard Apparatus) which are used to carry the polymer/drug solution. For
doublewall microsphere(DWMS) and microcapsule (MC) fabrication, two syringe
pumps are engaged: one for the core phase and thefathiibe shell phase. The non
solvent carrier stream (usually aqueous poly (vinyl alcohol) solution) is carried by the
gear pump. For singi@all microsphere fabrication, only one syringe pump is engaged.
The frequency generator (Agilent 33220A) and piéadec transducer (cv33, Sonic &
Materials Inc.)generate an acoustic wave on the nozzle to break the laminar polymer
based stream into droplets. We can change the type, amplitude and frequency of the
acoustic wave together with the polymer and carrielast flow rates to produce droplets

of desired diametelR9, 47, 55].

The nozzle system is the most important part of PPF. We manually produce double
glass nozzle and single glass nozzle systems for producing DWMS or MC and single
wall microspheres. For the double glass nozslstem, we use a hypodermic needle
(PrecisionGlide, Becton Dickinson Co.) as the inner metal nozzle, which is surrounded
coaxially by the inner glass nozzle made from a glass capillary. The outer glass nozzle
surrounds the inner glass nozzle and is mad®ywéx glass. For DWMS and MC
fabrication, the core phase polymer/aqueous/oil stream comes through the inner metal
nozzle, and the shell phase polymer stream comes through theglasenozzle. The
outer glass nozzle is for naolvent carrier stream, wdh is used to facilitatéhe forming
of round shape particleend providingidrag forc@ in order to produce particles smaller
than the nozzle openind7, 58]. For the single glass nozzle system, one hypodermic
needle is used as inner metal nozzle which is surrounded by the inner glass nozzle. There
is no outer glass nozzle in thestting. The drugpolymer stream comes through the inner

metal nozzle, and carrier stream comes through inner glass nozzle.
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The visualization system consists of a strobe light (Nova Strobe BA, Monarch
Instrument) and a video camera (EO Edmund, indusipats) which is connected to a
monitor. By adjusing the frequency othe strobe light the same as the frequency of the
acoustic wavewe canget a steady picture of the droplets streamd so monitor the
formation of microparticlesThe colleting systemvhich is used to collect the nascent
particles consists of a glass vial with a stirring bar. Enoughsotvent in thecollecting

vial should be provided to extract the organic solvent inside the paf6lesl].

2.1.2 Theory ¢ PPF

The main apparatus of PPF, which provides fabrication of monadespeicroparticles,

is based on passing a stream containing the sphere materials and any drug to be
encapsulated through a small {100>m) orifice in the nozzle system to form a smooth,
cylindrical stream. To break the stream into droplets, the nozzlabrated by a
piezoelectric transducer driven by an acoustic wave generator at certain frequency. The
acoustic energy along the stream generates periodic instabilities that break the stream into
a train of uniform droplets. With only the nozzle systeng thinimum particle size
achievable is slightly larger than the nozzle operj#@ 55, 56]. By employing an
annular flow of a notsolvent phase, known as the carrier stream, we can further control
the shape and size of the microspheres. The carrier stream is punthedybgr pump at

a linear velocity greater than that of the inner polymer stream. So, the frictional contact
bet ween the two streams generates an addi't
polymer stream away from the nozzle. Accelerated by this fdneepalymer stream is
thinned to a degree depending on the difference in linear velocities of the two streams.

To achieve the desired droplet diameter, we need to understand the theory of droplet
formation in this system. Lord Rayleigh first derived theifestability equations for a
cylindrical jet subject to disturbang¢é2]. Lord Rayleigh found that the most unstable
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wavelength €1ax) of a disturbance imposed on a jet surface is:
L W8T p@ 1)
where ris theradius of the undisturbed jet. The theoretical range of wavelengths that still
results in the production of uniform droplets was derived by Lord Raleigh to be:
xO 1 b (2)
Above a certain wavelength, the instability growth is so small that noise near the
wavelength of the applied acoustic wave causes random breakup of the jet. So the actual
range of acoustic wavelengths which can break liguad jet into uniform droplets was
experimentally determined to p&3):
XO 1 o@ (3)
The frequency generator used here allows for control of the acoustic wave frequency and
amplitude. The wavelength producedayget frequency is given by:
£ On 4)
where vy is the linear velocity of the liquid jet. Knowing that the volume of the sphere
made should be equal to the volume of the cylindrical element of the jet (5), the length of
which is defined by the acoustic wavelength, we can find that the droplet ragliiss, r

given by(6).

-3 A0 3 AD D (5)

O o0O0m & (6)
At the optimum wavelength (put equation (1) into equation (§)«*1.891 §. Thus, by
imposing acoustic wave on the nozzle, we can control the breakup of the stream into
droplets and predict the nozzle opening sizg),(splution flow rate (y and acoustic
frequency (f) needed to generate the desired sphergs8]ze

For this project, we use double glass nozzle or single glass nozzle configuration at

fixed nozzle opening to produce different samples. By changing the flow rate of the
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polymer stream, we can get thoplet size close to what we desired. Using equation (6),
by changing acoustic wave frequency, we can make the minor adjustment of the droplet

size to what we want to within 1 micron.

2.2NozzleScreening for PPF

As mentioned before, the nozzle systenthe most important part of the whole PPF. A
iweblelhavedo, reliable and sturdy nozzle 1is
fabrication. We tried several combinations of the outer glass nozzle, inner glass nozzle

and inner metal nozzle and foundcthhe dimension and thener curvature of the glass

nozzles are importamor successful particle fabrication

2.2.1 Curvature of Nozzles

The outer Pyrex glass nozzle and inner glass nozzlebaite made by hand. The
manufacturing processes are similar. For outer Pyrex glass nozzle, we cut Pyrex glass
tube (Kimax) into approximately 1 inch long piece. The outer diameter of the tube is 2.5
mm and the wall thickness is 0.5 mm. We slowly rotated antechehe end of the Pyrex

tube by propane flame until the end was sealed, and then sanded the melted end on a
sandpaper untia small opening(1/5 to 1/4 of the inner diametewas exposed. The
dimension of the opening might not be either too small (blodtegfiently) or too big
(cannot generate smooth jet). For inner glass nozzle, we use commercialized Borosilicate
glass capillary \(orld Precision Instrument, Ijc There are six types of capillary with
different outer diameter and wall thickness: 1.0 mn{oBter diameter 1.0 mm and
regular wall thickness), 1.0 mm TW (outer diameter 1.0 mm and thin wall thickness), 1.2
mm R (outer diameter 1.2 mm and regular wall thickness), 1.2 mm TW (outer diameter
1.2 mm and thin wall thickng} 1.5 mm R (outer diameté&r5 mm and regular wall

thickness), and 1.5 mm TW (outer diameter 1.5 mm and thin wall thickness). Figure 2.2
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shows the outer glass nozzle and six types of inner glass si0zzle

1.0 mm TW 12mm TW 1.5 mm TW

OD=2.5mm WT=0.5 mm 12mmR 15mmR

Figure23fiBado (Il eft) aozdesiGoodod (right) n
We used PLG solution (10% w/v in dichloromethane) and 0.5% (w/v) poly (vinyl
alcohol) (PVA) asthe carrier stream to test the behavior of nozzles to form steady,
uniform droplets using PPM/e found that the inner curvatures of outer and inner glass
nozzles played an i mportant rol e-biemhafvedmi ng

nozzlesallhadi bl unt 6 i nner cur vbaethuarveesd ow miolzez | tetse hfam
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inner curvatures (Figure 2.3).

The reason for this phenomenon might
lead the laminar flow of polymer solution in a smooth way through theleagpening
while the Asharpo inner curvature woul d
the nozzl e. Al so for i nner glass nozzl e
outside ofthe nozzlehead wasdmpered to give more room for carristream within
outer and inner glass nozzles (Figure 2.2 1.5 mm R), the jets coming through the nozzles

would be more steady and smooth.

2.2.2 Dimension of Nozzles

The dimension of inner glass nozzle and inner metal nozzles al@yemportant for
forming steady monodisperse droplet steams. We had only one type of outer glass nozzle
which was Pyrex glass tube (outer diameter=2.5 mm, wall thickness=0.5 mm), six types
of inner glass capillary (1.0 mm R, 2.0 mm TW, 1.2 mm R, 1.2 mm TW, 1.5 mm R, 1.5
mm TW) and three types of hypodermic needle as inner metal nozzles (Gauge 23, Gauge
25, Gauge 27). By screening different combinagtiasing PLG solution (10% wi/v in
dichloromethane), we found the proper configuration. Table 2.1 shows the results of the

nozzle screning.

Table2.1 Nozzle configuration@eening for PPF

Outer Glass Nozzle Inner Glass Nozzle Inner Metal Nozzle Results

OD=2.5 mm WT=0.5 mm 1.0 mmTW Gauge 27 Inner glass nozzle broke
frequently

OD=2.5 mmWT=0.5 mm 1.0mmR Gauge 27 Couldnot form droplets

OD=2.5 mm WT=0.5 mm 1.2mmTW Gauge 25, 27 Inner glass nozzle broke
frequently

OD=2.5 mm WT=0.5 mm 1.2mmR Gauge 25, 27 Hard to form droplets

OD=2.5 mm WT=0.5 mm 1.5mmTW Gauge 23, 25, 27 Inner glass nozzle broke
frequently

OD=2.5 mm WT=0.5 mm 1.5mmR Gauge 23, 25 No major problems

N/A 1.5mmR Gauge 23, 25 No major problems
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From screening results, we found that for double glass nozzle configuration, the
optimumnozzle settingvas. outer glass nozzle (OD=2.5 mm WT=0.5 mm), inner glass
nozzle (1.5 mm R), inner metal nozzle (gauge 23, Fa)y single glass nozzle
configuration, theoptimumnozzle settingvas simply the optimum doublglassnozzle

configuration without outer glass noezl

2.3 Conclusions

Precision Particle Fabrication can produce monodisperse microparticles at desired
diameter by changing nozzle opening, polymer flow rate and frequency of acoustic wave.

The nozzle system is the most important part of the whole PdPEs aasponsible for
successful uni form particle fabrication. Thr
i nner curvature nozzlesdéd performance in pro
than that of nozzIl es wi t liferentcéndinatioms of thener cur
inner glass nozzles and inner metal nozzles have tremendous effect on nozzle behavior.

After screening, we found the optimum configurations of double glass nozzle and
single glass nozzle shown in Table 2.2. Micrographs of apgdndouble glass nozzle
and single glass nozzle are shown in Figure @gtimized double and single glass

nozzlesettingsare usedor futureDWMS and singlewall microspheres fabrication.

Table2.2 Single/Double glass nozzlesrdiguration for PPF

SingleGlassNozzle Configuration DoubleGlassNozzle Configuration
Outer Glass Nozzle N/A Outer Glass Nozzle OD=2.5 mm WT=0.5 mm
Inner Glass Nozzle 1.5mmR Inner Glass Nozzle 1.5mmR
Inner MetalNozzle Gauge 25 Inner Metal Nozzle Gauge 23
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Figure2.4 Optimizedsingle and dubleglassnozzle onfigurations
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Chapter 3. UNIFORM BOVINE SERUM ALBUMIN LOADED DOUBLE -
WALL/SINGLE WALL MICROSPHERES FABRICATION  USING PPF

3.1 Precision Particle Fabrication Parameters

Using PPF, we can produce monodisperse dewble microspherestDWMS) and
singlewall microspheres at desired outer diameter and shell thicka8sS5, 58, 61].

By changing the polymeitrug solution flow rates, we can change the laminar jet
diameter coming through the nozzle systems; thus, we can change the droplets diameter
in a broad range. Then, by adjusting the PPF parameters such as frequency, amplitude and
the flow rate of the carrier stream, we aarhievethe round shape droplets at dedir

diameter within 1 microfé7, 58, 60].

3.1.1Double-Wall Microspheres PPF Parameters

For producingDWMS, the double glass nozzle configuration was used (Table 2.2). The
drugloaded ordrugfree poly (lactideco-glycolide) (PLG) solution streanpassed
through the inner metal nozzle and the drug free flatitic acid)(PLA) solution stream
passedhroughthe inner glass nozzle. The outer glass nozzle was used for carrier stream
(0.5% (w/v)PVA solution).The frequency generator of PPF can form acoustic svaive
different type (sine, square, ramp, pulse, noise and arbitrary), amplitude and frequency.
By changing these parameters together with the carrier stream flow rates, geneaate

uniform droplets of different size. The experimental parameters are shown in table 3.1.

3.1.2 SingleWall Microspheres PPF Parameters

For singlewall microsphereghe single glass nozzle configuration was used (Table 2.2).
There was no outer glass nozzle aimdgloaded PLG strearpassedhrough the inner

metal nozzle while the inner glass nozzle was usedtHer carrier stream. The
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experimenthparameters are also showriTable 3.1.

Table3.1 PPF parameters for singleall/doublewall microspheres

SingleWall Microspheres | DoubleWall Microspheres
Nozzle Configuration Single Glas$Nozzle Double GlasdNozzle
Shell Flow RatémL/hr.) 0 36
Core Flow Rate (mL/hr.) 4 4
Ultrasonic Wave Amplitude (V) +5.00 (Maximum) +5.00 (Maximum)
Ultrasonic Wave Frequency (KHz) | 7.5 5
Ultrasonic Wave Type Sine Sine
PVA Flow Rate (mL/hj. 150500 500-1100

3.2 Materials and Methods

3.2.1Materials

The polymers used for making doubigll/single wall microspheres are PLG for core

phase and PLA for shell phase. The biodegradable polymers were purchased from
LACTEL Absorbable Polymers. The inherent viscosity (i.v.) of PLG, PLA and the
correspnding molecular weight is shown in Table 3.2. For PLA, when inherent viscosity

is low, 0.340.70 dL/g, the chiral structure is pd§, L-lactide). For inherent viscosity of

1.05 dL/g, the chiral structure was poly-ldctide). Chromatography grade of yth

acetate and dichloromethane were obtained from Sigiadch. Bovine Serum Albumin

(BSA or #AFraction Vo, Mol ecul ar Weight 66, 7

was used as model protein.

3.2.2 PPF Fabrication Method

Using the PPF system with freency generator, pump system, visualization system and
collecting system, we employed a double glass nozzle to creatsler®WMS. The

core phase contains Bovine Serum Albumin (BSA) water solution emulsified with
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PLG/dichloromethane (DCM) solution. Ths A deomwbl Ise on o met hod beg
dissolving BSA into deionized water at a concentration of 100 mg/mL. The BSA/water

solution was emulsified with PLG/DCM solution (10% (w/v) PLG) at a volume ratio of

1:10 using Branson Ultrasonic tip at 60% amplitdde 1 minute. The drugolymer

emulsion should be used for PPF within 3 hours. The shell phase is 3% (w/v) PLA

dissolved in either ethyl acetate (EtAc) or DCM.

Table3.2 PLG and PLA inherent viscosity tnolecular veight

Inherent Viscosity (i.v.dL/g) | Molecular Weight (MW Da)

PLG (poly (lactideco-glycolide)) 0.20 4,200

PLG (poly (lactideco-glycolide)) 0.38 15,000

PLG (poly (lactideco-glycolide)) 0.61 38,000

PLA (poly (D, L-lactide)) 0.34 38,000

PLA (poly (D, L-lactide)) 0.37 43,000

PLA (poly (D, L-lactide)) 0.70 106,000

PLA (poly (L-lactide)) 1.05 192,000

The core BSA/watePLG/DCM emulsion was put into one of the syringe pump in
PPF system and the PLA EtAc or DCM solution was put ineodther syringe pump.
The 0.5%(w/v) poly (vinyl alcohol) (PVA)water solutioras carrier stream was put into
the gear pump. Each solution was pumped to the nozzle at specific flow rates shown in
Table 3.1 The frequency generatavas turned orafter the stream coming outfahe
nozzle system was steadyne frequency, amplitude and PVA flow rate were adjusted to
produce a steady, uniform droplets stream. To visualize and monitor the fabrication
process, turned on the strobe light and set the frequenbg sfrobe light the same as the
acoustic wave frequency. The droplets stream was visualized byidhe camera
connected to the computer/TV monitor. NascBWMS were collected in a 500 mL
beaker with 206600 mL of 0.5% (w/v) PVA solution and were starfor another 3 hours

for organic solvent extraction/evaporation. Then the particles fiene=d (Filter Paper
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#4, Whatman) an@vashedthree timesy deionized water and lyophilized for 48 hours.
Samples were stored until use ir28 °C freezer with ddéscant.

For singlewall microspheres, single glass nozzle was employed and|&Rfed
PLG stream was put into one syringe pump. The concentration of BSA/water solution
and PLG/DCM solution was the same&/MS fabrication. And so wathe process for
emulsfication. No shell phase was needed for sirgil microspheres and using
parameters in Table 3.1, uniform particles could be formed at desired diameter. Nascent
singlewall microspheres in 20600 mL of 0.5% (w/v) PVA solution were stirred for
another 3hours. The particles weffdtered, washed by deionized water, as above, and

lyophilized for 48 hours. Samples were stored i8G&’C freezer with desiccant.

3.2.3 Size Distribution

The size distributions of nascent microsphekest particles before Iymhilizing) were
determined using a Beckman Coulter Multisizer Ill. The particle size of nascent droplets
would decrease as the organic solvent was extracted by the PVA solution. Aftér 30
minutes, the size of microparticles remained constant, and thetested the size
distributions using a 200 micron apert{i5&]. More than 10,000 spheres were measured

for every sample.
3.2.4 Solvent Selection foDouble-Wall Microspheres

For dissolving biodgradable polymers such as PLG and PLA, organic solvents such as

ethyl acetate (EtAc) and dichloromethane (DCM) are normally [&€elb, 31]. Figure

3.1 shows the size distribution B'WMS with EtAc and DCM as shell or core solvents
Using DCM as both core and shell solvent (denoted as DCM (DCM), Figure 3.1 A),

the primary particle size distribution was narrow and the uniformiWwMS was good.

Using EtAc as shell solvent and using DCM as core solvent (EtAc (DCM), Figure 3.1 B),
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the primary particle size distribution was also narrow and uniformity was good although
not as good as DCM (DCM). There were Abumps
some particles smaller than desired diameter formed in this solvent configuration. This
was probably due to the fast extraction rate of EtAc in the dilute shell phase (3% (w/v)
PLA in EtAc) by PVA solution. Not fully encapsulated cefeell structureddWMS were
produced as a resyé4]. In both of these cases, the volume percent of the main peaks
were high (around 10%). However, when EtAc was used as core solvent and whether the
shell solvent was DCM or EtAc (DCM (EtAc), EtAc (EtAc)), theiformity was poor.

This was probably because the fast extraction of EtAc from the condensed core to the
PVA solution jeopardized the formation of the esteell structure. When DCM was used

as core solvent, due to the slow evaporation rate of DCM to PMiian the condensed
coreis better confinedluring solvent evaporation, and monodispdd8¥MS could be
formed. So the DCM (DCM) and EtAc (DCM) solvent configurasi@regood choice

for producing monodisperd8WMS using PPF.
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Figure3.1 Size distributions of different solvenbfigurations (A) DCM as both shell and core solvent; (B) EtAc as shell solvent and DCM as core solvent; (C)
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DCM as shell solvent and EtAc as core solvent; (D) EtAc as both shell and core solvent.
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3.2.5Double-Wall Microspheres Fabrication

3.2.5.1 EtAc (DCM)Double-Wall Microspheres

The solvent configuration of EtAc (DCM) was usea produce monodisperse
DWMS. The core phase was 100 mg/mL BSA/water solution emulsified with 10% (w/v)
PLG/DCM solution at a volume ratio of 1:10. The shell phase was 3% (w/v) PLA
solution. PVA(0.5%)was used as carrier stream. The flow rates of coré,astdcarrier
streamwere 4 mL/hour, 36 mL/hour areD0-1100 mL/hour Other PPF parameters are
shown in Table 3.1.

Firstly, we kept the core polymer PLG inherent viscosity at a constant 0.20 dL/g and
increased the shell PLA inherent viscosity from 0.Bigdo 1.05 dL/g. Figure 3.2 shows
the size distribution for these samples. Figure 3.2 A is the size distribution for PLG i.v.
0.20 and PLAi.v. 0.37 (denoted as Sample Al), the uniformity is good and the measured
outer diameter by Coulter Multisizer 1l§ 65.12.0 ym. Using the material balance of
PLG and PLA, and assuming 100% vyield of particles and total phase separation of PLG
and PLA, the calculated PLG core diameteB3s8 pm and the thickness of PLA drug
free shell of Al is 9.7 pm (denoted as 935(8) um). Figure 3.2 B is the size distribution
for PLG i.v. 0.20 dL/g and PLA i.v. 0.70 dL/g (Sample A2). Good monodispersity and
high volume percent of the main peak are shown in the distribution curve. Measured
diameter is56.842.8 pm, and calculated @re diameter and shehickness are 36.9 and
10.0pm (10.0 (36.9) pm). PLAi.v. 1.05 dL/g could not dissolved in EtAc.

Secondly, we kept the shell polymer PLA inherent viscosity constant at 0.34 dL/g
and increased PLG inherent viscosity from 0.20 ditdg0.38 dL/g and 0.61 dL/g
(samples A3, A4 and A5). Figure 3.3 shows the distributions of these sampi&s BA
A4 and GAb5).
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All three samplegxhibit good uniformity and high main peak volume percent. The
measured outer diameters &@4+2.4 pyn, 55.52.0 um and 55.04£1..6 pum for A3, A4
and A5. Still using the 100% vyield and total phase separation assumption, the calculated
core diameter and shell thicknesses are 9.9 (36.7ph(36.1) pm and9.6 (35.7) pm,

respectively.
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Figure 3.2 Size dstributiors of EtAc (DCM) DWMS: (A) Sample A1,PLG i.v. 0.20 and PLA i.v. 0.37B) Sample A2, PLG i.v. 0.20 and PLA i.v. 0.70

30



20 20

A B
15 15
ES
© 10 10
£
=
]
>
5+ R
0 T T A0 T T
20 40 60 80 100 20 40 60 80 100
20 Particle Diameter (um)
C
15 -
®
@© 10 -
€
=
o
>
51
0 T T
20 40 60 80 100

Particle Diameter (um)

Figure 3.3 Size dstributions of EtAc (DCM)DWMS: (A) Sample A3, PLG i.v. 0.20 and PLA i.v. 0.34; (B) Sample A4, PLG i.v. 0.38 and PLA i.v. 0.34; (C)
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3.2.5.2 DCM (DCM) Double-Wall Microspheres

For DCM (DCM) configuration, wemployedshell polymer PLA inherentiscosities of

0.37 dL/g, 0.70 dL/gand 1.05 dL/g and kept the core polymer PLG inherent viscosity
constant at @0 dL/g (sample C1, C2 and C3). Figure 3.4 shows the size distributions of
these samples (€1, BC2 and GC3). All three samples had very good uniformity
except some small dropletgere formed in the 460 pun range. The measured outer
diameter of C1, C2ral C3 are54.841..4 um, 554+41.7 ym and 56.62.1 um while the
calculated core diameter and shell thickness are 9.6 (35.6) pm, 9.7 (36.0) pm and 9.9
(36.8) respectively.

3.2.6 SingleWall Microspheres Fabrication

PLG singlewall microspheres were produceding PPF to mimic the PLG core in
DWMS. Fromthe aboveexperiments, the calculated diameters of PLG coere 35-37

pm which was set as the desired diameter. Using only one pump and PPF parameters
show in Table 3.1, we produced uniform singlall microsgheres with diameteB5.2

+1.0 um (Sample E1). Figure 3.5 shows the distribution curve.

3.3 Conclusions

Using PPF, we produced monodispel&MS with PLG-BSA core and PLA shell. For
organic solvents DCM and EtAc, we found that using DCM as the core PLG phase
solvent and either DCM or EtAc as the shell PLA phase solvent could produce
monodispers®WMS as desired. However, using EtAc as core PLGsplslvent would
lead toDWMS with poor monodispersity.

Using EtAc (DCM) and DCM (DCM) we produced monodispeBB3&MS with

different PLG and PLA inherent viscosity. The outer diameters of these samples are
32



similar (within 2 microns). We also produced umifosinglewall microsphere®f the
same diameteas the calculated core diameter BMWMS for comparison. Table 3.3
shows the outer diameters, calculated core diameters and calculated shell thickness of

these samples.
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Figure 3.4 Size dstributions of DCM (DCM)DWMS: (A) Sample C1,

PLG i.v. 0.20 and PLA i.v. 0.37; (B) Sample C2, PLG i.v. 0.20 and PLA i.v. 0.70; (C)
Sample C3, PLG i.v. 0.20 and PLA i.v. 1.05.
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Table3.3 Dimensions of doublgvall/singlewall microspheres

Code Solvent Selection PDLL or PLL PLG core i.v. Outer Diameter Core Diameter Shell Thickness
Shell (Core) Shell i.v. Measured @) Calculated ) Calculated )

Al EtAc (DCM) 0.37 0.20 55.12.0 35.8 9.7

A2 EtAc (DCM) 0.70 0.20 56.82.8 36.9 10.0

N/A  EtAc (DCM) 1.05 0.20 N/A N/A N/A

A3 EtAc (DCM) 0.34 0.20 56.4122.4 36.7 9.9

A4 EtAc (DCM) 0.34 0.38 55.5122.0 36.1 9.7

A5 EtAc (DCM) 0.34 0.61 55.04.6 35.7 9.6

C1 DCM (DCM) 0.37 0.20 54.841.4 35.6 9.6

C2 DCM (DCM) 0.70 0.20 55.44.7 36.0 9.7

C3 DCM (DCM) 1.05 0.20 56.62.1 36.8 9.9

El (DCM) N/A 0.20 35.2 4.0 35.2 0
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Chapter 4. CHARACTERIZATION AND IN VITRO RELEASE OF UNIFORM
BSA LOADED DOUBLE -WALL/SINGLE -WALL MICROSPHERES

4.1 Loading Test

To test the loading of each batch of rojgarticlesproduced in Chapter 3, a sample of
approximately 5 mg was dissolved in 100 [L dimethyl sulfoxide (DMSO). After
complete dissolution, the solution was pipetted into 1 mL of phosibudfired saline

(PBS, pH 7.44.05) then incubated for 1 hour in %7 incubator shaking at 240 rpm.
Next, the mixture was centrifuged for 10 minutes at 10,000 rpm to settle the precipitate.
BSA concentration in the supernatant was determined using BCA assage]Pi
according to the protocol provided by the manufacturer. All absorbance measurements
were taken on a SpectraMax 340 PC equipped with SoFTMax Pro software. The loading
of each batch equaled the mass of BSA measured by absorbance per mass & particle
The encapsulation efficiency of each batch of microspheres equaled the actual loading
divided by theoretical BSA loading multiplied by 100%. Table 4.1, Figure 4.1 and 4.2

show the loading and encapsulation efficiency of different batches

Table4.1 Loading and encapsulation efficiency of doutall/singlewall microspheres

Code  Solvent Selection PLA PLG BSA Loading Encapsulation
Shell (Core) Shell i.v. core i.v. ( @ BSA/mg Particle) Efficiency (%)

Al EtAc (DCM) 0.37 0.20 10.81 42.73

A2 EtAc (DCM) 0.70 0.20 13.82 54.66

N/A EtAc (DCM) 1.05 0.20 N/A N/A

A3 EtAc (DCM) 0.34 0.20 8.43 33.35

Ad EtAc (DCM) 0.34 0.38 7.37 29.13

A5 EtAc (DCM) 0.34 0.61 6.42 25.37

C1 DCM (DCM) 0.37 0.20 5.00 19.78

Cc2 DCM (DCM) 0.70 0.20 5.18 20.48

C3 DCM (DCM) 1.05 0.20 8.31 32.86

El (DCM) N/A 0.20 17.66 19.42
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Figure 4.1 BSA loading of doublevall/singlewall microspheres(Al) EtAc (DCM), PLG i.v. 0.20 and
PLA i.v. 0.37;(A2) EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.70; (A3) EtAc (DCM), PLG i.v. 0.20 and
PLA i.v. 0.34; (A4) EtAc(DCM), PLG i.v. 0.38 and PLA i.v. 0.34; (A5) EtAc (DCM), PLG i.v. 0.61 and
PLAi.v. 0.34; (C1) DCM (DCM), PLG i.v. 0.20 and PLA i.v. 0.37; (C2) D@MCM), PLG i.v. 0.20 and
PLAI.v. 0.70; (C3) DCM (DCM), PLG i.v. 0.20 and PLAi.v. 1.05; (E1) (DCM), PLG i.v. 0.20.
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Figure 4.2 BSA encapsulation efficiencies of doublall/singlewall microspheres(Al) EtAc (DCM),
PLG i.v. 0.20 and PLA i.v. 0.37; (A2) EtAc (DCM), PLG i.v. 0.20 and PLA i.v. 0.70; (A3) EtAc (DCM),
PLG i.v. 0.20 and PLA i.v. 0.34; (A4) EtAc(DCM), PLG i.v. 0.38 and PLA i.v. 0.34; (A5) EtAc (DCM),
PLG i.v. 0.61 and PLAi.v. 0.34; (C1) DCM (M), PLG i.v. 0.20 and PLA i.v. 0.37; (C2) DCM (DCM),
PLG i.v. 0.20 and PLAi.v. 0.70; (C3) DCM (DCM), PLG i.v. 0.20 and PLA i.v. 1.05; (E1) (DCM), PLG i.v.
0.20.

DCM has low boiling point and subsequently fast evaporation rate. Because of its
low water stubility (1.6% wi/w), the primary particle hardening mechanism is by solvent
evaporation. The assumption has been made here that the rate of extraction of solvent
from the microparticles is not limiting compared to the rate of solvent evapof&#pn
For EtAc, the increased water solubility (8.7% w/w) leads to a much faster removal of
solvent from nascent particles. However, EtAc has a higher boilingt pous the
evaporation process will be significantly slowed. Despite this offsetting

extraction/evaporation interplay, a previous study has shown HiAt-based
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microspheres harden faster than those formed with D&Y From Figure 4.1 and 4.2,
we found the BSA loading and encapsulation efficiency of EtAc (DCM) DWMS Al, A2,
A3, A4 and A5 were in general higher than DCM (DCM) DWK$ and C2 but not C3.
This is probably due to fast extractiontbé shell solvent EtAc, which can provide better
en@psulation of the BSALG coreand thus keep as much BSA as possible within the
microspheres during solvent extraction/evaporation. When DCM wsasl asshell
solvent, the slow evaporation of DCM in both shell and core walldsv BSA diffusion
toward theparticle surface and poor encapsulation of the B%& core by PLA.

For EtAc (DCM) DWMS, increasing shell PLA inherent viscosity from 0.37 dL/g
(Mw 43,000 Da) to 0.70 dL/g (Mw 106,000 Da) with the core PLG inherent viscosity
constant at 0.20 dL/g (Mw 4,0) increased the loading and encapsulation efficiency.
This is also the case for DCM (DCM) DWM®hen shell PLA inherent viscosity
increased from 0.37 dL/g (Mw 43,000 D@ 0.70 dL/g (Mw 106,000 Daand1.05 dL/g
(Mw 192,000 Da). FosampleC3, which coniined1.05 dL/g PLAshell the chirality
changed from poly (D, dlactide) to poly (klactide), the BSA loading and encapsulation
efficiency increased dramatically compared to C1 and C2. For both EtAc (DCM) and
DCM (DCM), increasing shell PLA inherent vissty (molecular weight) would lead to
higher loading and encapsulation. This is probably becddedsagher molecular weight
PLA shellwasmore hydrophobic andouldbetter confine the BSA/water particulate into
the PLG core regiof66]. ForsamplesA3, A4 and A5, using EtAc (DCM) and constant
shell PLA inherent viscosity of 0.34 dL/g (Mw 38,000 Da) while increasing core PLG
inherent viscosity from 0.20 dL/g (Mw 4,200 Da), 0.38 dL/g (Mw 15,000 Da) @& O.
dL/g (Mw 38,000 Da), the loading and encapsulation efficiency decreased. We cannot yet
explain this phenomenon. However, the microscopy study dDYN#S reported below
will provide additional insight.

For PLG singlewall microspheres at inherent visity 0.20 dL/g, the loading was
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higher than aIDWMS because there was no dffige PLA layer. On the other hand, the
encapsulation efficiency of singleall microspheres was lower than &WMS. The
reason for this might be that the lack of dfuge PLAlayer could lead teasierdiffusion

or escape of BSA out of the microsphesesithus poorer encapsulation of the BSA.

4.2 Microscopy

4.2.1 Scanning Electron Microscope

Hardened doublgvall and singlewall microspheres were preparddr imaging by
placing a droplet of an aqueous microsphere suspension on a silicon stub. The samples
were dried overnight and were sputter coated with gold and platinum prior to imaging
[59].

In order to imge the crossection of the microspheres, we first froze microspheres
in a 1.7 mL micrecentrifuge tube immersed in liquid nitrogen. Then we chopped the
frozen microspheres using a blade on a glass slide. The JOEL 6060 LV Scanning Electron

Microscope was sed at an acceleration voltage e2®kV.
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Figure4.3 SEM general view, close view and cresction vew of DWMS: (A, B, C) Sample Al, EtAc
(DCM), PLG i.v. 0.20 and PLAi.v. 0.37; (D, E, F) Sample ARAE(DCM), PLG i.v. 0.20 and PLA i.v.
0.70.
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