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ABSTRACT

Controlled drug delivery utilizing novel biodegradable and biocompatible pentablock
copolymers could be a valuable strategy for the treatment of chronic eye diseases. In attempts
to achieve controlled drug release, various approaches were evaluated which eventually
resulted in the development of novel polymeric material and a delivery system.

Poly (ethylene glycol)-poly (e-caprolactone)-poly (ethylene glycol) (PEG-PCL-PEG)
thermosensitive hydrogel was employed for sustained drug delivery. A polymeric additives
strategy was selected based on the property to provide better packing through intra- and
intermolecular interactions between the triblock polymeric chains of the hydrogel matrix.
PCL was selected as a hydrophobic additive and polyvinyl alcohol (PVA) as a hydrophilic
additive, respectively. The additives strategy was found to modulate the sol-gel transition and
drug release kinetics from the hydrogel. The effect of PCL on the sol-gel transition was more
pronounced than PVA. However, PVA played a dominant role in regulating drug release

kinetics, whereas no significant difference in drug release was observed with PCL.
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To accelerate the degradation rate of highly crystalline and hydrophobic PCL block
we have successfully synthesized pentablock polymers based thermosensitive hydrogel by
incorporating PLA block in the center of PEG-PCL-PEG. These polymers were characterized
by 'H NMR, GPC, and FT-IR. The effect of block composition on the sol-gel transition,
crystallinity, and drug release kinetics was studied. The release kinetics of hydrophobic drug
was easily modulated by altering the hydrophobic block segment. Moreover, the effect of
block composition on the sol-gel transition was evaluated.

A specific combination of molecular weight and block ratio of pentablock copolymer
can be utilized for nanoparticles preparation. We have also successfully polymerized PCL
with PEG and faster degrading blocks such as polyglycolic acid and and polylactic acid for
the preparation of nanoparticles. Nanoparticles alone demonstrate initial burst release due to
surface adsorbed drug molecule. A final composite formulation based approach
(nanoparticles suspended in thermosensitive gel) minimized the burst release of drug and
resulted in continuous nearly zero order drug release. Pentablock copolymers also resulted in
a negligible release of inflammatory mediators in different cell lines. Therefore, we have

successfully developed a novel biomaterial for controlled drug delivery.

v



APPROVAL PAGE

The faculty listed below, appointed by the Dean of the School of Graduate Studies have
examined a dissertation titled “Development and Evaluation of Novel /n Situ Depot-Forming
Controlled Release Formulations” presented by Gyan Prakash Mishra, candidate for the

Doctor of Philosophy degree, and certify that in their opinion it is worthy of acceptance.

Supervisory Committee

Ashim K. Mitra, Ph.D., Committee Chair
Department of Pharmaceutical Sciences

Chi Lee, Ph.D.
Department of Pharmaceutical Sciences

Kun Cheng, Ph.D.
Department of Pharmaceutical Sciences

J. David Van Horn, Ph.D.
Department of Chemistry

Andrew Holder, Ph.D.
Department of Chemistry



CONTENTS

ABSTRACT ...ttt ettt e eat e e sttt e ettt e ettt e et e e st e e b e e nanee s il
LIST OF ILLUSTRATIONS ...ttt ettt ettt ettt ettt e st e e e e es ix
LIST OF TABLES ... ettt ettt e ettt e et e e e e eeee Xiv
ACKNOWLEDGEMENTS ... .ottt e eeaee e s XV
CHAPTER

1. LITERATURE REVIEW L...oiiiiiiiiii ettt ettt e eeinee e 1
Ocular anatomy and PhYSIOIOZY ....eeiiiiiiiiiiiiiiiiie e e e e e ee e e e e e e e e 1
Barriers to ocular drug delIVETY ........uvviiiiiiiiiiiiee e e e 7
Administration routes for ocular drug deliVery ...........oooociiiiiiiiiiiiiiiee e 16
Biodegradable POIYMETS .......ccooiiiiiiiiiiiiee e e e e e ea e e e 21
2. INTRODUCTION......cooitiieiiiee ettt ettt e et e e st e et e e et e e enseeenseeennneeennneeas 31
OVEIVIBW ...ttt ettt e ettt e e ettt e e ettt e e e e sttt e e e easbb e e e e enbbeee e e nbbeeeaennnbeeaeennnneas 31
Statement 0f the ProbIEM............oiiiiiiiiii e e e re e e e e e e e e 33
[0 0] 15101 5 A £ U UPPUPP 34

3. EFFECT OF HYDROPHOBIC AND HYDROPHILIC ADDITIVES ON SOL-GEL
TRANSITION AND RELEASE BEHAVIOR OF TIMOLOL MALEATE FROM

POLYCAPROLACTONE BASED HYDROGELS ... 36
RATIONALE .....eiiiniiie ettt e e ettt e e ettt e e e ee e e nneas 36
Materials and mMEthOdS. ...........oiiiiiiiiiiii e 38
Result and diSCUSSION .......uuiiiiiiiiiie et ettt e e ettt e e e et ee e e eeneeeeas 45



CONCIUSIONS ettt et e e e e e et ee e e et ae e e e e e e e eaaeeeeeaaeeeenans 68

4. SYNTHESIS AND CHARACTERIZATION OF NOVEL THERMOSENSITIVE

PENTABLOCK HYDROGELS FOR CONTROLLED DRUG DELIVERY ....................... 69
RAtIONALE ....ceeii ettt et 69
Materials and mMeEthodS. ..........uiiiiiiiiii e 71
Result and diSCUSSION .....ceoiuiiiiiiiiiiiie i e e 77
CONCIUSIONS 1.ttt et e ettt e e et e e s ettt e e e e sabbeeeeeaneaees 99

5. SYNTHESIS AND CHARACTERIZATION OF DIFFERENT PENTABLOCK

COPOLYMER COMPOSITIONS IN THE PREPARATION OF NANOPARTICLES. .....100
RATIONALE ...t e et e et e e et ee e 100
Materials and mMethodS. ...........uiiiiiiiii e 101
ReSult and diSCUSSION .....ceeiiuiiiiiiiiiiie ettt e et e e e e e e e 108
COMNCIUSIONS ettt e eeeiieiiitteeee e e e e ettt e e e e e e e e eataraeeeeeeeeessssssaaeeeaeeeeaaasssssssaaaaeeeeessnssssnaeaaeeeanns 128

6. EVALUATION OF DIFFERENT PENTABLOCK COPOLYMER COMPOSITIONS

BIOCOMPATIBILITY UTLIZING VARIOUS CELL LINES......ccceeiiieeieeee e 129
RATIONALE .....eeieeie e ettt e e ettt e e ettt e e e et eeeeaes 130
Materials and mMethOdS. ...........eiiiiiiiiiii e 127
Result and dISCUSSION ....eeeuiiiiriiiiiiiieeiiie ettt ettt e e 135
CONCIUSIONS ...ttt ettt ettt sttt e s bt e e bt e e et e e et eeebaeeenabeeenanee 143

vii



7. DEVELOPMENT AND EVALAUTION OF COMPOSITE FORMULATIONS OF

NANOPARTICLES SUSPENDED IN THERMOSENSITIVE HYDROGES ................... 144
2 1 T0) 1 21 (SRR 144
Materials and MEthOAS ........cooiiiiiiiiieiiie et 145
ReSult and DISCUSSION. .....ccuuiieiiiiieiiieeiiiee ettt ettt e ettt e sttt e sttt e e tbeeetbeeenneeeenneee 148
CONCIUSIONS ..ttt et e et e e e et e e e et ee e e 158
8. SUMMARY AND RECOMMENDATIONS......ccoiiiiiiiiiiie e 159
N0 001100F: oy PP PPPPPPPPRPRPPRPNE 162
ReCOMMENAALIONS ...uiieiiieiiiiee et e et e ettt e e e eabaeee e e 162
REFRENCES. ... e 164
VT A e s 177

viii



ILLUSTRATIONS
Figure Page
1.1 Structure and schematic representation of various routes of ocular drug delivery ............. 3

1.2 Classification of major barriers to ocular drug delivery. BRB : Blood- Retinal Barrier;

BAB : Blood- Ocular Barrier .........c.ceeiiiiiiiiieiiiie ettt 11
1.3 COTNEAl DAITIETS .....eeieiiiiiiee et et e et e e et e e e 12
1.4 The blood 1etinal DATTIET ......ocueiiiiiiiiiiiiiiie e 13
1.5 Structure of biodegradable polymers. ...........ceevieiiiiiiiiiiiiiiieee e 30
3.1 Synthetic scheme 0f PEG-PCL-PEG...........ccccceiiiiiiiiiiiieeeeeeee e 40
3.2 "TH-NMR spectra of PECE copolymer in CDCl3...........ouovieeeeeeeeeeeeeeeeeeeeeeeeeeee e 47
3.3 Gel permeation chromatogram of PCEC I1 ...........cccccoiiiiiiiiiiiieeeeeeeeeee e 48
3.4 FTIR spectrum Of PCEC I1 .......oooiiiiiiiiiiiee ettt ee e e e e eeae e e e 50
3.5 Sol-gel transition phase diagram PCEC II triblock copolymer aqueous solutions alone
and With 5 Wt %0 PV A .. ettt et e 52
3.6 Sol-gel transition phase diagram PCEC II triblock copolymer aqueous solutions alone
and WIth 5 Wt. %0 PCL..oooiiiiiieee et e e e e e e e e e e e s aeaaeeeeeaas 53
3.7 Photograph of PCEC-II at 25 °C (A) alone (B) with 5 wt. % PVA (C) with 5 wt. % PCL
and at 37 °C (D) alone (E) with 5 wt. % PVA (F) with 5 wt. % PCL ........coccociiiiiii 54
3.8 SEM of PCEC-II (a) alone (b) with 5 wt. % PCL (c) with 5 wt. % PVA ... 57

3.9 In vitro release of TM from PCEC I and PCEC II triblock copolymer (25 wt. %)
hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean + standard
AEVIAtION OF ...ttt e e ettt e e e et e e s ettt e e e e nnba e e e e nnaes 59

3.10 In vitro release of TM 0.5 wt% and 1.0 wt% from PCEC Il triblock copolymer (25
wt%) hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean +
standard deviation Of N=3 ........oiiiiiiiii e 60

3.11 In vitro release of TM from PCEC 1I (25 wt. %) and PCEC II (20 wt. %) with 5 wt. %
PVA hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean =+
standard deviation Of N=3 ........oiiiiiiiii e 62



3.12 In vitro release of TM from PCEC II (25 wt. %) and PCEC II (20 wt. %) with 5 wt. %
PCL hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean =+
standard deviation OF N=3 ........oiiiiiiii e 63

3.13 Rabbit primary corneal epithelial culture cell (rPCEC) viability study. Cell survival
decreased with increase in concentration of PECE hydrogel ............cccccviiiiiiiiiiiniiiieeen, 66

3.14 Rabbit primary corneal epithelial culture cell (rPCEC) viability study performed on two
different compositions. Cell survival decreased with increase of concentration of PECE

NYATOZEL ... e e et e e e e e e ettt e e e e e e e e nttarraaaeeeaans 67
4.1 Synthetic scheme of PEG-PCL-PLA-PCL-PEG.........ccccccciiiiiiiieeeeeeeeeeeeee e 74
4.2 "TH-NMR spectra of PEG-PCL-PLA-PCL-PEG copolymer in CDCls ...........cccovevuuenee... 82
4.3 FTIR spectrum of PEG-PCL-PLA-PCL-PEG .......cccccooiiiiiiiiiiiieeeeeee e 84
4.4 Sol-gel transition phase diagram ............ccccviiiiieeeiiiiiiiiiiee e e e e e aeee e 85
4.5 X-ray diffractogram of PGPCPL-1(green line) and PGPCPL-2(blue line) ..................... 87
4.6 DSC thermogram of PGPCPL-1(green) and PGPCPL-2 (blue) ......cccccceevveviiiiniiinnnnnnnn. 88
4.7 UV-Visible spectra of hydrophobic dye (1, 6-Diphenyl-1, 3, 5-hexatriene) in different
concentrations Of PGPCPL-T ... 89
4.8 Plot of critical micelle concentration of PGPCPL 2.........ccooiiiiiiiiiiieee 90
4.9 Plot of critical micelle concentration of PGPCPL 1........cccccooiiiiiiiiiiiiiiiieeeeeeeeeee e, 91

4.10 In vitro degradation study of PGPCPL-1 and 2 was performed in PBS pH 7.4 and
ANALYZEA DY GPC ...t e e e e e e e e e e e e aaaaaaeeaas 92

4.11 In vitro degradation study of PGPCPL-2 was performed in PBS pH 7.4 and analyzed by

4.12 In vitro degradation analysis of PGPCPL-2 was performed in PBS pH 7.4 and analyzed
DY NIMR ettt et ettt ettt eaneas 94

4.13 In vitro release of ofloxacin from thermosensitive hydrogel in PBS buffer (pH 7.4) at 37
°C. The values are represented as mean + standard deviation of n=3............cccoeviiiiieininnnnn. 95

4.14 In vitro release of prednisolone acetate from thermosensitive hydrogel in PBS buffer
(pH 7.4) at 37 °C. The values are represented as mean + standard deviation of n=3 ............. 96



4.15 Rabbit primary corneal epithelial cell (rPCEC) viability study.........ccccceervveeinieennnnen. 97

4.16 A human retinal pigmented epithelial (ARPE-19) cell viability study...........cccccueeenneen. 98
5.1 Synthetic scheme of PGA-PCL-PEG-PCL-PGA and PLA-PCL-PEG-PCL-PLA ......... 103
5.2 Nanoparticles preparation method..............oeeeieiiiiiiiiiiiie e e 107

5.3 'TH-NMR spectra of PGA-PCL-PLA-PCL-PGA pentablock copolymer in CDCl;......... 109
5.4 "TH-NMR spectra of pentablock copolymer-B in CDCls.........c.coveueueeeeeeeeeeerereeenn 110

5.5 "H-NMR spectra of PIA-PCL-PLA-PCL-PIA pentablock copolymer-C in CDCl; ........ 111

5.6 FTIR spectrum of pentablock copolymer ..............ovviiiiiiiiiiiiiiiiiiieeeeeeeee e, 112
5.7 DLS spectrum of nanoparticles prepared from pentablock copolymer-A...................... 116
5.8 SEM image of nanoparticles prepared from pentablock copolymer-A.......................... 117
5.9 DLS spectrum of nanoparticles prepared from pentablock copolymer-B....................... 118
5.10 SEM image of nanoparticles prepared from pentablock copolymer-B......................... 119
5.11 DLS spectrum of nanoparticles prepared from pentablock copolymer-C.................... 120
5.12 SEM image of nanoparticles prepared from pentablock copolymer-C........................ 121
5.13 X-ray diffractogram of drug loaded nanoparticles, drug and polymer......................... 122

5.14 In vitro release of pentablock copolymer- A nanoparticles in PBS buffer (pH 7.4) at
37 °C. The values are represented as mean + standard deviation of n=3..................ccoee... 124

5.15 In vitro release of pentablock copolymer- C nanoparticles in PBS buftfer (pH 7.4) at
37 °C. The values are represented as mean =+ standard deviation of n=3.................cceeeeen. 125

6.1 Schematic Of ELISA @SSAY....cccuutiiiiiiiiiiiiiiieeiie ettt e 134

6.2 LDH (%) release from the ARPE 19 cells when exposed to the 20 mg/ml of PB-A, PB-B,
PB-C and PLGA (50:50) ...eeiiiiiieiiee ittt 136

6.3 LDH (%) release from the ARPE 19 cells when exposed to the 2 mg/ml of PB-A, PB-B,
PB-C and PLGA (50:50) ...cooiiiiiiieeieee ettt e 136

xi



6.4 Cell viability (%) of the RAW 264.7 cells when exposed to the 20 mg/ml of PB-A, PB-B,
PB-C and PLGA (50:50) ...eiuiiiieiiiiieie ettt sttt s 138

6.5 Cell viability (%) of the RAW 264.7 cells when exposed to the 2 mg/ml of PB-A, PB-B,
PB-C and PLGA (50:50) ...eiuiiiiiiieitee ettt s 138

6.6 TNF-a release from RAW 264.7 after exposure to 20 mg/ml of different polymers...... 140
6.7 TNF-a release from RAW 264.7 after exposure to 2 mg/ml of different polymers ....... 140
6.8 IL-6 release from RAW 264.7 after exposure to 20 mg/ml of different polymers ......... 141
6.9 IL-6 release from RAW 264.7 after exposure to 2 mg/ml of different polymers........... 141
6.10 IL-1P release from RAW 264.7 after exposure to 20 mg/ml of different polymers ..... 142

6.11 IL-1P release from RAW 264.7 after exposure to 2 mg/ml of different polymers ....... 142

7.1 Schematic representation of cCOmposite apProach ............ceeeveeveciiiiiiiieeeeeeeiiiiiieeeee e, 147
7.2 TNF-a release from HCEC cell line after exposure to PGPCPL-1............ccccovviveenennnn. 150
7.3 TNF-a release from HCEC cell line after exposure to PGPCPL-2............cccccvvvveneeenn. 150
7.4 1L-6 release from HCEC cell line after exposure to PGPCPL-1 ...........cooovviniiinnneennn. 151
7.5 IL-6 release from HCEC cell line after exposure to PGPCPL-2 ..........ccoovviiviivninnennn. 151
7.6 IL-1P release from HCEC cell line after exposure to PGPCPL-1............ccooeevvvivnnneennn. 152
7.7 IL-1P release from HCEC cell line after exposure to PGPCPL-2...........ccooocevvvvvvnnennnn. 152

7.8 In vitro release of pentablock copolymer- A nanoparticles suspended in thermosensitive
hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean + standard
deVIation OF N3 ..ottt e e et e e e e e et e e e 155

7.9 In vitro release of pentablock copolymer- C nanoparticles suspended in thermosensitive

hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean + standard
deVIation OF N3 ..ottt e e et e e e e e e 156

xii



TABLES
Table Page

1.1 The Permeability of various molecular weight Fluorescent probes across rabbit RPE-
CROTOMA ..ttt et e ettt e ettt e e et e e enb e e et eeeatbeeesbeeenaneeas 14

1.2 The Permeability of molecules with different lipophilicity across rabbit RPE-Choroid .. 15

1.3 Overview of various routes of ocular drug delivery.........cccccoeeevviiiiiiiiieieeeee e, 17
3.1 Molecular weight diStrIbULION .......cceieiiiiiiiiiiiiee e e e e e eeareeeeeeeeeas 49
3.2 KINETIC PATAIMEGLETS ...eeeeeeeeeiiiiiiiieeeeeeeeesiiitireeeeeeeesasaatareeeeeeseeassnsnsaereeeeesesssnnsssneeeeeeeenns 65
4.1 Molecular weight diStrIDULION .......cceiiiieiiiiiiiiieee e e e e e eeee e 83
5.1 Nanoparticles characCteriZation ...............eeeeeeeeeeiiiiiiiiieeeeeeeeeeirieeeeeeeeeeseaarreeeeeeeeesnnnnns 115
5.2 Kinetic parameters of in vitro release profile of nanoparticles...........cccecvvviiiieeeeennnnnns 127

7.1Kinetic parameters of in vitro release profile of nanoparticles suspended in
thermosensitive NYArOZEl........coooieiiiiiiiiiiee e e e e e 157

xiii



ACKNOWLEDGEMENTS

Finally the day arrived where I have to express my sincere regards to everyone
contributed in the successful completion of my research work. I am extremely thankful to my
advisor Dr. Ashim K. Mitra for his constant motivation, exceptional guidance and support to
pursue research on novel block copolymers. His guidance was extremely helpful in
successfully solving many scientific challenges encountered during synthesis and
characterization of pentablock copolymers for ocular drug delivery. I am thankful to Drs. Chi
Lee, Kun Cheng, J. David Van Horn and Andrew Holder for their valuable contributions as
my dissertation supervisory committee members. I am also thankful to Drs. Dhananjay Pal,
Swapan Samanta and Subramanian Natesan for valuable scientific discussions in the field of
cell culture, chemistry and formulations. These discussions helped me to solve many
challenging difficulties in the area of polymeric drug delivery. I would also express my
regards to Mrs. Ranjana Mitra for constant support throughout my stay at UMKC. I am also
thankful to Viral Tamboli for constant discussions and helping me in carrying out almost
every single experiment performed during my graduate study. I am also thankful to Sulabh
Patel for helping in all the cell culture work. I am privileged to have the company of these
brilliant labmates in my research group. I am also thankful to the other faculty members
especially Dr. Thomas Johnston for improving my understanding about basic concepts of

drug delivery.

I am also thankful to numerous researchers from UMKC and other institutions for not
only allowing me to use their equipments but also helping me to understand the basics of the

equipment in their lab. In this regard, I am thankful to Dr. Richard Hopkins and Dr. Gabriel

X1V



L. Converse from The Children’s Mercy Hospital for helping in the DSC studies. I would
also express my sincere thanks to Dr. James B. Murowchick (School of Geological Sciences)
and Dr. Vladimir M. Dusevich (School of Dentistry) for helping in XRD and SEM studies
respectively. I am thankful to Joyce Johnson and Sharon Self for assistance in administrative
work. I appreciate Connie Mahone and Nancy Hoover from School of Graduate Studies for
their help. I am also thankful to National Institute of Health for constant funding for
performing this work. Last, but the most important, I thank my parents for immense faith in

me throughout my studies.

XV



CHAPTER 1

LITERATURE REVIEW

Ocular Anatomy and Physiology

Ocular drug delivery is challenging in terms of achieving optimum drug
concentration due to the unique protective mechanisms of the eye. Development of a drug
delivery system for attaining therapeutic concentration at the target site requires a
comprehensive understanding of the static and dynamic barriers of the eye. The eye is
divided into two chambers — commonly known as the anterior chamber and the posterior
chamber (Fig. 1.1). The anterior chamber is mainly comprised of cornea, conjunctiva, iris,
ciliary body, and lens. The posterior chamber includes sclera, choroid, vitreous humor, and
retina. The common routes of drug administration for the treatment of eye disorders are
topical, systemic, periocular, and intravitreal. Topical administration is the most preferred
route because of highest patient compliance and its least invasive nature. Upon topical
instillation, absorption of drugs takes place either through a corneal route (cornea, aqueous
humor, intraocular tissues) or noncorneal route (conjunctiva, sclera, choroid/RPE). The
cornea can be mainly divided into the epithelium, stroma and endothelium, where each layer
offers a different polarity and a potential rate-limiting structure for drug permeation. The
non-corneal route involves absorption across the sclera and conjunctiva into the intraocular
tissues. However, a small fraction of the topically applied drug, generally less than 5%,
reaches the intraocular tissues. Factors responsible for poor ocular bioavailability following
topical instillation are precorneal drainage and the lipoidal nature of the corneal epithelium.

In addition, a major fraction of drug reaches the systemic circulation through conjunctival
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vessels and nasolacrimal duct, which leads to severe adverse effects. Consequently, topical
routes have met with limited success in attaining therapeutic drug concentrations in the
posterior segment. Systemic administration can provide therapeutic levels in the posterior
segment, but administration of high doses is necessary, which often leads to severe side
effects. The Blood-aqueous barrier and blood-retinal barrier are the two major barriers for
anterior segment and posterior segment ocular drug delivery, respectively, after systemic
administration. The tight junctional complexes located in the two discrete cell layers, the
endothelium of the iris/ciliary blood vessels, and the nonpigmented ciliary epithelium offer
blood-aqueous barrier which prevents the entry of solutes into the aqueous humor. The Blood
retinal barrier is composed of two types of cells, that is, retinal capillary endothelial cells and
retinal pigment epithelium (RPE) cells which prevent the entry of solute into the retina.
Intravitreal administration requires frequent administration which may lead to high
susceptibility for vitreous hemorrhage, retinal detachment and endophthalmitis. These side
effects can be minimized by developing delivery systems which provide controlled and
targeted drug delivery for prolonged periods (Geroski and Edelhauser, 2000; Mitra, 2009;
Urtti, 2006). Conventional ophthalmic formulations such as solutions and suspensions exhibit
poor bioavailability. Over the last decade, numerous drug delivery systems have been
explored to overcome the limitation of conventional dosage forms. Novel formulations such
as nanoparticles, liposomes, dendrimers, and niosomes were developed to enhance drug
bioavailability and to minimize adverse effects (Kaur and Kanwar, 2002; Mishra et al., 2011;
Wadhwa et al., 2009). Among them polymeric formulations were widely explored in the last

decade for drug delivery applications.
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Figure 1.1 Structure and schematic representation of various routes of ocular drug delivery
[adapted with permission from ref (Mishra et al., 2010)]



Anterior Chamber

(i) Cornea

The Cornea is the outermost transparent membrane of the eye. It is avascular in
nature and receives nourishment from the aqueous humor and capillaries originating in
limbal area. The Human cornea is about 0.5 mm thick and composed of five layers — corneal
epithelium, Bowman’s membrane, stroma, Descemet’s membrane, and endothelium (in this
sequence from the outermost to the innermost). The epithelial layer consists of five to six
layers of columnar cells. The outermost layer is composed of non-keratinized squamous cells
with tight junctions between adjacent cells. The innermost layer is columnar in shape and
commonly known as the germinal layer. Bowman’s membrane is mainly formed from
collagen fibrils. Stroma, also known as substantia propria, is composed primarily of collagen
fibrils. Descemet’s membrane is a thick basal lamina between the stroma and the
endothelium. The endothelium is composed of single layer of squamous cells (Klyce and
Beuerman, 1988).
(ii) Iris

The iris is composed of pigmented epithelial cells and the constrictor iridial sphincter
muscles (circular muscle of the iris). These muscles are innervated by cholinergic nerves
which upon contraction cause miosis, (constriction of the pupil). Iris also contains the dilator
muscles, oriented radially, which mediate mediate mydriasis (dilation of the pupil) upon
sympathetic stimulation (Stjernschantz and Astin, 1993).
(iii) Ciliary Body

The ciliary body is formed from ciliary muscles and ciliary processes. Ciliary muscle

is a smooth muscle comprised of fibrous bundles which are vascularized with folding that
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extends into the posterior chamber. Its non-pigmented epithelial cells form the blood-aqueous
barrier, which restricts the movement of proteins and colloids into the aqueous humor
(Stjernschantz and Astin, 1993).
(iv) Conjunctiva

The conjunctiva consists of a clear mucous membrane, consisting of three parts -
palpebral, fornical, and bulbar, and an underlying basement membrane. The membrane
covers the inner part of the eyelid as well as the visible part of sclera (white part of the eye).
It is composed of non-keratinized stratified columnar epithelial cells (Stjernschantz and
Astin, 1993). It helps to lubricate the eye by producing mucus and some tears.
(iv) Aqueous Humor

Aqueous humor is the nutritive and protective fluid between the lens and the cornea.
It is composed of 99% water and proteins, glucose, ascorbates, amino acids, and ions such as
bicarbonate, chloride, sodium, potassium, calcium and phosphate. It is secreted from the
ciliary body (2-3 pul/ min) and circulates from the posterior to the anterior chambers before
most of it is drained through the trabecular meshwork, to the canal of Schlemm. A minor
route of aqueous outflow is through the uveoscleral pathway. Impaired outflow of aqueous
humor causes elevated intraocular pressure which leads to permanent damage of the optic
nerve and consequential visual field loss which can progress to blindness (Hazin et al., 2009).

Posterior Chamber

(i) Retina

Retina is a light sensitive tissue comprised of two major layers — retinal pigmented
epithelium (RPE) and neural retina. RPE is the outermost layer which is directly in the

contact with the rods and cones (the light sensing neural cells). These photoreceptors are
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linked to bipolar cells and ganglionic cells. The optic nerve is directly in contact with the
ganglionic cells, which are coupled through amacrine cells. The primary function of RPE is
to provide nutrients to the retina from the choroid. RPE forms a tight junction between the
choroid and the retina. These cells also aid in the removal of shredded photoreceptors
through phagocytosis. The innermost retina primarily receives blood supply from the retinal
artery, whereas the outermost retina receives oxygen and nutrients from choriocapillaries
(Sharma and Ehinger, 2003).
(ii) Vitreous Humor

The vitreous humor is comprised of a hydrogel matrix localized between the retina
and the lens. This matrix is separated from the anterior chamber by anterior hyaloids
membrane and is linked to the retina through ligaments. The vitreous is primarily composed
of hyaluronic acid and collagen fibrils. However, the cortical region contains dispersed
hyalocytes. The volume of vitreous humor is around 4 ml with a water content of 98 to
99.7% and pH around 7.5 (Andersen and Sander, 2003).
(iii) Choroid

Choroid is situated between retina and sclera. It is a highly vascularized tissue which
can be divided into vessel layer, choriocapillaries, and Bruch’s membrane. The vessel layer is
comprised of arteries and veins, whereas choriocapillaries consist of a dense network of
capillaries. Bruch’s membrane is located between the choroid and the RPE. It is composed of
basal lamellae of RPE and the endothelial cells of choroid (Cour, 2003; Sharma and Ehinger,

2003).



(iv) Sclera

The sclera is an external layer above choroid, which primarily protects the inner
organs of the eye. It is about 0.5 to 1 mm thick and mainly composed of collagen bundles
with some dispersed melanocytes and elastic fibers (Edelhauser and Ubels, 2003).

Barriers to Ocular Drug Delivery

The barriers to ocular drug delivery exist at both the molecular and tissue level, as

classified in Fig. 1.2.
Precorneal Tear Clearance

Precorneal tear clearance is a major rate limiting factor in ocular drug absorption of
topically administered drugs because the instilled drug is eliminated from the corneal surface
by lacrimal fluid drainage. An applied dose can also be eliminated by systemic absorption
through the conjunctival sac and/or the nasolacrimal duct (Urtti et al., 1984). All these factors
limit ocular bioavailability of topically administered drugs to less than 5 % (Urtti and
Salminen, 1993).

Corneal and Conjunctival Barriers

The corneal epithelial cells limit the permeation of hydrophilic drug molecules across
the cornea due to the presence of tight junctions and the lipid-rich epithelial membrane (Fig
1.3). Tight junctions act as a seal around the epithelium, which restricts the entry of polar
drug molecules into the cornea. These tight junctions are formed around the epithelial cell
membranes, which are bound by cell adhesion proteins such as occludin, zonula occludens-1
(ZO-1) and ZO-2 (Yi et al., 2000). The tight junctions hinder paracellular transport of polar
drugs across cornea, whereas lipophilic drugs can permeate through lipid bilayer by passive

diffusion.



Permeation enhancers, such as L-arginine, can improve the permeability of polar
molecules (e.g., fluorescein isothiocyanate (FITC)-dextran), across the cornea by modulating
tight junctions (Nemoto et al, 2006). lonization can also decrease the transcellular
permeability, whereas molecular size does not have any significant effect on corneal
permeability. Therefore, the pH of topical ocular formulations is an important factor in
optimizing the ocular bioavailability of ionizable compounds (Brechue and Maren, 1993).
The stroma, which lies beneath the corneal epithelium, constitutes a major barrier to
lipophilic drug absorption. This layer is composed of 90% water. Therefore, lipophilic drugs
cannot readily partition into the stroma. Thus, it may act as a depot for hydrophobic drug
molecules (Prausnitz and Noonan, 1998).

The Bowman’s and Descemet’s membranes do not provide any significant resistance
to drug permeation, whereas the single layer of endothelial cells presents a weak lipophilic
barrier for drug molecules. The conjunctival epithelium is leakier and has approximately
twenty times more area, two times larger pore size, sixteen times higher pore density, and
two hundred thirty times more paracellular space relative to cornea. As a result, it allows
easy permeation of hydrophilic macromolecules and serves as a potential route for the
delivery of macromolecules (Watsky et al., 1988). The apical conjunctival epithelial cells are
attached by desmosomes, which connect the intracellular spaces and thus restrict the
movement of proteins and peptides (Pfister, 1975).

Conjuctival permeability of peptides and proteins such as insulin (molecular weight
5800) and p-aminoclonidine (molecular weight 245.7) is higher than corneal permeability
(Chien et al., 1991). Studies by Urtti et al. showed that the permeability of polyethylene

glycols (PEGs) across the cornea was fifteen to twenty times less than the sclera or
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conjunctiva. However, permeability across sclera is about half the conjunctival permeability,

but it is ten times more than the cornea (Hamalainen et al., 1997).

Blood-Ocular Barriers
(i) Blood-Retinal Barrier (BRB)

BRB is similar in function to blood-brain barrier (BBB) and has similar capillary
endothelial cell permeability to mannitol and sucrose (Cunha-Vaz et al). However,
interendothelial junctions of the BRB are slightly different than the BBB. The retinal
capillary endothelium constitutes the inner blood-retinal barrier (i-BRB). These endothelial
cells are sealed with zonulae occludens, which acts as a barrier to hydrophilic molecules,
such as trypan blue and fluorescein (Cunha-Vaz et al.). The BRB also acts as a barrier to
small protein tracers (such as microperoxidase, MW ~1.9 kDa and a hydrodynamic radius of
2 nm) and large protein tracers (such as horseradish peroxidase, MW ~40 kDa and a
hydrodynamic radius 5 nm) (Smith and Rudt, 1975).

The i-BRB restricts bidirectional drug transport from both luminal and abluminal
sides (Peyman and Bok, 1972). It primarily prevents the entry of drug molecules into the
posterior segment of the eye (Fig. 1.4). This barrier is formed by the retinal pigmented
epithelium (RPE) and the retinal endothelium. The RPE forms the outer BRB between the
choroid and the neural retina. It regulates the transport of molecules from choriocapillaries
into retina. Blood flow through choroid and BRB allows only a limited percentage of orally
administered drug molecules to reach the retina. The apical junctional complex of RPE is
formed of tight junctions and adherent junctions. The tight junctions are formed with actin

filaments, which encircle each cell at the apical end to form junctional complexes. Studies



with trypan blue and fluorescein showed the localization of these dyes at the RPE, which
confirmed the presence of tight junctions. A few studies also correlated an increase in the
tight junction-associated protein ZO-1 content with decreased permeability across the RPE
(Stevenson et al., 1988).

Development of these barrier properties was studied with chick RPE, where the
barrier starts developing in the embryo state at day 7 and becomes fully functional within day
15 to 19 (Ban and Rizzolo, 1997). Permeability across the RPE depends upon the pore
radius. It was characterized by permeation studies of solutes with different shapes, charges,
molecular weight, and lipophilicity. Studies by Vargus et al. suggested that compounds with
large molecular radii (such as insulin, 14 A, and sucrose, 5.3 A) cannot permeate into
vitreous humor; where as smaller molecules (such as glycerol, 3 A) permeate very slowly
(Saha et al., 1998). The permeability of molecules of different sizes and polarity is
summarized in Tables 1.1 and 1.2 (Hughes et al., 2005; Pitkanen et al., 2005).

(ii) Blood-Aqueous Barrier (BAB)

The BAB, also known as the anterior chamber barrier, primarily prevents the entry of
exogenous compounds into the aqueous humor. It is formed from the endothelial cells of
uvea, the middle vascular layer of the eye, and is comprised of three parts: the iris, ciliary
body and choroid. The BAB restricts the movement of drug molecules from the plasma into
the anterior chamber (Cunha-Vaz, 2004; Davson et al., 1949).

The BAB is not as effective as the BRB due to the leaky nature of the non-pigmented
epithelium. After intravenous administration, higher concentrations of test substances,
particularly proteins, urea, inorganic salts (sodium, potassium, chloride), and antibiotics are

found in the anterior part of vitreous humor (Davson et al., 1949).
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Figure 1.2 Classification of major barriers to ocular drug delivery. BRB: Blood- Retinal
Barrier; BAB: Blood- Ocular Barrier [adapted with permission from ref (Mishra et al., 2010)]
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Figure 1.4 The blood retinal barrier [adapted with permission from ref (Tamboli et al., 2011)]
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Table 1.1 The permeability of various molecular weight fluorescent probes across rabbit
RPE-Choroid [adapted with permission from ref (Mishra et al., 2010)]

Molecular Molecular Diffusion Permeability

Probe Weight Radius Direction® Coefficient

(Da) (nm) (x107 cm/sec)

. Inward 9.56 + 3.87
Carboxyfluorescein 376 0.5 outward 233+ 10.6
FITC-dextran 4 kDa 4,400 1.3 Inward 2.36 £ 1.56
Inward 2.14 +1.02

FITC-dextran 10 kDa 9,300 2.2 outward 504 +1.03
FITC-dextran 20 kDa 21,200 3.2 Inward 1.34 £1.80
FITC-dextran 40 kDa 38,200 4.5 Inward 0.46 £0.29
FITC-dextran 80 kDa 77,000 6.4 Inward 0.27 £0.32

*Inward is the choroid-to-retina direction; outward is the retina-to-choroid direction
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Table 1.2 The permeability of molecules with different lipophilicity across the rabbit RPE-
choroid [adapted with permission from ref (Mishra et al., 2010)]

Diffusion Permeability
Solute Molecular weight Log p Direction™ Coefficient
(x10°® cm/sec)
Inward 2.21+£0.50
Atenolol 266 0.16 outward 2.00 +0.47
Inward 2.24 +0.54
Nadolol 309 0.93 outward 2.03 £ 0.46
‘ Inward 5.62 +1.87
Pindolol 248 L75 outward 3.48 + 1.69
Inward 18.8 +4.34
Metoprolol 267 1.88 outward 10.6 + 3.19
‘ Inward 14.5 £ 3.48
Timolol 316 1.91 outward 8.41 +£2.67
Inward 16.7 £ 4.48
Betaxolol 307 3.44 outward 10.3 £3.65

* Inward is the choroid-to-retina direction; outward is the retina-to-choroid direction
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Administration Routes for Ocular Drug Delivery

The selection of the appropriate route of drug administration plays a critical role in
targeted drug delivery to the eye. Both local and systemic routes are used for ocular drug
delivery. Local routes include topical, intravitreal and periocular administration as mentioned
in (Fig. 1). The barriers for drug delivery through various routes and strategies to overcome
these barriers are summarized in Table 1.3.

Topical Route

A topical route is commonly utilized for the treatment of anterior segment diseases.
Various constraints such as precorneal tear clearance and conjunctival absorption limit ocular
bioavailability (sometimes to even less than 1%). Also, drug metabolism in the iris-ciliary
body and elimination through the canal of Schlemm (a scleral-venous sinus that collects
aqueous humor from the anterior chamber and delivers it to the bloodstream) results in
further loss from the anterior segment.

Application of this route for posterior segment diseases is limited. Therapeutic drug
concentrations in the posterior segment usually may not be attained as the drug would need
to permeate through cornea, aqueous humor, and the lens (Urtti and Salminen, 1993).
However, some reports suggest that therapeutic levels of some drugs, like verapamil and
brominidine, are attainable in the posterior segment following topical instillation into the
rabbit eye (Kent et al.,, 2006). Earlier, it was believed that overall drug concentration in
posterior segment depends upon the physiochemical properties of the drug itself. Drugs like
nepafenac, a non-steroidal anti-inflammatory drug (NSAID), are used as a prescription eye

drop (e.g., a 0.1 % solution) to treat pain and inflammation associated with cataract surgery.
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Table 1.3 Overview of various routes of ocular drug delivery [adapted with permission from
ref (Mishra et al., 2010)]

Routes of drug | Advantages Disadvantages | Major Barriers Strategies to
administrations overcome these
barriers
Topical route Ease of Low ocular Precorneal tear Gel systems,
administration | bioavailability | clearance, prodrugs, viscosity
conjunctival and penetration
absorption, drug enhancers
metabolism by
iris-ciliary body,
elimination
through the canal
of schlemn
Intravitreal Circumvents | Repeated Toxicity and Prodrugs, micro
route BRB injections Patient non- and nanoparticles,
required that | compliance liposomes
cause retinal
detachment
Periocular Lower risk of | Ocular Loss of drug by Implants, insitu-
routes injury, least haemorrhage, | choriocapillaries gelling systems,
Examples: invasive artery and through micro/nanoparticles
Retrobulbar route, provide | occlusion and | conjunctival and
Peribulbar large surface | globe lymph circulation
Subtenon area, easy perforation
Sub- accessibility,
conjunctival high
permeability

across sclera
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Nepafenac reaches the posterior segment on topical application and inhibits choroidal and
retinal neovascularization by lowering the production of vascular endothelial growth factors
(Lindstrom and Kim, 2006). Other studies have indicated that even macromolecules like
insulin can reach therapeutic concentrations in the retina.’® Some of these topically applied
drugs cause systemic toxicity. For example, phenylephrine causes tachycardia and
hypertension, whereas timolol can cause bradycardia and congestive heart failure (Koevary,
2003). Thus, even though topical drug delivery has some limitations, this route can be used

for targeted drug delivery to both anterior and posterior segment of the eye (Rait, 1999).

Systemic Route

The systemic route is not frequently used for ocular drug delivery. However systemic
administration of acetazolamide is preferred for severe glaucoma as higher intraocular
pressures reduce the absorption of drug from topically administered eye drops (Rosenberg et
al., 1998). Treatments of ocular conditions utilizing systemic administration include human
cytomegalovirus (HCMYV) retinitis, however, the drug concentration achieved at the targeted
ocular tissues is only 1-2 % of the plasma concentration (Macha and Mitra, 2001). Following
systemic administration, drug penetration from blood into the ocular fluid is less in the
vitreous humor compared to the aqueous humor. This is due to the presence of the BOB.
Studies by Macha et al. have shown that only 1-2 % of the plasma concentration can be
detected in the vitreous humor. Therefore, the maintenance of the minimum therapeutic
concentration in the eye may require frequent systemic drug administration, which may cause
adverse effects in other tissues. Therefore, systemic administration may not be considered a

desired route for the treatment of ocular pathologies (Macha and Mitra, 2001).
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Intravitreal (IVT) Administration

IVT injection is mainly utilized for the treatment of posterior segment diseases such
as diabetic retinopathy, using drugs such as bevacizumab (Avastin®), triamcinolone
(Kanalog®), and pegaptanib sodium (Macugen®). Also, viral infections like HCMV retinitis
and endophthalmitis have been treated by intravitreal administration of antivirals like
ganciclovir, cidofovir, and foscarnet (Cheng et al., 2004). This route circumvents the blood-
retinal barrier (BRB). Thus, it is more efficient than either topical or systemic routes.
IVT administration is limited by patient non-compliance due to repeated administration
which may cause retinal detachment followed by vision loss (Baum et al., 1982). Various
strategies have been developed to reduce the frequency of administration by prolonging drug
residence time in the vitreous humor by using prodrugs, microparticles, nanoparticles, and
liposomes (Lopez-Cortes et al., 2001). Reports from our laboratory have indicated that
administration of ganciclovir (GCV) monoester prodrug provides a sustained GCV level in
the vitreous humor compared to the parent drug (Macha and Mitra, 2002). However, toxicity
and non-compliance associated with this route restrict applicability in the treatment of ocular
pathologies.

Periocular Administration

This is one of the least invasive routes of drug administration for the back of the eye.
This route provides direct access to the sclera and transscleral delivery can provide
therapeutic drug concentrations both in the anterior and posterior segments. This route can be
further classified into retrobulbar, peribulbar, subtenon, and subconjunctival depending upon

the site of injection.
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(i) Retrobulbar Injection

This injection is given directly into retrobulbar space. It is generally utilized for drug
delivery into the macular region (highly pigmented yellow spot near the center of retina, rich
in ganglion cells and responsible for central vision). Hyndiuk et al. showed that steroids get
localized near the macular region after retrobulbar injection (Hyndiuk and Reagan, 1968).
Generally, a special type of 23 gauge needle with a 10” bend is utilized for this injection. A
major disadvantage of this technique is damage to the blood vessels around the site of
injection.
(ii) Peribulbar Injection

This route possesses the advantage of lower risk of injury to the ocular structure in
comparison to the retrobulbar injection. The injection can be performed with a 26 gauge
needle (Ebner et al., 2004). Based on the site of administration it can be classified into
circumocular, periocular, periconal, and apical (van den Berg, 2004). This route is generally
useful for the administration of analgesics, but it may cause complications including ocular
haemorrhage, artery occlusion, and globe perforation.
(iii) Subtenon Injection

The subtenon route is mostly used for drug delivery to the posterior segment. It
involves drug administration into the tenon space, which is formed by the void between the
tenon’s capsule and sclera. The major limitation of this route is rapid clearance by
choriocapillaries and drug diffusion across the sclera (Mather and Kirkpatrick, 2003).
(iv) Subconjunctival Injection

This method is one of the least invasive routes among all periocular routes for drug

administration. The subconjunctival space can accommodate up to 500 pl of drug solution
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and injection can be made through a 30 gauge needle (Kim et al., 2002). This route can be
utilized for the treatment of both anterior and posterior segment diseases. It provides large
surface area, easy accessibility, and high permeability across the sclera. This mode of
administration can be utilized for sustained drug delivery in various chronic diseases,
including glaucoma and age-related macular degeneration. A higher dexamethasone
concentration could be achieved in the retina following subconjunctival injection relative to
peribulbar injection or oral administration (Weijtens et al., 2000).

Ambati et al. reported that large hydrophilic molecules, such as proteins and peptides,
can be successfully delivered through this route (Ambati et al., 2000). Similarly, Kim et al.
reported higher concentrations of gadolinium (IIl) - diethyltriaminepentaacetic acid (Gd-
DTPA) in the iris ciliary body following subconjunctival injection compared to other parts of
the eye. This route can also be utilized for the administration of intra-ocular pressure-
lowering drugs, such as mitomycin-C and 5-fluorouracil, both used to treat glaucoma. The
main limitation of this delivery route is the loss of drug, mainly through conjunctival blood
and lymph circulation (Kim et al., 2004a).

Biodegradable polymers

Biodegradable polymers have numerous applications in the field of ocular drug
delivery and can be classified as natural or synthetic. Applications of polyglycolide (PGA) as
suture material in the late 1960 provided an impetus for the design and development of novel
synthetic biodegradable polymers. Synthetic biodegradable polymers (Fig. 1.5) can be
tailored in various compositions and molecular weights. The molecular weight or
composition regulates the degradation of polymer where the main weight loss takes place due

to chain cleavage. Biodegradable polymers generally undergo homogenous or heterogeneous
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erosion. Homogenous erosion, commonly referred as bulk erosion, involves hydrolytic
cleavage of the complete cross-section of polymer matrix. In case of bulk erosion, hydrolytic
degradation is slower than diffusion of water inside the polymer matrix in contrast to faster
hydrolysis rates in heterogeneous or surface erosion. The degradation rate of bulk eroding
polymers is slower and may vary from several weeks to years. Polymers of poly (a-hydroxyl
esters) usually undergo bulk erosion and follow first order degradation kinetics. Polyesters
show complex patterns of no significant degradation in the initial phase followed by rapid
mass loss (Lee et al., 2003; Pulapura and Kohn, 1992). The hydrolytic degradation rate of
polyesters depends on their molecular weight and crystallinity. Low molecular weight poly-
(lactic-co-glycolic acid) (PLGA) degrades faster than high molecular weight PLGA (Lu et
al., 2000). Drug release from a bulk eroding polymer matrix depends upon swelling,
diffusion, and hydrolytic degradation in contrast to surface eroding polymers, where it
primarily depends on hydrolytic degradation. Surface erosion commonly occurs in faster
degrading polymers such as polyanhydrides and poly-(ortho esters) (Jain et al., 2008).
Polyesters

Polyesters are biodegradable polymers having short aliphatic ester linked backbone.
These classes of polymers are generally produced by either ring opening or condensation
polymerization. Ring opening polymerization (ROP) is preferred over condensation reactions
to produce high molecular weight polyesters. Homo- or co-polymers of cyclic lactones and
anhydrides having narrow molecular weight distribution can be polymerized via ROP. In
ROP, hydroxyl group containing polymers such as polyethylene glycol are commonly
employed as an initiator whereas compounds such as stannous octoate and 2-ethylhexanoic

acid are utilized as catalyst. The molecular weight of final polymer can be controlled by
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varying the ratio of monomers. The molecular weight of the polyesters regulates the
hydrolytic cleavage that follows bulk erosion kinetics to produce metabolic products which
are eliminated through normal metabolic pathways (Middleton and Tipton, 2000). The
hydrolytic degradation rate can be altered by varying the crystallinity and structure of the
polymeric chain. These tailor-made degradation properties make them appropriate for
biomedical applications. Among polyesters, poly-a-hydroxy esters are the most broadly
investigated class of polymers for ocular drug delivery applications. This mainly includes
poly (glycolic acid) (PGA), poly (lactic acid) (PLA) and their copolymers.

(i) Polyglycolide (PGA)

PGA is a relatively hydrophilic polymer with high crystallinity and low solubility in
organic solvents. The low solubility in organic solvent is attributed to its higher tensile
modulus. It has a high a melting point of 225 °C and glass transition temperature of 36 °C.
High molecular weight polyglycolide is synthesized by ring opening polymerization. It has a
comparatively higher degradation rate than other polyesters and generates glycine upon
degradation, which eventually eliminates through the citric acid cycle. Major losses in the
mechanical strength of PGA usually take place in one to two months whereas it completely
degrades within six to twelve months. PGA was initially explored for developing sutures
because of their fiber-forming properties and excellent mechanical strength. However, it has
limited role in ocular drug delivery due to faster degradation rate and higher crystallinity.
PGA implants can be easily fabricated by widely applicable processing techniques such as
solvent casting, compression and extrusion techniques. Processing technique utilized for the

production of implant regulate the degradation properties of implant (Jain et al., 1998).

23



(ii) Polylactide (PLA)

PLA is comparatively more hydrophobic than PGA due to the presence of the
additional methyl group. It is chiral in nature because of the structure of lactic acid and
commonly exists in three isomeric forms the D (-), L (+) and racemic (D, L) lactide. The
crystalline nature of PLA depends upon the isomeric forms and molecular weight. Poly-L-
lactide (PLLA) is hydrolyzed through normal metabolic pathway due to presence of naturally
occurring isomer (L-lactide). It has a melting point of 175 °C and glass transition temperature
of 60—65 °C. It also possesses a good tensile strength of 50-70 MPa and high modulus of 4.8
GPa. The degradation rate of PLLA is slower than PGA and usually takes around two to six
years for complete elimination from the body. On the other hand, poly-DL-lactide (PDLLA)
1s amorphous in nature due to presence of racemic mixture. It has glass transition temperature
of 55-60 °C and comparatively faster degradation rate than PLLA. Its faster degradation
kinetic property was utilized for drug delivery applications. All isomeric forms of PLA
follow bulk erosion kinetics and generate lactic acid upon hydrolytic cleavage (Hyon et al.,
1997). Researchers have often utilized PLA for ocular drug delivery applications. In a recent
studies performed by Cui et al., it was observed that subconjunctival administration of 5-FU
loaded PLA disc can provide sustained release for 91 days. Corneal endothelial toxicity was
not observed due to controlled release of 5-FU below its toxic limit. In addition, conjunctival
biopsy revealed that the PLA-based discs are biocompatible for SC administration.

(iii) Poly (lactide-co-glycolide)

Poly-lactide-co-glycolide commonly known as PLGA is obtained by the

copolymerization of lactide and glycolide. This copolymer is hydrolytically less stable than

the monomers, PLA or PGA. Extensive research on the full range of these copolymers
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suggests their implication in drug delivery. These copolymers are divided into two main
compositions, comprised of L or (D, L) lactide. It was observed that compositions having 25-
75% of L-lactide and up to 70% (D, L) lactide are amorphous in nature. As the ratio of
glycolide in copolymer decreases hydrolytic degradation rate increases. The intermediate
PLGA i.e. 50:50 hydrolyses faster in comparison to PLGA 75:25 and PLGA 85:15. PLGA
follows bulk erosion kinetics and its degradation depends on molecular weight and lactide to
glycolide ratio. It is FDA approved for human applications because of the excellent
biocompatibility and controlled degradation profiles (Lu et al., 2009).

PLGA has negative charge and thus has non-mucoadhesive nature. Studies by Gupta
et al. on sparfloxacin loaded PLGA nanoparticles suggest that smaller size of nanoparticles
improve the spreading coefficient and retention time of the formulation (Gupta et al.). PLGA
was also utilized for the production of a drug eluting contact lens. Ciolino et al. investigated
the role of pHEMA (poly [hydroxyethyl methacrylate]) coated PLGA films for the delivery
of ciprofloxacin in the treatment of staphylococcus aureus associated ocular infections. They
reported zero-order release kinetics for a period of 4 weeks and concluded that PLGA
derived contact lens could serve as platform for ocular drug delivery (Ciolino et al., 2009).
Other studies by Eperon et al. showed that PLGA based drug delivery system (DDS) has
better patient compliance due to biodegradable nature of PLGA which avoids surgical
procedure for implant removal. In addition, they observed a significant reduction in post-
operative inflammation and rise of intraocular pressure following application of

triamcinolone loaded drug delivery systems (Eperon et al., 2008).
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(iv) Polycaprolactone (PCL)

PCL is a semicyrstalline polymer synthesized by ring opening polymerization of
e-caprolactone. It has a glass transition temperature of -60 °C and a melting temperature in
the range of 59-64 °C. PCL was investigated for long term delivery due to higher
permeability to many drugs, excellent biocompatibility and extremely slow hydrolytic
cleavage of polyester backbone. The PCL based Capronor” implant was developed for
controlled delivery of levonorgestrel. It has a low tensile strength of 23 MPa and an
extremely high elongation more than 700%. Numerous investigations were attempted to
modulate the slower degradation of PCL which generally shows a degradation time of two to
three years. Copolymers of e-caprolactone with D,L lactide or glycolide exhibits remarkably
better degradation profile. Yenice et al. evaluated the ocular bioavailability of cyclosporine A
(Cy A) loaded PCL nanoparticles alone and coated with hyaluronic acid (HA). They
observed significantly higher Cy A levels in the rabbit corneal tissue. In PCL alone they
observed Cy A concentration of 5.9 — 15.5 ng/mg tissues and in HA-coated PCL
nanoparticles 11.4-23.0 ng/mg tissue. These levels were observed higher than the
conventional eye drops and showed promising approach for the treatment of immune
mediated corneal diseases (Yenice et al., 2008). Beeley et al. designed a triamcinolone
acetonide loaded polycaprolactone implant for the treatment of retinal diseases. PCL implant
was well tolerated in the sub-retinal space of rabbit eyes. Authors observed TA release for a

period of four weeks (Beeley et al., 2005).
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(v) Poly (Alkyl Cyanoacrylates)

PACA belongs to class of acrylate polymers synthesized from alkyl cyanoacrylic
monomers through anionic polymerization. PACA faster degradation rate was attributed to
its unique instability of carbon-carbon sigma bond and presence of electron withdrawing
neighboring groups. It has shown remarkable applicability as surgical glue and skin adhesive.
PACA was also explored for the development of nanoparticles. PACA degradation rate
depends on the length of alkyl side chain. It varies from hours to days. For example PACA
having shorter alkyl chain length such as poly-methyl cyanoacrlates degrades in few hours
whereas higher alkyl chain length derivatives such as octyl and isobutylcyanoacrylates
degrade slowly. Nanoparticles composed of PACA are advantageous over other
nanoparticles in terms of fabrication and application in drug delivery (Arias et al., 2008a;
Arias et al., 2008b).

Fresta et al. investigated ocular tolerability and in vivo ocular bioavailability of PEG
and HP B-CD coated polyethyl-2-cyanoacrylate nanospheres loaded with ACV. They
observed that PEG has decreased the zeta potential of nanospheres from -25.9 mV to -12.2
mV. However, HPB-CD did not change the zeta potential. PEG coated nanospheres are well
tolerated by ocular structures and investigators observed 25-fold increments in ocular
bioavailability in comparision to drug alone (Fresta et al., 2001). In another study Desai et al.
fabricated pilocarpine loaded polyisobutyl cyanoacrylate (PIBCA) nanocapsules. The authors
reported drug loading of 13.5 % and size in the range of 370 to 460 nm. They observed that
incorporation of 1.1 % pilocarpine nanocapsules in pluronic F127 gel increased the mitotic
response in albino rabbit eyes compared to the nanocapsules alone (Desai and Blanchard,

2000).
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(vi) Polyanhydrides

Numerous investigations have studied the role of polyanhydrides (POA) in ocular
drug delivery applications. These polymers exhibit faster degradation and limited mechanical
strength, which make them an ideal candidate for fabrication of sustained release devices.
Low molecular weight polyanhydrides were synthesized through dehydrative coupling and
dehydrochorination, whereas melts polycondensation polymerization was employed for the
synthesis of high molecular weight polymers. The degradation rate of polyanhydrides can be
easily modulated by changing the polymer composition and the rate also depends on the
crystallinity and hydrophilicity of the polymer. These polymers undergo surface erosion and
generate monomeric non-toxic acid nature. Homo polyanhydrides have limited application in
controlled drug delivery due to their crystalline nature. In contrast, copolymers such as poly
[(carboxyphenoxy)propane—sebacic acid (PCPP-SA) demonstrate a controlled degradation
rate (Tamargo et al., 1989).

This polymer was approved by the US FDA for human applications for the delivery
of BCNU in the treatment of brain cancer (Brem, 1990). Other approaches based on aromatic
co-monomers composed of hydrophobic aliphatic linear fatty acids were also investigated for
drug delivery applications (Kumar et al., 2002).

(vii) Poly (ortho esters)

Poly-ortho-esters (POE) is a hydrophobic polymer composed of a hydrolytically
unstable polyester linkage. However, it undergoes slower degradation due to surface erosion.
This degradation characteristic is useful in designing sustained release devices. Polymer
degradation profile can be easily adjusted by employing different diols for polymerization

(Tang et al., 2009). POE is hydrolytically unstable in acidic conditions and required basic
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additives to inhibit autocatalysis. The first generation of POE was developed by ALZA
Corporation. It was synthesized by transesterification reaction of diol with
diethoxytetrahydrofuran (Heller et al., 2002). The degradation profile of POE II can be easily
altered by incorporation of acidic additives such as adipic acid. POE III upon hydrolysis
generates diol and pentaerythriol dipropionate, which subsequently generate proponic acid
and pentaerythriol. This class of polymers is biocompatible and follows pH dependent
degradation behavior. It does not require organic solvent for the incorporation of drug due to
its semisolid nature. However, difficulties in scale up process limit its application for drug
delivery. Modification of second generation polyester (POE II) with smaller chain of lactic or
glycolic acid leads to the development of POE-IV. This polymer, upon hydrolysis, liberates
acids which further promote polymer degradation. The physical form and degradation rate of
the polymer can be easily varied by changing diols or acid segment, respectively. POE IV
demonstrated good biocompatibility for controlled delivery applications (Einmahl et al.,
2001b; Heller, 2005; Heller et al., 2000).

In a recent studies by Polak et al. controlled delivery of 5-flurouracil and 5-
chlorouracil was attempted utilizing POEs in the treatment of glaucoma filtration surgery.
The authors observed IOP and bulb persistence after injecting the POE formulation into the
subconjunctival space. In addition, histological analysis revealed functioning of bulb and no
damage to the conjunctival epithelium. Investigators concluded that POE formulation is
effective in the patients of glaucoma filtration surgery (Polak et al., 2008). Einmahl et al.
evaluated POE IV biocompatibility after intraocular administration through various routes
including subconjunctival, intracameral and intravitreal injections (Einmahl et al., 2001a;

Einmahl et al., 2003).
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CHAPTER 2

INTRODUCTION

Overview

A PCL-based triblock polymer, i.e. poly (ethylene glycol)-poly-(e-caprolactone)-poly
(ethylene glycol) (PEG-PCL-PEG) remains in solution at room temperature (25 °C) but
forms a transparent gel at body temperature (37 °C). This change in physical state is rapid
and reversible, which makes thermosensitive hydrogels an attractive means for drug delivery.
This unique thermoreversible property could be utilized for sustained delivery of timolol
maleate (TM) in the treatment of ocular hypertension or glaucoma. Currently, the only non-
invasive mode of treating glaucoma requires once or twice daily topical administration. PCL
based hydrogel formulation of TM could eliminate daily dosing, thereby improving therapy

and patient compliance.

Drug release from a PEG-PCL-PEG hydrogel depends primarily on the diffusion
mechanism due to the extremely slow degradation rate of PCL. It also exhibit burst release
due to a porous matrix. Such an initial burst release can provide high drug levels causing
systemic or local toxicities. In attempts to achieve sustained release and a lower burst release
of TM from the hydrogel we will utilize a novel polymeric additive strategy. It has been
observed that hydrogel applications in therapeutic delivery are limited by burst release due to

porous structure and frontal diffusion processes.

Hydrogel polymeric matrix is porous in nature and TM molecules can diffuse through

the pores of polymeric chains. Polymeric additives can easily fit into the spaces of a hydrogel
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matrix and modify drug release rates. PCL will be selected as a hydrophobic additive and
polyvinyl alcohol (PVA) as a hydrophilic additive. These polymeric additives are already
approved by FDA for application in humans. The rationale behind selecting PCL and PV A as
additives depends on their molecular property to provide better packing of the hydrogel

matrix through intra- and intermolecular interactions between the triblock polymeric chains.

PEG-PCL-PEG degrades slowly and posses higher crystallinity. Considering this in
our second approach we have incorporated a PLA block in the center of PEG-PCL-PEG, in
an attempt to accelerate the degradation rate of the highly crystalline and hydrophobic PCL
block. We hypothesize that incorporation of PLA will promote degradation-mediated drug
release. Therefore, we will develop novel pentablock copolymers by introducing faster

degrading polymeric block.

The major challenge for controlled delivery of therapeutic molecules is to maintain
drug concentration for prolonged periods. A specific combination of molecular weight and
block ratio can generate polymeric nanoparticles. Pentablock copolymers will be comprised
of multi-polymer blocks such as polyethylene glycol (PEG), PCL and small fraction of PGA
or PLA, which are FDA approved for human use. In comparison to PLGA, pentablock
polymers would generate very small amounts of either glycolic acid or lactic acid upon
degradation due to low molecular weight blocks of PGA or PLA. Pentablock polymers

should result in negligible cytotoxicity and release of inflammatory mediators.

Nanoparticles alone demonstrate initial burst release due to surface adsorbed drug

molecules. The dual approach of nanoparticles suspended in a thermosensitive gel is
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expected to minimize the burst release of drugs due to longer diffusion pathway of drug

molecules from the system.

Statement of the problem

Noncompliance plays a major role leading to blindness in glaucoma patients. There
is a need for a better delivery strategy which can sustain and release constant levels of drug
over long periods of time. To maintain the therapeutic concentration, frequent
administrations are required that may not be practical. The objective of my study is to

develop novel controlled drug delivery system for glaucoma therapy.

The most commonly used polymer for controlled drug delivery is PLGA. PLGA upon
degradation produces a high molar mass of lactic acid and glycolic acid, which may cause
tissue irritation and toxicity by decreasing pH. PLGA particles allow rapid release (40-50%)
of payload within one to two days. Therefore, we proposed to introduce novel engineered
biodegradable pentablock copolymers. The rationale behind developing novel biodegradable
and biocompatible pentablock polymer is to achieve controlled release over prolonged period
of time. These polymers are comprised of multi-polymer blocks such as PEG, PCL and small
amount of PGA. In comparison to PLGA, pentablock polymers will release less glycolic acid
upon in vivo degradation due to low molecular weight of the PGA block. This results in
negligible tissue irritability and toxicity. Existing PGA based diblock or triblock polymers
have burst release from nanoparticles or thermosensitive gel due to faster degradation. On the
other hand PCL or PLA based block polymers have primarily diffusion mediated drug
release due to extremely slow degradation. This approach may lead to development of novel

polymers with optimum degradation rates to achieve zero-order drug release via both
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diffusion and degradation mediated pathways. PB could be utilized for the preparation of
nanoparticles and thermosensitive gel. However nanoparticles and thermosensitive gels alone
demonstrate initial burst release due to surface-adsorbed drug molecules. The dual approach
of nanoparticles suspended in a thermosensitive gel could minimize the burst release of drugs
due to longer diffusion pathway of drug molecules from the system. Such novel technology
upon subconjunctival administration will result in a prolonged duration of action and thereby

eliminate the need for repeated administration.

Therefore the broad objective of this research was to develop novel pentablock polymer

based drug delivery systems to provide controlled release of drugs.

Objectives

1. To delineate the effects of polymeric additives with hydrophilic and hydrophobic
properties on the gelling behavior and release profiles of TM from a PCL-based
triblock polymer. In addition, the effects of parameters such as drug loading and
molecular weight of polymer on the release profile of TM will be investigated.

2. To optimize the ratio of PCL and PLA in the novel pentablock (PEG-PCL-PLA-PCL-
PLA) copolymer; (ii) to determine molecular weight distribution, rheological
behavior, degradation kinetics and biocompatibility; (iii) to investigate the effect of
molecular weight and PCL/PLA block length ratio on the sol-gel transition and in
vitro release kinetics of different molecules of varying size and polarity.

3. to synthesize novel tailor-made pentablock polymers of different molecular weight
and block ratio for the preparation of nanoparticles; (ii) to characterize pentablock

polymers for molecular weight distribution and cytocompatibility.
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4. To optimize in-vitro drug release from nanoparticles suspended in thermosensitive gel
by evaluating various compositions of pentablock polymers; (ii) to evaluate

biocompatibility of composite formulation.

35



CHAPTER 3

EFFECT OF HYDROPHOBIC AND HYDROPHILIC ADDITIVES ON SOL-GEL
TRANSITION AND RELEASE BEHAVIOR OF TIMOLOL MALEATE FROM

POLYCAPROLACTONE BASED HYDROGELS

Rationale

Hydrogels composed of biodegradable polymers such as PLA, PLGA or PCL have
wide application in the field of drug delivery due to the excellent biocompatibility of these
polymers with living tissues (Garripelli et al., 2010; Huynh et al., 2008; Klouda and Mikos,
2008). These systems provide controlled drug release via diffusion as well as through
degradation mechanisms (Soares and Zunino, 2010; Wu and Chu, 2008; Zhang et al., 2010).
Several articles have reported the development of thermoreversible hydrogels composed of
PEG as a hydrophilic block and PLA, PLGA or PCL as hydrophobic blocks (Chen et al.,
2005; Jeong et al., 2000; Kan et al., 2005; Kang et al.; Kim et al., 2004b; Li et al., 2007; Qiao
et al., 2005; Wei et al., 2009).

PCL is a biodegradable and biocompatible polymer approved by FDA for application
in drug delivery systems and medical devices (Mohan and Nair, 2008; Rohner et al., 2003).
Recent studies have explored the applications of PCL based hydrogels in sustained release
formulations (Huynh et al., 2008; Jiang et al., 2008; Jones et al., 2005; Lee et al., 2001; Zhao
et al., 2010). A PCL based triblock polymer, i.e. PEG-PCL-PEG, remains in solution state at
room temperature (25 °C) and forms a transparent gel at body temperature (37 °C). This
change in physical state is rapid and reversible, which makes thermosenstive hydrogel an

attractive means for drug delivery (Hwang et al., 2005). This unique thermoreversible
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property could be utilized for sustained delivery of TM in the treatment of ocular

hypertension or glaucoma.

Currently, the only non-invasive mode of treating glaucoma requires once or twice
daily topical administrations of eye drops. A PCL based hydrogel formulation of TM could
eliminate daily dosing, thereby improving therapy and patient compliance. Topical beta-
blockers, particularly TM, are major drugs for treating glaucoma and ocular hypertension
because of their excellent intra-ocular pressure (IOP)-lowering efficacy. TM is a selective -
adrenergic blocker and is widely indicated in the treatment of glaucoma (Peeters et al.;
Zimmerman and Kaufman, 1977a, b). Typically drug release from a hydrogel depends
initially on diffusion. At later time points it depends upon a combination of diffusion and
degradation mechanisms (Wu and Chu, 2008). In this case, drug release from PEG-PCL-PEG
hydrogel depends primarily on the diffusion mechanism due to the extremely slow
degradation rate of PCL. It also has the limitation of burst release due to a porous matrix.
Such initial burst release can provide high drug levels causing systemic and local toxicities
(Cheong et al., 2008; Munroe et al., 1985). In attempts to achieve sustain release and lower

burst release of TM from the hydrogel; we have utilized a novel polymeric additive strategy.

Earlier studies focused on synthesis and release of hydrophilic and hydrophobic
model drugs from PEG-PCL-PEG thermosenstive hydrogel (Gong et al., 2009b). However, it
has been observed that hydrogel applications in therapeutic delivery are limited by burst
release due to its porous structure and frontal diffusion processes. In this study an attempt has
been made to study the effects of additives the on sol-gel transition and drug release from

hydrogels with the addition of hydrophilic and hydrophobic polymers. The hydrogel
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polymeric matrix is porous in nature and TM molecules can diffuse through the pores of
polymeric chains. Polymeric additives can easily fit into the spaces of a hydrogel matrix and

modify drug release rates.

Hence, the objective of this study was to delineate the effects of polymeric additives
with hydrophilic and hydrophobic properties on the gelling behavior and release profiles of
TM from PCL based triblock polymer. In addition, the effects of parameters such as drug

loading and molecular weight of polymer on the release profile of TM were also investigated.

Material and Methods

Timolol maleate, monomethoxy poly (ethylene glycol) (MW = 550 and 750), ¢-
caprolactone, stannous octoate, polyvinyl alcohol and polycaprolactone diol (PCL) were
obtained from Sigma chemical company (St. Louis, MO). Hexamethylene diisocyanate
(HMDI) (Aldrich) was procured from Acros Organics (Morris Plains, NJ). All chemicals
were used without further purification.

Synthesis of Triblock Polymer PEG-PCL-PEG

PEG-PCL diblock polymers were synthesized by ring opening polymerization of e-
caprolactone utilizing either monomethoxy poly (ethylene glycol) (mPEG) 750 or 550 as an
initiator and stannous octoate as the catalyst. The diblock polymer was further coupled using
HMDI to synthesize the triblock polymer PEG-PCL-PEG. The resulting polymer was
purified by dissolving in methylene chloride followed by precipitation from diethyl ether.
Briefly, the synthesis of PEG-PCL-PEG (Fig. 3.1) was carried out as follows; the mPEG was

dried under vacuum for 3 h before copolymerization. Calculated amounts of mPEG (0.01
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mol), e-Caprolactone (0.1 mol) and stannous octoate (0.5 wt %) were added to the reaction
mixture. The reaction was left for 24 h at 130 ‘C. The coupling of the diblock polymer was
allowed to proceed by adding HMDI (0.01 mol) and the reaction was continued for 6 h at 60
°C. The final product was dissolved in 20 ml of methylene chloride and purified by fractional
precipitation with petroleum ether. The purified polymer product was vacuum dried for 48 h

to remove residual solvent.

Characterization of Polymeric Material
(i) NMR

"H NMR spectroscopy was performed to characterize the composition of polymer.
Spectra were recorded by dissolving polymeric material in CDCls and then analyzing the

proton NMR spectra recorded using Varian-400 NMR instrument.
(ii) Gel Permeation Chromatography (GPC) Analysis

GPC analysis was performed with the refractive index detector (Waters 410) to
determine molecular weight and its distribution. Polymeric material (2mg/ml) was dissolved
in Tetrahydrofuran (THF). Analysis was performed with THF as eluting solvent at a flow
rate of 1 ml/min utilizing Styragel HR-3 column maintained at 35 'C. Polystyrenes with

narrow molecular weight distribution were used as standards for GPC analysis.
(iii) Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra were recorded with a Nicolet-100 infrared spectrophotometer at a

resolution of 4 sec”. Polymer was dissolved in methylene chloride and casted on KBr plates.
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Characterization of Thermosensitive Gel

(i) Sol-Gel Transition

Sol-gel transition studies were performed by test tube inversion method. First, the
polymer was solubilized in PBS by storing overnight at 4 °C. Then 0.5 ml of polymer
solution in 4 ml tube was placed in water bath and temperature was increased from 20 to 60
°C with 1 °C increment at each step. The gel formation was characterized visually by
inverting the tube. A physical state of flow was characterized as sol phase, whereas a state of
no flow was characterized as gel phase. Similar studies were performed by incorporating
PCL or PVA (5 wt. %) as an additive to the hydrogel matrix. Viscosities of hydrogel alone
and in the presence of additives were determined by cone and plate viscometer at 750 rpm

and 37 °C.

(ii) Scanning Electron Microscopy (SEM)

Aqueous polymeric solutions of PCEC II alone and with additives were allowed to
gel at 37 °C and then lyophilized for 48 h. The lyophilized hydrogels were sputtered with
gold/palladium at 0.6 kV. The samples were examined by FEG ESEM XL 30 electron

microscope.

In Vitro Release

TM dissolved in PEG-PCL-PEG triblock polymeric aqueous solution (0.4 ml) was
injected into 10 ml vial with 12 mm internal diameter. Vials were kept in shaker bath at 37
°C with a stroke rate of 30 rpm. The polymeric solution was allowed to gel for 2 min. Then 5

ml of the release medium containing phosphate buffer (pH 7.4) and sodium azide (0.02 wt.
41



%) were added in order to prevent microbial contamination during a release study. The
entire release medium was replaced with fresh buffer at predetermined intervals to mimic the
sink condition. Samples were stored at -20 °C until further analysis. The release samples
were analyzed by high performance liquid chromatography (HPLC) with a phenomex C;g
column at a flow rate of 1 ml/min. The mobile phase was composed of 20 mM phosphate
buffer with pH adjusted to 2.5. The analyte was measured at 294 nm. All experiments were

conducted in triplicate.

(i) Effect of Molecular weight

mPEG of two different molecular weights i.e. m-PEG 550 and 750 were utilized to
delineate the effect of molecular weight on release kinetics of TM from the gel matrix.

Release study was performed with 25 wt. % of hydrogel with 1.0 wt% drug loading.

(ii) Effect of Drug Loading

The effect of drug loading on the release behavior was evaluated with two different
concentrations of TM (0.5 and 1 wt. %) in the 25 wt. % hydrogel. A method as described

previously was followed for release study.

(iii) Effect of PVA as Additive

PVA was used as a hydrophilic additive (Mw = 30,000-70,000) to modulate TM
release rate. It was incorporated along with drug and polymer during hydrogel preparation.
Incorporation of PVA up to 5 wt% concentration in hydrogel matrix retained reversible sol-
gel transition. Therefore, optimized concentration (5 wt. %) of additive was incorporated in

20 wt% hydrogel with 1 % drug loading.
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(iv) Effect of PCL as additive

PCL of low molecular weight (Mw = 550) was utilized as a hydrophobic additive.
PCL was selected to explore the role of hydrophobic interactions. In order to compare the
effect of hydrophobic and hydrophilic additives on sol-gel transition and release profile of
TM, similar methods followed for PVA were utilized for the hydrogel preparation and

release study.
Drug Release Mechanisms

Drug release parameters were computed by three different methods utilizing First
order, Higuchi and Korsmeyer equations. Release data were fitted into the model equations
in order to determine release mechanism.

First order Equation:

It is applicable for modeling release of water soluble drug molecules from porous matrix.
LnM; =kt

M; represents the cumulative amount of drug released at time t, k is the release rate constant
obtained by plotting LnM; against time

Higuchi equation:

It is applicable for modeling drug release from matrix based system. It was initially
developed for planer system but later extended to other systems.

M, = Kyt

Ky denotes the higuchi release rate constant obtained by plotting cumulative percent drug

released against the square root of time.
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Korsmeyer-peppas equation:

Mt/ Moo = ktn

M; and M, represent the cumulative amount of drug released at a time t and at the
equilibrium, respectively. The constant k is the kinetic constant and n is the release exponent
that indicates the drug release mechanism. Values of n < 0.5 indicate Fickian (ideal) diffusion
mechanism and values of 0.5 < n < 1.0 suggest non-Fickian diffusion. When value of n is
greater than 1.0, it represents case Il transport or zero order release kinetics. Drug release
data is employed to obtain the release exponent for My M., < 0.6. Release constant is

computed by plotting log cumulative percentage drug release against log of time.

Cytotoxicity Studies

Cell wviability studies were performed utilizing MTS assays in which novel
tetrazolium compound, 3-(4, 5-dimethylthiazole-2-yl)-5- (3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was reduced into a colored formazan product by live
cells. Rabbit primary corneal epithelial culture cells (rPCEC) were grown in the culture
media comprising MEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, and
streptomycin sulfate. Cells were maintained under a humidified atmosphere of 5% CO, at
37°C and then sub cultured and seeded in 96-well culture plates at a density of 10,000
cells/well. After 24 h incubation, fresh media containing hydrogels of different
concentrations ranging from 0.5 mg/ml to 20 mg/ml were added alone and with 5 wt% (PVA
or PCL) polymeric additives. Triton X-100 (0.1%) was used as positive control while the

blank (without treatment) was considered as negative control. Following 24 h incubation,
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100 pL serum free medium containing 20 pL of MTS solution was added to the 96 well
plates and were incubated at 37 °C and 5% CO; for 4 h. After incubation, the absorbance of
each well was measured at 450 nm by an ELISA plate reader. Absorbance was directly

proportional to viability of cells which was calculated by following equation.

(Abs. of sample) - (Abs. of negative control) * 100
(Abs. of positive control) - (Abs. of negative control)

% cell viability =

Statistical Analysis
All release experiments were conducted in triplicates and the results were reported as
mean * standard deviation. Statistical analysis of the effect of additives, molecular weight
and drug loading on release rates were compared by one-way ANOVA. Statistical package
for social science (SPSS) version 11 was used to compare mean of each group. A level of p <

0.05 was considered statistically significant in all cases.
Result and Discussion

Synthesis and Characterization of PEG-PCL-PEG

PEG-PCL-PEG was synthesized by ring opening polymerization reaction utilizing
stannous octoate as the catalyst. 'H NMR spectra (Fig. 3.2) shows two main peaks at 3.60 (-
OCH2CH?2-) and 4.06 (-OCH2CH2CH2CH2CH2CH2CO-) that corresponds to mPEG and
PCL respectively, confirmed the formation of triblock polymer. Gel permeation
chromatography analysis (Fig. 3.3) also points to (Table 3.1) narrow polydispersity between

1.41-1.47 and molecular weight between 5000-7000.
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FT-IR spectrum (Fig. 3.4) indicated appearance of absorption band at 1526 cm’
characteristic of -NH group and at 1732 ¢cm™ characteristic of C=0O group, confirms the
formation of triblock polymer. Absence of absorption band at 2270-2285 cm™ due to -NCO

stretching confirms complete conjugation of HMDI.
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Table 3.1 Molecular weight distribution

Total Mn . )
Polymer (Theoretical) Mn Mw Polydispersity
PEG750-PCL3750-PEG759 5250 4568 6754 1.47
PEGs550-PCL2420-PEGss 3500 3995 5640 1.41
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Sol-Gel Transition Studies

Sol-gel transition studies revealed that PEGsso—PCL2420—PEGsso (PCEC I) has 20 wt%
critical gelling concentration (CGC) whereas PEG750—PCLj3750-PEG750 (PCEC II) has CGC of
25 wt%. Such difference in CGC can be attributed to a difference in the hydrophilicity-
hydrophobicity ratio between the two polymers. This observation is in agreement with
findings of other investigators (Hwang et al., 2005). In this study, we evaluated the role of
both hydrophilic and hydrophobic polymeric additives on sol-gel transition studies. Addition
of PVA and PCL increased the viscosity of hydrogel and improved the gelling efficiency
possibly by providing better packing of the gel matrix. We have observed that viscosity of 25
wt% PCEC II hydrogel alone was 0.51 + 0.03 poise whereas incorporation of 5 wt% PCL
and PVA in 20 wt% PCEC II has increased the viscosity of hydrogels to 0.83 + 0.02 and 2.59
+ 0.04 poise, respectively. As shown in Figs. 3.5 and 3.6 both hydrophilic and hydrophobic
additives have lowered the CGC of PCEC II. Addition of PVA (Fig. 3.5) in PCEC II
decreased CGC from 25 wt% to 22 wt%. Previous studies reported that incorporation of PEG
in the PCL based hydrogel lowers the CGC (Gong et al., 2009b). However, addition of PCL
(Fig. 3.6) decreased CGC to 18 wt%. We observed more pronounced effect of PCL on sol-
gel transition in comparison to PVA on PCEC II because PCL is a hydrophobic polymer and
promotes better micellar aggregation for the formation of gel. However, addition of PVA or
PCL in PCEC I did not produce any significant change in the sol-gel transition phenomenon.
PCEC I was relatively more hydrophobic gel due to lower molecular weight of PEG block in
comparison to PCEC II and have higher micellar aggregation tendency. Therefore,
incorporation of additives did not further alter hydrophobic aggregation, which is the primary

mechanism responsible for sol-gel transition.
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Figure 3.5 Sol-gel transition phase diagram PCEC II triblock copolymer aqueous solutions
alone and with 5 wt. % PVA
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Figure 3.7 Photograph of PCEC-II at 25 °C (A) alone (B) with 5 wt. % PVA (C) with 5 wt.
% PCL and at 37 C (D) alone (E) with 5 wt. % PVA (F) with 5 wt. % PCL
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Images in Fig. 3.7 illustrate that additives also reduced the transparency of the gel, which
confirmed the formation of a denser gel matrix.

Fig. 3.8 shows the SEM of PCEC II alone and with PCL or PVA as additives. Fig. 3.8a
represents the porous matrix of hydrogel alone at 37 °C. Addition of PVA provided less
porous surface morphology (Fig. 3.8¢) than PCEC II alone. We speculate that high molecular
weight PVA uniformly cover the porous matrix of hydrogel and thereby may reduce the
diffusion of drug molecules from the hydrogel matrix. However, addition of PCL promoted
the aggregation of polymeric chains at 37 °C but did not alter the porosity of the hydrogel

matrix (Fig. 3.8b) due to its low molecular weight.

In Vitro Release Studies
We investigated the effect of different parameters such as molecular weight, drug
loading, hydrogel concentration and polymeric additives on the release profile of TM form
the hydrogel matrix.

(i) Effect of molecular weight

Release of TM from the hydrogel matrix depended on the molecular weight of
polymer (p< 0.05) as shown in Fig. 3.9. Release rate of TM was slower with PCEC Il (MW =
5250) than PCEC I (MW = 3500). For instance, in the first 48 h cumulative percentage drug
release from PCEC I was 78.0 + 2.8% whereas in PCEC 1I it was 41.3 = 2.3%. The reason
for this behavior can be attributed to higher molecular weight of PCEC II with relatively
longer PCL block length that may have restricted the permeation of water molecules across
the polymeric matrix. Hence, slower hydration of gel resulted in decreased diffusion

coefficient of the drug across the hydrogel matrix. These results suggest that the release rate
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of TM may have been affected by two major factors i.e. hydrophilic/hydrophobic balance
and total molecular weight of the polymer. TM (pK, 9.2) exists predominantly in ionized
from at pH 7.4. We have observed that addition of PVA or PCL did not change the pH (7.4)
of aqueous polymeric solution and pH of release medium was constant due to extremely slow

degradation of PCL.

(ii) Effect of drug loading and hydrogel concentration

Fig. 3.10 suggested that no statistically significant difference in release rate of TM
was observed with two different concentrations i.e. 0.5 to 1.0 wt% in 25 wt% PCEC 11
hydrogel, due to higher aqueous solubility of TM. Other studies also reported minor change
in release rates of hydrophilic molecules with higher drug content in the hydrogel (Huynh et
al., 2009; Zhang et al.). It was reported that physicochemical property of the active drug such
as charge, hydrophilicity and molecular size also affects the release rate (Henke et al., 2010;
Kim et al., 1992; Makino et al., 2001). Hydrophilic drug molecules tend to partition in the
PEG domain of the hydrogel whereas hydrophobic drug molecules partition into PCL core.
Therefore, TM disperses in PEG domain and easily diffused out in the release medium

irrespective of drug
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loading. Hydrogel concentration played a significant role in TM release. Release of TM from
25 wt% polymer is slower than 20 wt% due to volume effect of gel (data not shown). Since
25 wt% hydrogel forms a dense matrix, 20 wt% was selected for the incorporation of
different polymeric additives to observe the effect of polymeric additives on the diffusion
process.

(iii) Effect of Polyvinyl alcohol as additive

PVA is a long chain synthetic polymer incorporated in ophthalmic formulations as
additive. It acts as a wetting agent and reduces surface and interfacial tension (Reddy Ik et
al., 1996). Moreover, addition of PVA is advantageous due to its biocompatibility with
ocular tissues. Addition of PVA may reduce the burst release by promoting hydrophobic
aggregation of the polymer chains in the gel matrix. Therefore, we have selected PVA as an
additive. Fig. 3.11 illustrates that release of TM was altered by PVA (p < 0.05). Incorporation
of PVA in the hydrogel matrix lowered TM release from 86.4 + 0.8% to 73.7 + 1.8% in 316
h. Moreover, it was observed that burst release in initial 24 h significantly minimized to 22.3
+ 1.9% from 44.9 + 0.4% in presence of PVA. The effect of different percentage of PVA on
release profile of TM was also evaluated. In case of 1 wt% PVA any significant difference
was not noticed in release profile (data not shown). However, as shown in Fig. 3.11, 5 wt%
PVA caused drug release rate from hydrogel to be significantly reduced in the initial phase.
Slower drug release from 5 wt% PVA added hydrogel may be accounted by restricted

diffusion of TM than hydrogel alone.
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Figure 3.9 In vitro release of TM from PCEC I and PCEC IIbtriblock copolymer (25 wt. %)
hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean + standard
deviation of n=3
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Figure 3.10 In vitro release of TM 0.5 wt. % and 1.0 wt. % from PCEC II triblock
copolymer (25 wt%) hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented
as mean + standard deviation of n =3
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This mechanism of aggregation was also evaluated previously. A study reported that
PVA as additive promoted the gelling of methylcellulose based hydrogel. This study
suggested the role of PVA as a cosolute, which was dominant over pseudo-surfactancy effect
of other additives (Kundu P, 2003). Therefore, in this study, long chain PVA molecules had
successfully modulated the drug release profile.
(iv) Effect of Polycaprolactone as additive

Release of TM from hydrogel depends on diffusion and degradation mediated
processes. However, degradation of PCL based hydrogel is extremely slow (Jiang et al.,
2009). In order to modulate diffusion mediated release by hydrophobic additive, low
molecular weight PCL (Mw = 550), was incorporated in the hydrogel matrix. In this study,
first we tried to incorporate the high molecular weight PCL but due to more hydrophobicity it
was not soluble in the hydrogel polymeric matrix. Therefore, we utilized low molecular
weight PCL, which can be easily solubilized in the hydrogel solution. To elucidate the role of
PCL and compare the TM release profile with PVA added hydrogel, 5 wt% PCL was
selected as additive for the release study. As shown in Fig. 3.12, release rate was not affected
by the addition of PCL and no statistically significant difference was observed with 5 wt%
PCL. We presume that PCL being a hydrophobic polymer tends to partition with
hydrophobic block of hydrogel. However as we discussed earlier majority of TM disperses in
the hydrophilic block therefore addition of PCL did not significantly modulate the release of
TM. Other attempts of dissolving higher percentage of PCL remain unsuccessful due to

excessive hydrophobic interactions.
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Figure 3.11 In vitro release of TM from PCEC 1I (25 wt. %) and PCEC II (20 wt. %) with
5 wt. % PVA hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean
+ standard deviation of n =3
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Figure 3.12 In vitro release of TM from PCEC II (25 wt. %) and PCEC II (20 wt. %) with 5 wt.
% PCL hydrogel in PBS buffer (pH 7.4) at 37 °C. The values are represented as mean =+
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Drug Release Kinetics

Drug release from hydrogel generally follows diffusion/degradation or a combination
(Wu and Chu, 2008). Analysis of drug release kinetics, as shown in Table 3.2, correlated well
with Higuchi and Korsmeyer models. This observation suggests that drug release depended
primarily on diffusion from the hydrogel matrix rather than on bulk erosion process of the
polymer (first order). In addition, analysis of first 60% release data, according to Korsmeyer
model suggested that addition of polymeric additives (PVA or PCL) can significantly lower
the release rate constant. However, the effect of PVA on release kinetics was more
pronounced than PCL. In hydrogel alone Kgp value was 3.03 whereas with PVA, Kxp was
found to be 1.368 and for PCL it was 2.455. A diffusion exponent 0.685 < n < (0.869 suggest
anomalous diffusion mechanism from all the matrixes.

Cytotoxicity Studies

Cell viability response showed that PCEC-II alone and in presence of 5% additives is
not toxic to rPCEC cells. Fig. 3.13 and 3.14 suggested that cytotoxicity of hydrogel was
concentration dependent. However, at low concentrations no statistically significant
difference from control was observed. Cell viability studies suggest that polycaprolactone
based hydrogels alone and with polymeric additives are biocompatible with the corneal
epithelial cells. Similar results were reported with human lens epithelial cells (HLECs) (Yin

et al., 2010).
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Table 3.2 Kinetic parameters

Polymer First order Higuchi Korsmeyer-Peppas

PCCE-I 0.298 | 0.0046 | 0.702 4.433 0.923 7.889 0.685

PCEC- 11 0.425 | 0.0071 | 0.923 5.154 0.941 3.033 0.819
PCEC- 11 + PCL 0.428 | 0.0078 | 0.933 5.382 0.933 2.455 0.869
PCEC -1l + PVA 0.560 | 0.0092 | 0.961 4.811 0.995 1.368 0.852
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Figure 3.13 Rabbit primary corneal epithelial culture cell (rPCEC) viability study. Cell
survival decreased with increase of concentration of PECE hydrogel. The values are
represented as mean + standard deviation of n =6
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Conclusions

PEG-PCL-PEG of different compositions was synthesized. The additives strategy was
applicable to modulate the sol-gel transition and TM release kinetics from hydrogel. Effect of
PCL on the CGC was more pronounced than PVA. Release of TM was sustained longer in
case of high molecular weight PCEC II. PVA as additive played a dominant role in
regulating drug release kinetics whereas no significant difference in release was observed
with PCL. Cell viability studies confirmed that hydrogel alone or in presence of polymeric
additives was biocompatible to corneal epithelial cells. Therefore additive based drug
delivery may be a promising strategy for optimizing sustained drug delivery systems in the

treatment of ocular hypertension and glaucoma.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF NOVEL THERMOSENSITIVE

PENTABLOCK HYDROGELS FOR CONTROLLED DRUG DELIVERY

Rationale

In past decade bioresponsive hydrogels have gained significant momentum in drug
delivery and tissue engineering. In particular, temperature responsive drug delivery systems
have been explored widely for drug delivery applications. Thermogelling polymers exhibit
unique reversible sol-gel transition behavior which can be utilized for in sifu depot formation.
Polymeric aqueous solution remains in solution state below body temperature and form a gel
depot in situ at body temperature (He et al., 2008; Klouda and Mikos, 2008). Thermosenstive
hydrogels demonstrate unique properties such as ease of application, high drug loading and

controlled drug delivery (Nguyen and Lee et al., 2010).

In recent years considerable attention has been focused on developing a block
copolymer of amphiphillic character composed of hydrophobic and hydrophilic constituents.
Thermoresponsive hydrogel composed of hydrophilic PEG and hydrophobic polyesters have
shown potential for pharmaceutical and clinical applicable because of their biocompatible

and bioresorbable nature (He et al., 2008; Yu and Ding, 2008).

Block copolymers of ABA or BAB type, where A and B represents hydrophobic and
hydrophilic block respectively, have been reported to demonstrate temperature sensitive
phase transition. Triblock polymers of ABA type includes PLGA-PEG-PLGA and PCL-

PEG-PCL (Duvvuri et al., 2005; Gong et al., 2009c¢; Qiao et al., 2005).
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Subsequently the next generation of triblock polymers of BAB type such as
polyethylene PEG-PLLA-PEG and PEG-PCL-PEG were reported (Gou et al.; Hwang et al.,
2010; Hwang et al., 2005; Li et al., 2007; Yin et al.).

More recently pentablock polymers having dual-stimuli responsive behavior have
been evaluated for drug delivery. Polymers such as poly(B-amino ester)—poly(e-
caprolactone)—poly(ethylene glycol)—poly(e-caprolactone)—poly(B-amino ester) and poly(2-
diethylaminoethylmethyl-methacrylate)—poly(ethylene  oxide)—poly(propylene  oxide)—
poly(ethylene oxide)—poly(2-diethylaminoethyl-methyl methacrylate) were reported to show
pH sensitive thermogelling properties (Huynh et al., 2009; Huynh et al., 2008).

PCL or PLA based block copolymers have primarily diffusion mediated drug release due to
extremely slow degradation. So we have developed novel pentablock copolymers with
optimum degradation rate and achieved zero order drug release via both diffusion and
degradation mediated pathway. These copolymers are amphiphilic in nature which assist in
optimizing the release profile of therapeutic molecules by varying the molecular weight of
hydrophilic and hydrophobic blocks. Moreover, we can control the hydrolytic degradation

of pentablock copolymers that will preserve the drug molecules.

PCL is a biodegradable and biocompatible polymer approved by FDA for application
in drug delivery systems and medical device. Recent studies have explored the applications
of PCL based hydrogel in sustained release formulations. PCL based triblock polymer i.e.
PEG-PCL-PEG remains in solution state at room temperature (25 °C) and forms a
transparent gel at body temperature (37 °C). However, PCL degrades slowly and posses
higher crystallinity. Considering this we have incorporated PLA block in the center of PEG-

PCL-PEG, in an attempt to accelerate degradation rate of highly crystalline and hydrophobic
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PCL block. We hypothesized that incorporation of PLA will promote degradation mediated
drug release. Therefore, we have developed novel pentablock copolymers by introducing

faster degrading polymeric block.

We have optimized the ratio of PCL and PLA in the novel pentablock (PEG-PCL-
PLA-PCL-PLA) copolymer. We have investigated the effect of molecular weight and
PCL/PLA block length ratio on the sol-gel transition and in vitro release kinetics of different
molecules of varying size and polarity. We have synthesized several compositions of
different molecular weight and block length ratio. Two composition PGPCPL-1 (PEGsso-
PCLss0-PLAss0-PCLs50-PEGssg) and PGPCPL-2 (PEGsso-PCLgas-PLAss0-PCLg25-PEGsso)
have demonstrated sol-gel transition in the physiological temperature range. Other
compositions with different hydrophobic /hydrophilic block length ratio did not demonstrate
the desired sol-gel transition in the physiological temperature range. Therefore we have

selected these two compositions for further studies.

Materials and Methods

Monomethoxy polyethylene glycol (mPEG) (My,=550), e-caprolactone, L-Lactide (L-
Lactide) stannous octoate, ofloxacin and prednisolone were received from Sigma-Aldrich.
Hexamethylene diisocyanate (HMDI) were obtained from Acros Organics. All other reagents
utilized for the study are of analytical grade.

Synthesis of PEG-PCL-PLA-PCL-PEG

mPEG-PCL diblock polymer was synthesized by ring opening polymerization of -

caprolactone utilizing mPEG 550 as initiator and stannous octoate as catalyst. The diblock

polymer was further reacted with L-lactide to from triblock polymer PEG-PCL-PLA. The
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triblock polymer was further coupled using hexamethylene diisocyanate (HMDI) as a
coupling agent, and the reaction was performed for 8 hours to synthesize final pentablock
polymer (Fig. 4.1) PEG-PCL-PLA-PCL-PEG. The resulting final polymer was purified by
dissolving in methylene chloride followed by precipitation in petroleum ether.

Briefly for the synthesis of PEG-PCL-PLA-PCL-PEG, the mPEG was dried under vacuum
for 3 h before copolymerization. Then calculated amount of mPEG (0.01 mol), e-
caprolactone (0.06 mol) and stannous octoate (0.5 w/w % of monomer concentration) were
added to the reaction mixtures in a round bottom flask. The reaction was performed for 24 h
at 130 °C. Then polymer was dissolved in methylene chloride and purified by fractional
precipitation with petroleum ether. The purified product was vacuum dried for 48 hrs to
remove residual solvent. For the synthesis of triblock copolymer, the diblock copolymer was
taken in a round bottom flask and L-lactide (0.01 mol) was added to it. Reaction was
performed for 24 hours at 130 °C. Then coupling of triblock polymer was performed by
adding HDMI (0.01 mol) and reaction was continued for 6 hours at 60 °C. The final polymer
was dissolved in 20 ml of methylene chloride and purified by precipitation with petroleum
ether. The purified product was vacuum dried for 48 h to remove residual solvent.

Characterization of Polymeric Material

(i) 'H NMR Spectroscopy
The copolymer compositions and structures were characterized by 'H NMR
spectroscopy. CDCIl; was utilized as solvent and TMS as internal standard for obtaining

NMR spectra using Varian 400-MHz NMR spectrophotometer.
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(ii) FT-IR Spectroscopy

The IR spectrum was obtained using Nicolet-100 Infrared Spectrophotometer at a
resolution of 4 sec” with 16 scans. The copolymer samples were dissolved in methylene
chloride and casted on KBr Plates.
(iii) GPC

Molecular weights and molecular weight distributions of pentablock copolymer were
determined by GPC utilizing Shimadzu RID-10A detector. Styragel® HR 3 column at 40 °C
was utilized for analysis. Tetrahydrofuran was utilized as an eluting solvent at a flow rate of
1 ml/min. GPC system was calibrated with polystyrenes standards.

Phase transition studies

The phase transition behavior of aqueous co-polymeric solution was investigated
from 10 to 55 °C by test tube inverting method with an increment temperature of 2 °C. The
copolymer was dissolved in PBS (pH 7.4) and then incubated for 12 h at 4 °C. The glass
vials with an inner diameter of 12 mm was immersed in the water bath for 20 min followed
by inversion. Gel state was regarded as condition of no flow within 30 sec of inversion. The

transition temperature was an average of three subsequent measurements.
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Determination of critical micelle concentration (CMC)

Dye solubilization method was employed to study the CMC of two different
compositions. DPH (1,6-Diphenyl -1,3,5-hexatriene) (0.4 mM) was solubilized in methanol.
Then dye was added in to copolymer solutions in the concentration range of 0.0001 - 0.5 wt.
% followed by equilibration for 8 h at 25 °C. UV spectra were recorded in the 330-430 nm
range. CMC was determined by plotting the difference in absorbance at 378 nm and 400 nm

against logarithmic concentration of copolymers.

Morphology of Hydrogels

Scanning electron microscopy (SEM) studies were performed to characterize the
surface morphology of hydrogel. The copolymer aqueous solution after gel formation was
frozen at -80 °C for 2 hrs and freeze dried under vacuum at -42 °C for 48 h. The lyophilized
sample was mounted on the metal stubs utilizing double adhesive carbon taps and then
sputtered with gold palladium at 0.6 kV. The sample was analyzed by FEG ESEM electron
microscope at a resolution of 4,000 X.

In vitro release studies

Prednisolone acetate and ofloxacin was utilized as model drugs of wvarying
lipophilicity for in vitro release studies. Similar protocols for release study were followed for
both drugs. 10 mg of drug (1% w/w) was added into 2 ml of 25% w/w aqueous polymeric
solution at room temperature and vortexed thoroughly to ensure uniform mixing of drug into
the polymeric solution. Then 500 pl of polymeric solution was injected into the glass vial of
12 mm internal diameter. The polymeric solution was incubated for at 37 °C to form clear gel
matrix. After 10 min, 5 ml of the release medium containing 0.01 M phosphate buffer (PBS)

pH 7.4 was added to each vial. The vials were kept at 37 °C with a stroke rate of 20 rpm. At
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designated interval 4 ml of release medium was removed and replaced with similar volume
of fresh release medium to ensure maintenance of sink condition during the entire release
duration. The samples were analyzed by high performance liquid chromatography (HPLC)
method as mentioned below. All studies were performed in triplicates.
HPLC Method of Analysis

Prednisolone acetate samples were analyzed by HPLC (Shimadzu, Japan) with a
phenomex C;g column at a flow rate of 1 ml/min. The mobile phase was composed of 0.1 %
trifluoroacetic acid and 40% acetonitrile with pH adjusted to 2.5. PA was measured at 254
nm. All experiments were conducted in triplicate. For the analysis of Ofloxacin, mobile
phase composed of 20 mM potassium dihydrogen phosphate and 40% acetonitrile with 0.1 %
glacial acetic acid was utilized. Analysis was performed at 318 nm and a flow rate of

I'ml/min using phenomex C;g column. All observations were recorded in triplicates.

Differential Scanning Calorimetry Analysis

Thermal properties of two different compositions of pentablock copolymer, PGPCPL-
land 2 were evaluated by DSC (TA instruments). Analysis was performed in the temperature
range of 10-60 °C. Both the samples were analyzed at the heating and cooling rate of 5
°C/min.

X-Ray Diffraction Analysis

Crystallinity of both the polymeric compositions were evaluated by MiniFlex
automated X-ray diffractometer (Rigaku, The Woodlands, Texas). Radiation was Ni-filtered
and generated through Cu-ka at 30 kV and 15 mA. The analysis was performed at room

temperature. Samples were scanned from 10-60° at a scan rate of 5°/min.
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Cell viability studies

Cell viability studies were determined by MTS assay. Cell proliferation assay
measures the conversion of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulphophenyl)-2H-tetrazolium compound to colored formazen product by dehydrogenase
enzyme in the metabolically active living cells. fPCEC and ARPE 19 were grown in the
culture media comprising MEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, and
streptomycin sulfate. Cells were maintained under a humidified atmosphere of 5% CO, at
37°C. Cells were sub cultured and seeded in 96-well culture plates at a density of 10,000
cells/well. After 24 h of incubation, fresh medium containing hydrogel of different
concentrations ranging from 0.5 mg/ml to 20 mg/ml were added. Following 24 h incubation,
100 pL of serum free medium containing 20 pL. of MTS solution was added to the 96 well
plates and these plates were incubated at 37 °C and 5% CO, for 4 h. After incubation, the
absorbance of each well was measured at 450 nm by the ELISA plate reader.

Result and Discussion
Synthesis and Characterization of Polymer

Pentablock polymers were synthesized successfully. The 'H NMR spectra (Fig. 4.2)
confirmed the composition of final polymer. The ratio of mPEG, e-caprolactone and L-
lactide were computed through proton integration ratio of methylene proton at 3.65, 4.13 and
5.10 respectively.

GPC analysis revealed molecular weight and molecular weight distribution were in
the range of 5260-6925 and 1.3-1.7 respectively. The unimodal GPC distribution of
copolymer suggested successful coupling of mPEG-PCL-PLA by HDMI. Table 4.1

illustrates the molecular weight of pentablock copolymers employed for the study.
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FT-IR analysis (Fig. 4.3) confirmed the structure of pentablock polymer. A weak
C=O0 stretching at 1736 cm™ confirms the formation of ester bond and absence of absorbance
at 2270-2285 cm™ indicates the complete reaction of -NCO group in HDMI. Further, N-H
bending vibration at 1540 cm™ confirms the formation of urethane group in pentablock
copolymer.

Phase Transition Studies

Aqueous solution of pentablock copolymers exhibited sol-gel transition response
upon increasing the temperature in a concentration range of 10-30 wt%. The phase diagram
(Fig. 4.4) revealed that the critical gel concentration (CGC) showed solution to gel state
conversion at 37 °C.

Sol-gel transition of two different copolymers of varying e-caprolactone and L-lactide
ratios suggested that upon increasing the block length of PCL, CGC decreased from 20 to 18
wt%. These results suggested that increasing e-caprolactone to the L-lactide ratio with similar
block length of mPEG resulted in lowering the CGC and increasing the stability of gel at
higher temperature. The decrease in CGC was attributed to better micellar packing of
copolymer with higher content of e-caprolactone. The change in absorbance of DPH with
polymer concentration suggested micelle formation as shown in Fig. 4.7. It was reported that
PCL chains are more hydrophobic than PLA and thus, polymer PGPCPL-2 with higher block
length of PCL exhibited lower CMC value as shown in Fig. 4.8 and 4.9. A decrease in CMC
value from 0.038 wt. % to 0.016 wt. % of PGPCPL-1 and PGPCPL-2 respectively
corresponds well with the lower CGC of copolymer PGPCPL-2. Similar results were
observed in case of PCL-PEG-PCL and in case of PEG-PCL-PEG of different compositions.

The phase transition behavior of the pentablock polymer aqueous solution was similar to
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other triblock polymers. The clear aqueous solution of polymer was observed due to self
assembly of polymeric chains into micellar structure which showed aggregation upon
increasing the temperature and resulted in the formation of gel. However, upper gel-sol
conversion was due to increased molecular motion of hydrophobic chain of PCL and PLA.
Further, increase in temperature results in the dehydration of mPEG chains that leads to the
syneresis. SEM analysis revealed that hydrogel matrix is porous in nature (data not shown).
Earlier compositions of PEG-PCL-PEG exhibited lowered CGC than the polymer
synthesized in this study due to the fact that incorporation of PLA lowers the hydrophobicity
of central block. Sol-gel transition studies also showed wider gelation window for PGPCPL-
2 than PGPCPL-1 for polymeric aqueous solution. This observation was supported by the
fact that PEG-PLGA-PEG exhibited higher CGC and wider gelation than PEG-PCL-PEG
because of higher hydrophobicity of PCL block. Therefore, phase transition of
thermosenstive pentablock hydrogel depends on the block length and hydrophobic nature of
the central block.

DSC Analysis

DSC results of pentablock copolymers (PGPCPL-1 and PGPCPL-2) are shown in Fig.
4.6. It was observed that PGPCPL-1 with PEG of molecular weight 550 did not showed any
crystalline peak for PCL block whereas characteristic melting transition for PGPCPL-2 was
observed at 23.7 °C and 33.2 °C. These two characteristic transitions for PCL were observed

due to melting of PCL and recrystallized PCL.
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X-Ray Diffraction Analysis

X-ray diffraction patterns of two different compositions were reported in Fig. 4.5.
We have not observed any characteristic peak for PEG in both the copolymers i.e., PGPCPL-
1 and PGPCPL-2. However, for PGPCPL-2 we have observed two characteristic diffraction
peaks at 26 = 10.6° and 11.8°, which suggest that PCL exist in crystalline form in the case of
PGPCPL-2. On the other hand, absence of diffraction peak for PCL in PGPCPL-2 suggests
that PCL block is too short to exhibit crystalline nature. Our observations are consistent with
the DSC results. Moreover, similar pattern of diffraction was reported for different block

copolymers of g-caprolactone and PEG.

In Vitro Hydrolytic Degradation

We have evaluated the hydrolytic degradation of PGPCPL-1 and 2 in PBS buffer at
pH 7.4 utilizing GPC. It was found that molecular weight of PGPCPL-1 decreased (Fig. 4.10)
from initial 3800 to 1200 after 15 days whereas for PGPCPL-2 decrease in molecular weight
from 4000 to 3100 takes place in similar time duration. These results suggest that decrease in
molecular weight was depended on the copolymer compositions. We have observed faster
degradation in the case of PGPCPL-1 due to its amorphous nature. On the other hand,
PGPCPL-2 demonstrated slower degradation rate due to crystalline nature. Moreover, we
have also monitored the change in crystallinity following degradation at different time points.
As shown in Fig. 4.11, crystallinity of PCL was gradually increased due to scission of PLA
chains as evident from the change in diffractogram of peaks of PCL. In order to confirm our
findings we have also performed the NMR analysis of degradation samples at 1, 15 and 30

days. . We observed change in peak ratio due to PEG, PCL and PLA component at 3.6, 4.6
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and 5.1 ppm at different time point. 'H NMR spectra (Fig. 4.12) shows that peak due to PLA
component completely disappeared at the end of 30 days. In addition, we found change in
peak intensity due to PCL component. These results support our finding that due to faster

degradation of PLA, crystallinity of copolymer increases at the end of 30 days.
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Table 4.1 Molecular weight distribution

Polymer Mn | Mw | Poly-dispersity | Nomenclature
PEGsso-PCLsso-PLA100-PCLss0-PEGsso | 3995 | 5960 135 PGPCPL-1
PEGsso-PCLaasPLAss0-PCLas-PEGsso | 4031 | 6925 1.71 PGPCPL-2
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Phase diagram of thermosensitive gel
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Figure 4.4 Sol-gel transition phase diagram
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In Vitro Release Studies

Ofloxacin and Prednisolone acetate were utilized as model compounds of varying
hydrophobicity to examine the potential of pentablock based thermosensitive hydrogel for
controlled ocular drug delivery. Ofloxacin has a logP of -0.45 and water solubility of 4
mg/ml whereas Prednisolone is relatively hydrophobic with a logP of 1.9 and water solubility
of 123 pg/ml. Fig. 4.13 shows the release profile of ofloxacin from two different
composition of pentablock polymer. Release of ofloxacin was not significantly different from
both the polymeric compositions. Fig. 4.14 in vitro release studies showed that in 145 h
73.67 = 7.6 % and 58.01 + 5.3 % of prednisolone acetate was released from PGPCPL-2 and 1
respectively. These results suggest that the release rate of prednisolone acetate was affected
by hydrophilic/hydrophobic balance of the polymer. In addition, relatively longer PCL block
length of PGPCPL-2 may have restricted the permeation of water molecules across the
polymeric matrix. Hence, slower hydration of gel resulted in decreased diffusion coefficient
of the drug across the hydrogel matrix.

Release profile of ofloxacin was not significantly different from both the
compositions. ofloxacin being a hydrophilic drug molecule tend to partition in the PEG
domain of the hydrogel whereas hydrophobic drug molecule partition into PCL core.
Therefore, ofloxacin dispersed in PEG domain was easily diffused out in the release medium
irrespective of polymer composition whereas change in hydrophobic component altered the
release profile of prednisolone acetate by altering the micellar aggregation which influenced

the porosity of hydrogel matrix.
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Figure 4.5 X-ray diffractogram of PGPCPL-1(green line) and PGPCPL-2(blue line)
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Figure 4.10 In vitro degradation study of PGPCPL-1 and 2 was performed in PBS
pH 7.4 and analyzed by GPC
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Figure 4.15 Rabbit primary corneal epithelial cell (rPCEC) viability study
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Cell Viability Studies

Cell viability response showed that PGPCPL-1 and 2 are not toxic to rPCEC and
ARPE-19 cells. Fig. 4.15 and 4.16 suggested that cytotoxicity of hydrogel was concentration
dependent. However, at low concentrations no statistically significant difference from control
was observed. Cell viability studies suggest that pentablock hydrogel are biocompatible with
the corneal epithelial and retinal cells.

Conclusions

We have successfully synthesized two different compositions of pentablock
copolymers. We have shown the effect of block composition on the sol-gel transition,
crystallinity, and drug release kinetics. We have observed that release kinetics of
hydrophobic drug can be easily modulated by altering the hydrophobic block segment.
Moreover, we have successfully delineated the effect of block composition on the sol-gel
transition. Pentablock copolymers based hydrogel would be ideal for tailor-made drug
delivery. Therefore, pentablock copolymers have potential for formulation of injectable drug

delivery depots for the delivery of small molecules.
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATION OF DIFFERENT PENTABLOCK

COPOLYMER COMPOSITIONS IN THE PREPARATION OF NANOPARTICLES

Rationale

Biodegradable nanoparticles prepared from block copolymers have received
significant attention in the last decade. Polymeric nanoparticles are advantageous in
enhancing the therapeutic outcome, minimizing the side-effects, protecting the drug
molecules and regulating drug release kinetics (Hu et al., 2003; Soppimath et al., 2001; Wei
et al., 2009). Amphiphilic block copolymers composed of PEG as hydrophilic segment and
polyester such as PCL, PLA or PGA as hydrophobic block have tendency to form micelle
like nanoparticles (Ge et al., 2002; Ryu et al., 2000; Yang et al., 2009). PCL as a
hydrophobic segment has been extremely utilized due to its biodegradable and biocompatible
nature. In addition, physical properties such as melting temperature and excellent
permeability to various drug molecules further strengthen its growing application in the drug
delivery field (Liggins and Burt, 2002) (Kwon, 1998; Lee et al., 2005). However, extremely
slow degradation and higher crystallinity are the properties which limit the application of
PCL to a wider extent. Therefore, polymerization of PCL with hydrophilic block such as
PEG, and faster degrading blocks such as PGA or PLA can generate tailor made block
copolymers. PEG will improve the hydrophilicity of block copolymers and form the
hydrophilic corona of the nanoparticles which can avoid their recognition
by reticuloendothelial system (RES) (Ge et al., 2002; Liu et al., 2010; Sheng et al., 2009).

PLGA-PEG nanoparticles are well established for encapsulation of hydrophobic drugs (Gref
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et al., 1994). In other investigations the effect of chemical composition of PLA-PEG on drug
loading was elucidated. Investigators observed that PLA-PEG nanoparticle loading efficiency
was independent of chemical composition (Govender et al., 2000; Xiao et al., 2010). In
similar attempts, PEG-PLGA-PEG nanoparticles were also prepared for delivery of various
therapeutic molecules. However, in past years researchers are trying to elucidate the role of
hydrophilic/hydrophobic ratio by vary the molecular weight and block length of individual
blocks. But limited investigations were performed in modification of hydrophobic block
copolymers (Feng et al., 2008; Gou et al., 2009; Sheikh et al., 2009). So we have developed
novel polymers with optimum degradation rate to achieve zero order drug release via both
diffusion and degradation mediated pathway. These polymers will be utilized for the
development of nanoparticles. In this work we have synthesized different compositions of
pentablock copolymers and evaluated their effect on nanoparticles encapsulation and drug

release profile.

Material and Methods

PEG, e-caprolactone and stannous octoate were obtained from Sigma chemical

company (St. Louis, MO). All chemicals were used without any further purification.
Synthesis of Pentablock Copolymers

Different compositions were prepared in two steps by sequential ring opening
polymerization. In the first step, PEG of molecular weight 1,000 Da was allowed for
polymerization with e-caprolactone in presence of stannous octoate as a catalyst to form the
triblock copolymer PCL-PEG-PCL (Step 1). In the second step, the triblock polymer was

reacted with glycolide to form the pentablock copolymer (Step 2).
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More specifically, in the first step, PEG was dissolved in anhydrous toluene followed
by distillation to remove residual moisture. Polyethylene glycol (0.001 mol) and -
caprolactone (0.13 mol) were taken and stannous octoate (0.5 w/w% of monomer
concentration) was used as catalyst. The reaction was kept at 130 °C for 24 hours and then
the reaction mixture (RM) was degassed for 30 minutes. After degassing, RM was dissolved
in methylene chloride followed by precipitation with petroleum ether. The precipitated
polymer was filtered and dried for 24 hours in vacuum at room temperature.

As shown in step 2, for the synthesis of the pentablock polymer, the triblock
copolymer was taken in a round bottom flask and glycolide (0.005 mol) or lactide was added
to it and continued stirring for 24 hours at 130 °C under inert atmosphere. For sequential
polymerization stannous octoate (0.5 w/w% of monomer concentration) was added as a
catalyst. The final PGA30o-PCL7500-PEG000-PCL7500-PGA300 (PB-A) compound was purified
by similar precipitation method followed in the first step. Due to limited solubility of high
molecular weight PGA in the common organic solvent we performed the synthesis of PB-A
with smaller PGA block length. Similar procedure (Fig. 5.1) was followed for the synthesis
of  PLAi575-PCL7500-PEG1000-PCL7500-PLA1s875  and  PLAs750-PCL7500-PEG1000-PCL7500-

PLAj3750 (PB-B and C).
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Characterization of Polymeric Material
(i) NMR

"H NMR spectroscopy was performed to characterize the composition of polymer.
Spectra were recorded by dissolving polymeric material in CDCl; and then analyzing the

proton NMR spectra recorded using Varian-400 NMR instrument.
(ii) FT-IR

The FT-IR spectra were recorded with a Nicolet-100 infrared spectrophotometer at a

resolution of 4 sec™’. Polymer was dissolved in methylene chloride and casted on KBr plates.

Preparation of Prednisolone Nanoparticles of Pentablock Copolymer

Nanoparticles were prepared by single emulsification method (Fig. 5.2) using the
Pentablock Polymer A. Briefly, 100 mg of polymer and the 10 mg prednisolone were
dissolved in methylene chloride. The resulting oil phase was emulsified in 2.0 w/v %
aqueous solution of polyvinyl alcohol with the help of a tip sonicator at 60 W for 5 minutes
to form oil in water (o/w) emulsion. The resulting organic solvent was evaporated under
vacuum to form nanoparticles. The unreacted drug and PVA residue were washed three
times with deionized water and the nanoparticles were collected by ultracentrifugation at
21,000 RPM for one hour. The drug entrapment efficiency was determined using high

performance liquid chromatography (HPLC) using C-18 reverse-phase column at 254 nm.
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Characterization of Nanoparticles

(i) Size and Zeta Potential Determination of Nanoparticles

Nanoparticles (1mg/ml) were dispersed in deionized water and analyses were
performed with laser beam at 90° scattering angle at 25 °C. Dynamic light scattering was
utilized to measure nanoparticles size and size distribution by 90 plus particle size analyzer
(Brookhaven Instruments Corporation). Analysis was performed in triplicate and results were
reported as the average of mean particle diameter.
(11) Drug Loading Content and Entrapment Efficiency

Entrapment efficiency and drug loading of prepared nanoparticles were determined
by dissolving freeze dried nanoparticles (5 mg) in dichloromethane (0.5 ml) and further
diluted with deionized water. The entrapment efficiency of prednisolone was determined by

the HPLC method reported in chapter 4.

Amount of drug in nanoparticles

X 100

Entrapment EfﬁCIGncy - Amount of feeding drug

(iii) Surface morphology study

The surface morphology of lyophilized nanoparticles was observed by scanning
electron microscopy (SEM). The lyophilized power of nanoparticles was coated with
gold/palladium at 0.6 kV. The samples were examined by FEG ESEM XL 30 electron

microscope.
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(iv) X-ray Diffraction Analysis

X-ray diffraction analysis was utilized to determine the crystallinity of drug alone,
blank nanoparticles and drug loaded nanoparticles prepared from pentablock copolymer-A by
MiniFlex automated X-ray diffractometer (Rigaku, The Woodlands, Texas) using Ni-filtered

Cu-ko radiation (30 kV and 15 mA) at 25 ° C.

In Vitro Release Studies

20 mg of prednisolone nanoparticles prepared from the pentablock polymer were
dispersed in 500 pl of 0.1 M phosphate buffer saline (pH 7.4). The prepared solution was
then added into the dialysis bag (MW cutoff 12,500) which was kept in a 15 ml tube
containing 10 ml of release medium at 37 °C. The entire release medium was replaced with
fresh buffer at designated intervals to mimic the sink condition. The samples were stored at
-20 °C before further analysis. The release samples were analyzed by HPLC.

Statistical Analysis

All release experiments were conducted in triplicates and the results were reported as
mean =+ standard deviation. Statistical analyses were performed by one-way ANOVA.
Statistical package for social science (SPSS) version 11 was used to compare mean of each

group. A level of p < 0.05 was considered statistically significant in all cases.
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SCHEMATIC OF NANOPARTICLE PREPARATION

Diug (Predmisolone) + polymer
i organic solvent

Somcation

20, PVA in water O/W emulsion

Modified from: Doiron A L et al, PHAS 2008;105:17232-17237

Figure 5.2 Nanoparticles preparation method
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Result and Discussion

Synthesis and Characterization of Pentablock Copolymers

The pentablock copolymer was synthesized by ring opening polymerization method.
"H NMR was utilized to confirm the composition and molecular weight. Fig. 5.3 shows main
peaks of PCL at 1.4 and 1.65 ppm for protons of -(CH;);- and —-OCCH,- respectively. Peaks
at 2.32 and 4.06 ppm correspond to —OCCH,- and —CH,OOC- protons of PCL chain
respectively. PEG major peak was evident at 3.6 ppm which confirmed the formation of
polymer. For PB-A peaks at 4.5-4.8 confirms the conjugation of glycolide to form PGA-
PCL-PEG-PCL-PGA. Pentablock copolymer-B and C has similar composition but different
molecular weight. Therefore, peaks at 5.1 ppm in Fig. 5.4 and 5.5 confirmed the formation of
PLA-PCL-PEG-PCL-PLA. The molecular weight was determined by integration ratio of
peaks at 3.6 ppm for PEG block, 4.0 ppm for PCL block, and 5.1 ppm for PLA block. In the
case copolymer-A instead of PLA, peak for PGA at 4.5 ppm was considered for the

determination of molecular weight.

FT IR spectra (Fig. 5.6) of pentablock copolymers indicated the band for C=0
stretching appeared at 1732 cm™ and bands for C-H stretching appeared at 2941 cm™ and
2860 cm™ for PCL block. Absorption band at 1140 cm™ was appeared because of C-O-C
stretching vibrations of the repeated OCH,CH; units of PEG and band at 1279 cm’ was

attributed to the -COO- stretching vibrations
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Figure 5.4 "H-NMR spectra of pentablock copolymer-B in CDCls
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Figure 5.5 "H-NMR spectra of pentablock copolymer-C in CDCls

111



100

95

90~

B5 -

B0-|

75

Y Transmittance
3

3519,

24885

e

1265.65

1100.76

3000 2500 2000
Wavenumbsers (cm=1)

1500
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112




Preparation and Characterization of Nanoparticles

(i) Particle size

Prednisolone loaded nanoparticles were prepared by a single oil-in-water emulsification
method utilizing PB-A, B and C. Particle size and drug encapsulation efficiency of
nanoparticles were summarized in Table 5.1 Our study suggest that nanoparticles prepared
from PB-A (Fig. 5.7) have larger particle size in comparison to PB-B and C (Fig. 5.9 and
5.12). Therefore, polymer composition has definite effect on the particle size but polymer
molecular weight and hydrophobicity index did not exhibit any significant difference in

particle size as evident in the case of PB-B and C.

(ii) Drug loading content and entrapment efficiency

Entrapment efficiency of prednisolone loaded nanoparticles mainly depended on the
pentablock copolymer composition (Table 5.1). In the case of PB-A entrapment efficiency
was around 65.4 + 3.0%. On the other hand we found higher entrapment efficiency of
prednisolone for PB-B and C which was 70.4 + 2.7% and 71.2 + 2.3% respectively. This
difference in entrapment efficiency can be attributed to the difference in hydrophobicity of
the copolymer. Polymer B and C are relatively more hydrophobic than polymer A.
Prednisolone being a hydrophobic molecule tend to posses higher binding with the polymeric
material having higher hydrophobicity. In addition, molecular weight of PB-B and C is
higher than PB-A. Therefore, copolymer composition and molecular weight were the two

dominant factors regulating the encapsulation efficiency.
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(iii) Surface morphology and XRD analysis

Nanoparticles morphology was observed by SEM. Fig. 5.8, 5.10 and5.12 showed that
all nanoparticles are spherical and possessed smooth surface morphology. Nanoparticles
surface plays an important role in regulating translocation and interaction with biological
membranes. These nanoparticles are spherical in shape and can be applicable for sustained
and targeted delivery. The state of incorporated drug is an important factor that determines
the release profile of drug delivery system. Fig. 5.13 examines XRD spectrum of polymer,
drug and nanoparticles. We did not observed any diffraction peaks in the drug loaded
nanoparticles matrix which suggested that drug existed in the amorphous state inside the
nanoparticles. Therefore, nanoparticles processing parameter has a definite effect on the drug

crystallinity.
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Table 5.1 Nanoparticles characterization

Nanoparticles Particle size (nm) Polydispersity Encapsulation efficiency
Polymer A 199.4 nm 0.231 65.4+£3.0 %
Polymer B 163.7 nm 0.182 70.4 £2.7%
Polymer C 157.1 nm 0.269 712423 %
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Figure 5.7 DLS spectrum of nanoparticles prepared from pentablock copolymer-A
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Figure 5.8 SEM image of nanoparticles prepared from pentablock copolymer-A
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Figure 5.9 DLS spectrum of nanoparticles prepared from pentablock copolymer-B
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Figure 5.10 SEM image of nanoparticles prepared from pentablock copolymer-B
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Figure 5.11 DLS spectrum of nanoparticles prepared from pentablock copolymer-C
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Figure 5.12 SEM image of nanoparticles prepared from pentablock copolymer-C
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In Vitro Drug Release Study

Fig. 5.14 and 5.15 demonstrated the release profile of prednisolone from pentablock
copolymers nanoparticles. Our results indicate that 40.9 £ 2.9 % of drug release takes place
within 23 h. These nanoparticles demonstrated high initial burst release phase due to surface
adsorbed drug molecules. After high initial burst release phase, we observed that drug release
rate was considerably reduced and continued upto 260 h. These results suggest that majority
of the surface adsorbed drug molecules were responsible for high initial burst release phase.
We speculate that PB-A is relatively hydrophilic and tends to have poor drug-polymer
binding capacity. Therefore, majority of drug was not localized in the core of nanoparticles
matrix. Moreover, PGA due to its faster degrading nature tends to contribute in the
degradation mediated release profile. Nanoparticles composed of PB-C are relatively more
hydrophobic and demonstrated slower release kinetics than PB-A. We observed that burst
release phase was reduced in PB-C nanoparticles followed by continuous release kinetics.
Polymer hydrophobicity and molecular weight are the two major factors responsible for
slower drug release profile. PLA is relatively more hydrophobic and degrades slower than
PGA. Therefore, contribution of degradation mediated drug release phase will not be
significant in regulating the release kinetics. In addition, we presume that binding affinity of
prednisolone acetate with PB-C was much higher than PB-A. Our results suggest that
polymeric compositions can regulate the drug release kinetics. Future investigations in
delineating the role of hydrophilic block molecular weight and crystallinity of PLA block can

improve the understanding of drug release process.
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Figure 5.14 In vitro release of PB-A nanoparticles in PBS buffer (pH 7.4) at 37 °C.
The values are represented as mean =+ standard deviation of n =3
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Figure 5.15 In vitro release of PB-C nanoparticles in PBS bufter (pH 7.4) at 37 °C.
The values are represented as mean =+ standard deviation of n =3
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Drug Release Kinetics

In vitro drug release from nanoparticles generally demonstrated burst release phase
followed by continuous release phase. Evaluations of drug release profile through three
different models (Higuchi, First order, and Korsmeyer model) provide more insight into the
drug release mechanisms. We have observed that release rate constant was significantly
decreased (Table 5.2) in the case of nanoparticles prepared from PB-C. Analysis of release
data through Korsmeyer model suggested that nanoparticles of PB-A displayed Kkp value of
33.4 whereas in the case of nanoparticles from PB-C it was 12.6. Therefore, these results
suggest that polymeric compositions significantly decrease the drug release rate. In addition,
diffusion exponent value is less than 0.5 which suggested diffusion controlled drug release

from both the compositions.
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Table 5.2 Kinetic parameters of in vitro release profile of nanoparticles

Nanoparticles First order Higuchi Korsmeyer-Peppas

2 ko (h) 2 ka W) | 1 | Kgp(®")| n
Pentablock 0.934 | 0.009 | 0.823 | 6.155 | 0.704 | 33.517 | 0.083
copolymer-A
Pentablock 0712 | 0.007 | 0983 | 5859 | 0981 | 12.604 | 0.369
copolymer-C
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Conclusions
We have successfully synthesized and characterized different compositions of
pentablock copolymers. In this work we have successfully delineated the role of polymeric
compositions on nanoparticles size, encapsulation efficiency and drug release profile. We
have observed that nanoparticles are spherical in shape with a mean diameter in the range of
150-250 nm. We observed that polymer compositions can modulate the drug release profile.
Therefore, these polymeric compositions can be further optimized to achieve controlled

release of therapeutic molecules of different size and polarity.
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CHAPTER 6

EVALUATION OF DIFFERENT PENTABLOCK COPOLYMER COMPOSITIONS

BIOCOMPATIBILITY UTLIZING VARIOUS CELL LINES

Rationale

Biodegradable polyesters such as PLA, PCL, and PLGA possess excellent
biocompatible nature. Polymeric component utilized for the synthesis of pentablock
copolymers are FDA approved. However, earlier investigations suggest that biocompatibility

depends on processing method and properties of final polymeric material.

TNF-a is major inflammatory cytokine synthesized by macrophages. It has key role
in apoptosis and also responsible for inducing tissue injury. IL-6 is a cytokine which perform
functions such as acute phase reactions and nerve cell response. Production of IL-6 by
macrophage is elevated after exposure to lipopolysaccharide (LPS) (main constituent of
gram-negative bacteria cell membrane). It plays a key role in signal transition to immune
cells such as neutrophils and macrophages resulting in the release of inflammatory mediators
(Mishra et al., 2011). Biomaterial utilized for drug delivery should be non-toxic and non-
immunogenic. Considering this we have evaluated the cytotoxicity of novel pentablock
copolymers by direct exposure to various cell lines. However, cytotoxicity studies may not
reveal the inflammatory response of the polymeric material. It is possible that non-cytotoxic
material can trigger inflammatory response. Therefore, we evaluated the inflammatory
response through macrophage activation by exposing the RAW 264.7 cell line to different

polymeric concentrations. Considering this our investigation involves evaluating cell
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viability and characterizing the inflammatory response on mouse macrophage cell line i.e.
RAW 264.7. We have monitored the released of cytokines such as TNF-a, IL-6 and IL-1f

after exposure to two different concentration of pentablock copolymers.

Material and Methods

The cytotoxicity and biocompatibility of the PB-A, B, C and PLGA were investigated
in several cell lines. ARPE-19, SIRC and RAW 264.7 were procured from American Type

Culture Collection (ATCC).

Cell Culture

ARPE-19 cells were grown in Dubelcco’s modified Eagle’s medium (DMEM/F12)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL of
streptomycin.  SIRC cells were grown in minimum essential medium (MEM) and
supplemented with 10% FBS, 100 U/mL of penicillin and 100 pg/mL of streptomycin. RAW
264.7 (Mouse macrophage cells) cells were cultured in DMEM/F12supplemented with 10%
FBS, 10% of nonessential amino acids, 100 U/mL penicillin and 100 pg/mL of streptomycin.
The pH of the medium was adjusted to 7.4 and cells were incubated in humidified
atmosphere at 37 °C temperature with 5% CO, environment. The cell were exposed directly

to different concentrations of Pentablock Polymer A, B, C and PLGA.

Cell Viability Assay
Cell viability studies were performed utilizing MTS assays in which novel
tetrazolium compound, 3-(4, 5-dimethylthiazole-2-yl)-5- (3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was reduced into a colored formazan product by live
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cells. Rabbit primary corneal epithelial culture cells (rPCEC) were grown in the culture
media comprising MEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, and
streptomycin sulfate. Cells were maintained under a humidified atmosphere of 5% CO, at
37°C and then sub cultured and seeded in 96-well culture plates at a density of 10,000
cells/well. After 24 h incubation, fresh media containing hydrogels of different
concentrations ranging from 0.5 mg/ml to 20 mg/ml were added alone and with 5 wt% (PVA
or PCL) polymeric additives. Triton X-100 (0.1%) was used as positive control while the
blank (without treatment) was considered as negative control. Following 24 h incubation,
100 pLL serum free medium containing 20 uL. of MTS solution was added to the 96 well
plates and were incubated at 37 °C and 5% CO; for 4 h. After incubation, the absorbance of
each well was measured at 450 nm by an ELISA plate reader. Absorbance was directly

proportional to viability of cells which was calculated by following equation.

Cell Viability = (Abs. of sample) - (Abs. of negative control) * 100
(Abs. of positive control) - (Abs. of negative control)

Cytotoxicity Assay/Lactate Dehydrogenase (LDH) Assay

To estimate the cytotoxicity of polymeric nanoparticles to the exposed cells lactate
Dehydrogenase (LDH) assay was performed. Cell growth conditions were kept same as the
MTS assay. Cells were seeded in 96-well culture plates at a density of 10,000 cells per well.
At 70 % confluency, 200 pl fresh medium containing blank nanoparticles at different

concentrations were added. Cells were incubated for 48 h at the humidified atmosphere at
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37° C and 5% CO,. Damage of the cell membrane or cell death releases the lactate
dehydrogenase (LDH) in the supernatant. Concentration of LDH released in the supernatant
of the rPCEC and ARPE-19 cells was measured by Cytotoxicity Detection Kit (Takara Bio
Inc., Japan). Amount of the LDH release is directly proportional to the number of damaged
cells. Less than 10% LDH release was considered as non toxic in our experiment and

spectrophotometric determination was carried out at 450 nm.

Inflammatory Mediators Release Study

RAW 264.7 cells were cultured and incubated as described above in cytotoxicity
studies. 1mg/50uL and 0.1mg/50uL of the polymer solutions (Pentablock polymer A, B, C
and PLGA 50:50) were prepared in acetonitrile. These polymer solutions (300uL) were
aliquot in 24 well plates, followed by overnight UV exposure. After getting 80% confluence,
cells were trypsinised and 50000 cells were seeded per well. One set of wells were kept
without polymers and considered as blank. Cells were incubated for 24 hours at 37° C and
5% CO; in humidified atmosphere. Sample volume of 120uL was collected at 6 and 24 hour

from each well and stored at -80° C for ELISA assay.

Determination of TNFa, IL-6 and IL-1 B Levels in Cell Supernatant of RAW 264.7

The levels of TNFa, IL-6 and IL-1 [ were measured by enzyme-linked
immunosorbent assay (eBIOSCIENCE, USA). ELISA assay (Fig. 6.1) was performed as
standard manufacturer protocol. Calibration curve of TNFa, IL-6 and IL-1p were prepared in
the range of 10 pg/mL to 750 pg/mL, 5 pg/mL to 500 pg/mL and 10 pg/mL to 500 pg/mL

respectively. Absorbance was measured at 450 nm by ELISA plate reader.  Capture
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antibodies for TNF o, IL 6 and IL 1P were diluted in coating buffer and 100 pL of resulting
solutions were aliquoted in each well of 96 well plate. Assay plate was incubated overnight at
4°C. After aspiration of solutions, plate was washed three times with wash buffer followed
by addition of 200 pL of blocking solution in each well and incubated for 2 hours at room
temperature. A 100 pL of samples and standard solutions (ranging from 10 — 1000 pg/mL for
TNF a, 5 — 500 pg/mL for IL 6 and 10 — 1000 pg/mL for IL 1p) were aliquoted in each well
and kept overnight at 4 °C. Plates were washed and aliquoted with 100 puL/well of detection
antibodies, and incubated at room temperature for 1 hour. After washing, Avadin-HRP
conjugate (100 uL/well) was added in the plates and incubated for 30 mins. After final
washing, 100 uL of substrate solution was added and incubated for 10 — 15 mins followed by
addition of 50 pL of stop solution. Samples were analyzed at 450 nm and 570 nm

wavelengths. Absorption values of 570 nm were subtracted from 450 nm for final

calculation.
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ELISA protocol for the analysis of TNFa, IL 6 and IL 18
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Figure 6.1 Schematic of ELISA assay
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Result and Discussion

Cytotoxicity Studies on ARPE 19 Cells

Cytotoxicity studies suggested that pentablock copolymers were not cytotoxic (Fig.
6.2 and 6.3) to ARPE-19 cells. At the concentration of 20 mg/ml pentablock copolymers
showed 10.24 + 1.73 % of cytotoxicity in comparison to control whereas polymers PB-B and
PB-C demonstrated 7.54 = 0.79 and 4.2 £1.5 % of cytotoxicity respectively. These results are
comparable to PLGA which showed 8.1 + 5.0 % of cytotoxicity. Our results suggest that PB-
B and PB-C were more biocompatible to ARPE-19 cells in comparison to PB-A and PLGA.
At lower concentration (2 mg/ml) we did not observed any significant cytotoxicity. This
difference in cytotoxicity may be attributed to low molecular weight of PGA block in PB-A
which has higher tendency to degrade faster. PB-A possesses PGA of molecular weight 300
on either side of the polymeric chain. Earlier reports suggest that degradation of polyester
depends on the molecular weight. Therefore, in the case of PB-A faster degradation of PGA

may lead to higher cytotoxicity.

In addition, it is well known that PGA degrades at faster rate in comparison to PLA.
PB-A, PB-B and PB-C differs primarily in the molecular weight of end block. In the case of
PB-A, PGA is of low molecular weight whereas PB-B and PB-C possess PLA of high
molecular weight. Therefore, molecular weight and composition of block copolymers are the

key factors responsible for the difference in cell cytotoxicity.
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Figure 6.2 LDH (%) release from the ARPE 19 cells when exposed to the 20 mg/ml of PB-A,
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Figure 6.3 LDH (%) release from the ARPE 19 cells when exposed to the 2 mg/ml of PB-A,
PB-B, PB-C and PLGA (50:50)
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Cell Viability Studies on RAW 264.7 Cell Line

Cell viability studies demonstrate that in the presence of PB-A, B and C at the
concentration of 20 mg/ml viability of RAW 264.7 cells were 83.7 + 4.2%, 86.5 + 4.2% and
94.0 £ 1.3% respectively. In all the cases cell viability was higher in comparison to PLGA.
Assessment of cell viability in RAW 264.7 provided a clear evidence that pentablock
copolymers were biocompatible and can be applicable for ocular drug delivery. Our results
indicated a difference in cell viability between PB-A, B and C. This difference can be
attributed to the polymer compositions (Fig. 6.4 and 6.5). In PB-A faster degradation of PGA
block might have resulted in less viability in comparison to pentablock copolymers B and C.
However, at low concentration of 2 mg/ml cell viability was not significantly different in the
case of polymer PB-A, B and C. We presume that no significant difference in cell viability
was not evident because the concentration of glycolic acid released after degradation was
very low to induce any cytotoxicity. Furthermore, we observed similar trend in cytotoxicity
studies performed on ARPE-19 cell-line. In this study, we have prepared polymeric film and
then seeded the cells. Therefore, our result also indicated cell attachment tendency on the
polymeric surface. Other reports also suggest that attachment of macrophages to hydrophilic
surface is less in comparison to hydrophobic surface. PB-A is relatively less hydrophobic in
comparison to PB-B and C. Therefore, PB-B and C may not favor cell attachment.
Difference in the polymer hydrophobicity index may be another potential reason for the
difference in cell viability. Our study indicate that PB-C is more cytocompatible in
comparison to PB-A. Further studies with PEG of high molecular weight may elucidate the

role of hydrophilic block in cell attachment and proliferation.
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Figure 6.4 Cell viability (%) of the RAW 264.7 cells when exposed to the 20 mg/ml of
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Figure 6.5 Cell viability (%) of the RAW 264.7 cells when exposed to the 2 mg/ml of
PB-A, PB-B, PB-C and PLGA (50:50)
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Inflammatory Response after Exposure to Pentablock Copolymers

Release of inflammatory mediators TNF-a, IL-6 AND IL-1p were measured after
exposure to PB-A,B and C for 24 h. Cells without treatment were considered as negative
control and LPS was considered as positive control. LPS is recognized through toll like
receptor which subsequently phosphorylates and send signal for the activation of mitogen
activated kinase. This process followed by translocation of genes which is mainly responsible
for cytokine generation. Our result indicates negligible release (Fig. 6.6 and 6.7) of
inflammatory mediator TNF-a after exposure to PB-A, B and C in comparison to control. We
observed similar release of TNF-a at two different concentrations. These results suggested
that even higher cytotoxicity was observed in the case of PB-A but in terms of immunogenic
response different composition demonstrated comparable release of TNF-a. In addition, we
did not observed concentration dependent repose which further confirms that pentablock
copolymers were non-immunogenic in nature. We have selected RAW 264.7 cell line
because it is recommended by American Society of Testing and Materials for the evaluation
of biocompatibility of novel biomaterials. We also monitored the release of IL-6 (Fig. 6.8
and 6.9) which is responsible for late phase of innate response and IL-1p (Fig. 6.10 and 6.11)
which is involved in the acute phase response. We did not observe any significant release of
IL-6 and IL-1B in comparison to control at two different concentrations (0.6 and 6 mg/ml)
after exposure for 24 h. Therefore, our results provided strong evidence for the future
application of pentablock copolymers for drug delivery. Studies performed by other
investigators with biomaterials such as PEG/Polyacrylic acid and crosslinked PEG
demonstrated release of TNF-a in a time and dose dependent manner (Sethi et al., 2003; Yim

et al., 2009).
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Figure 6.6 TNF-a release from RAW 264.7 cell after exposure to 20 mg/ml of different
polymers
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Figure 6.7 TNF-a release from RAW 264.7 cell after exposure to 2 mg/ml of different
polymers
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Figure 6.8 IL-6 release from RAW 264.7 cell after exposure to 20 mg/ml of different
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Figure 6.9 IL-6 release from RAW 264.7 cell after exposure to 2 mg/ml of different polymers
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Thus, our polymeric material has superior biocompatibility profile in comparison to other
materials which are commonly utilized for biomedical applications.
Conclusions

Our results suggest that pentablock copolymer is biocompatible to ocular cell line i.e.
ARPE-19. We observed that pentablock copolymer block composition and molecular weight
has definite effect on the cell viability. Pentablock copolymer-B and C are lees cytotoxic in
comparison to copolymer-A. However, all the compositions displayed negligible release of
major inflammatory mediators i.e. TNF-a, IL-6 and IL-1f from macrophage cell line.
Therefore our novel pentablock copolymers could be applicable for ophthalmic drug

delivery.
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CHAPTER 7

DEVELOPMENT AND EVALAUTION OF COMPOSITE FORMULATIONS OF

NANOPARTICLES SUSPENDED IN THERMOSENSITIVE HYDROGEL

Rationale

In this work composite formulations of nanoparticles suspended in thermosensitive
hydrogel were evaluated. By varying the block ratio, copolymer molecular weight and block
rearrangement pentablock could be utilized for the preparation of nanoparticles and
thermosensitive hydrogel (Gong et al., 2009a). Earlier we have dispersed the hydrophobic
drug (prednisolone acetate) into the aqueous polymeric solution at room temperature. The
drug loaded solution eventually transform into hydrogel matrix as the temperature changes to
37 °C. Thermosensitive hydrogel demonstrate solution to gel state transition in response to
temperature stimuli. The temperature at which sol-gel transition takes place is known as
critical solution temperature. At critical solution temperature conformational changes occurs
due to physical crosslinking of polymeric chain matrix which are reversible in nature and
returns to its original state after removal of thermal stimulus (Jeong et al., 2000). Physical
cross linking results in the formation of three dimensional matrices, which act as a reservoir
for controlled drug delivery. Thermosensitive block copolymers have gained significant
attention due to their potential application in the development of in situ depot forming
injectable controlled release formulations (Packhaeuser and Kissel, 2007; Ryu et al.). Block
copolymers such as poly (N-isopropylacrylamide), poly vinyl ether, pluronic and PEG
conjugated polyesters are commonly explored over the past decade (Chung et al., 2002;

Derakhshandeh et al. 2010; Lee et al., 2006; Sun et al., 2006; Zhang et al., 2009).

144



Release of drug from the polymeric matrix takes place through diffusion and
degradation mechanism (Lao et al, 2011; Siepmann and Gopferich, 2001). However,
uniform dispersion of hydrophobic molecule inside the polymeric matrix is difficult to
achieve. In this regard, nano encapsulation of hydrophobic drug in the polymeric matrix may
provide enhanced stability and solubility (Shuai et al.,, 2004; Zhang et al., 2011). It is
interesting to note that both the pentablock copolymers have PEG and PCL but the block
arrangement and molecular weight was different. We have used PEG-PCL-PLA-PCL-PEG
for the preparation of thermosensitive hydrogel whereas PGA-PCL-PEG-PCL-PGA for the
fabrication of nanoparticles. We expect that composite delivery system of nanoparticles
suspended in thermosensitive hydrogel will remain in solution state at room temperature and
eventually transform in to hydrogel (Duvvuri et al., 2005; Gong et al., 2009a; Gou et al.). In
addition, it will reduce the chances of precipitation of hydrophobic drug and also prolonged
the drug release. We have monitored the in vitro drug release profile and also performed

biocompatibility studies on human conjunctival cell line.

Material and Methods

PEG (Mn=1000) was purchased from Sigma (USA). PEG was dried under vacuum at
60 °C. e-caprolactone, glycolide, stannous octoate, mPEG (Mn=550) were obtained from
Sigma chemical company (St. Louis, MO). Hexamethylene diisocyanate (HMDI) (Aldrich)
was procured from Acros organics (Morris Plains, NJ). Methylene chloride and petroleum
ether was obtained from Fischer Scientific (USA). All other reagents utilized for this study
are of analytical grade and used without further processing. Human conjunctival epithelial

cells (HCEC) cells were procured from ATCC (USA).
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Synthesis of PGA-PCL-PEG-PCL-PGA/PLA-PCL-PEG-PCL-PLA for Nanoparticles

Pentablock copolymers were synthesized in two steps by sequential ring opening

polymerization method. Detailed synthetic scheme was mentioned in chapter 5.
Synthesis of PEG-PCL-PLA-PCL-PEG for the Preparation of Thermosensitive Hydrogel

Synthetic method discussed in chapter 4 was utilized for the preparation of

thermosensitive hydrogel.
In Vitro Release Study

20 wt. % of PGPCPL-2 was solubilized in 10 mM PBS by keeping overnight at 4 °C.
Then prednisolone acetate nanoparticles (140 mg) drug equivalent to 250 ug, prepared from
Pentablock Polymer A were dispersed in 20% w/w thermosensitive polymer solution. Then
polymeric aqueous solution (0.4 ml) was injected into 10 ml vial with 12 mm internal
diameter. Vials were kept in shaker bath at 37 'C with a stroke rate of 30 rpm. The polymeric
solution was allowed to gel for 2 min. Then 5 ml of the release medium containing phosphate
buffer (pH 7.4) and sodium azide (0.02 wt%) were added in order to prevent microbial
contamination during a release study. The entire release medium was replaced with fresh
buffer at predetermined intervals to mimic the sink condition. Samples were stored at -20° C
until further analysis. The release samples were analyzed by high performance liquid

chromatography (HPLC).
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Figure 7.1 Schematic representation of composite approach
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Release of Inflammatory Mediators

Lipoteichoic acid (LTA) is a component of Gram-positive bacterial cell wall. LTA
can interact with Toll-like receptor 2 (TLR2) of HCEC cells and stimulates release of
cytokines such as TNFa, IL 6 and IL 1B. Hence, in this study LTA (50 pg/mL) was used as
positive control and blank was considered as negative control. The levels of TNFa, IL-6 and
IL-1 B were measured by enzyme-linked immunosorbent assay (eBIOSCIENCE, USA).

ELISA assay was performed as standard manufacturer protocol. Calibration curve of TNFa,

IL-6 and IL-1p were prepared in the range of 10 pg/mL to 750 pg/mL, 5 pg/mL to
500 pg/mL and 10 pg/mL to 500 pg/mL respectively. Absorbance was measured at 450 nm

by ELISA plate reader.

Result and Discussion

Application of pentablock copolymers for ophthalmic delivery depends on the
absence of release of inflammatory mediators from HCEC upon exposure for different time
duration. Release of TNF-a, IL-6 and IL-p were monitored at 24, 48, and 72 h after exposure
to two different compositions of pentablock copolymers based hydrogel. Our results
indicated that release of inflammatory mediators was comparable to negative control (Cells
without treatment). Lipoteichoic acid was taken as the positive control and release of
inflammatory mediators from HCEC was increased with time duration. For instance, at 24 h,
48 and 72 h increase in TNF-a concentration (Fig. 7.2 and 7.3) in the cell supernatant was

observed.
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These findings suggested that release of inflammatory mediators was negligible even
up to concentration of 20 mg/ml. Furthermore, concentration we have utilized for the studies
are very high for in vitro experiments. Therefore, our results validate our hypothesis that
these materials could be applicable for subconjunctival delivery. In comparison to the studies
performed with other biomaterial, we did not observed any significant dose and time
dependent release of TNF-a, IL-6 and I1-1P (Fig. 7.4, 7.5, 7.6 and 7.7) after exposure to two
different compositions of pentablock hydrogel. Since our target site for application of these
polymeric material is conjunctival space. Therefore, monitoring the release of inflammatory
indicators such as TNF-a, IL-6 and IL-1p was a definite indication of their non-

inflammatory nature.
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Moreover, suspension of nanoparticles in to the thermosensitive hydrogel also
significantly restricts the diffusion of water molecules in to polymeric matrix. In the case of
PB-A nanoparticles alone, 94.0 £ 9.4% drug release takes place in 129 h whereas in
composite formulation 90.9 £ 1.9 % of release was observed in 19 days. These results
suggest that our strategy has minimized the burst release phase and significantly prolonged
the drug release duration. We have selected two different nanoparticulate formulation
composed of pentablock copolymers A and C. Our results suggest that PB-A nanoparticles
suspended in hydrogel displayed faster drug release in comparison to PB-C nanoparticles
dispersed hydrogel in similar time duration. We observed that 90.9 + 1.9 % release take
place in 19 days from PB-A nanoparticles suspended in thermosensitive gel whereas in
similar time duration only 65.0 = 3.2% drug release was observed in the case of PB-C
dispersed hydrogel. This difference can be explained by the fact that PB-C being more
hydrophobic than PB-A tends to have better drug polymer compatibility. Prednisolone is a
hydrophobic drug molecule and tends to partition into hydrophobic polymeric matrix.
Therefore, difference in the hydrophobicity of polymeric materials is mainly responsible for

the difference in drug release.

Drug Release Kinetics
We have evaluated the drug release profile of composite formulations through
Higuchi, First order and Korsmeyer model. In the case of nanoparticles alone release was
primarily depended (Table 7.1) on diffusion mechanisms whereas in the case of composite
formulations diffusion exponent value is greater than 0.5 which suggest that release process
was mediated by diffusion and degradation mechanisms. We also observed that release rate

constant was significantly decreased in the case of composite formulations in comparison to
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nanoparticles alone. We observed that higher diffusion exponent in the case of PB-A
nanoparticles suspended in hydrogel in comparison to PB-C nanoparticles in hydrogel was
mainly due to faster degradation of PB-A. Pentablock copolymer PB-C was composed of
higher molecular weight PLA, therefore release process is primarily regulated through

diffusion and less prominent effect of degradation mediated release was observed.
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Figure 7.8 In vitro release of pentablock copolymer- A nanoparticles suspended in
thermosensitive hydrogel in PBS buffer (pH 7.4) at 37 C. The values are represented as
mean + standard deviation of n=3
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Figure 7.9 In vitro release of pentablock copolymer- C nanoparticles suspended in
thermosensitive hydrogel in PBS buffer (pH 7.4) at 37 C. The values are represented as
mean + standard deviation of n=3
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Table 7.1 Kinetic parameters of in vitro release profile of nanoparticles suspended in
thermosensitive hydrogel

Nanoparticles First order Higuchi Korsmeyer-Peppas
r’ ko (h™) r’ ke (W) | | Kgp(®") | n
Pentablock
copolymer-A 0.576 0.007 0.968 4.923 0.975 1.677 0.79
suspended in gel
Pentablock
copolymer-C 0.493 0.003 0.973 2.767 0.994 2.459 | 0.563
suspended in gel
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Conclusions

We have successfully prepared composite formulations of nanoparticles suspended in
the hydrogel matrix. Composite formulations provided extended release profile in
comparison to hydrogel or nanoparticles alone. These formulations successfully minimized
the burst release phase and provided extended release profile in comparison to hydrogel or
nanoparticles alone. These formulations have potential for clinical application based on their
excellent biocompatible nature. Future investigations with different percentage of
nanoparticles in the hydrogel matrix will further improve the understanding of composite

systems.
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CHAPTER 8

SUMMARY AND RECOMMENDATIONS
Summary
We have evaluated four different approaches to optimize drug release profile. In this
regard, our first approach of incorporating polymeric additives was applicable to modulate
the sol-gel transition and drug release kinetics from hydrogel. So in this study attempts has
been made to study the effects of additives on sol-gel transition and drug release from
hydrogel with the addition of hydrophilic and hydrophobic polymers. Hydrogel polymeric
matrix is porous in nature and TM molecules can diffuse through the pores of polymeric
chains. Polymeric additives can easily fit into the spaces of a hydrogel matrix and modify

drug release rate.

PCL was selected as a hydrophobic and polyvinyl alcohol (PVA) as a hydrophilic
additive. Addition of PVA and PCL increased the viscosity of hydrogel and improved the
gelling efficiency possibly by providing better packing of the gel matrix. We observed more
pronounced effect of PCL on sol-gel transition in comparison to PVA because PCL is a
hydrophobic polymer and promotes better micellar aggregation for the formation of gel.
Addition of PCL promoted the aggregation of polymeric chains at 37 °C but did not alter the
porosity of the hydrogel matrix due to its low molecular weight whereas high molecular
weight PVA uniformly cover the porous matrix of hydrogel and thereby reduced the
diffusion of drug molecules from the hydrogel matrix. We found that PVA being a
hydrophilic polymer tends to localize with hydrophilic block of the hydrogel where majority
of TM molecules are dispersed. Higher percentage of PVA favors micellar aggregation due

to presence of polar hydroxyl groups. Majority of TM dispersed in the hydrophilic block
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therefore addition of PCL did not significantly modulate the release of TM. The effect of
PVA on release kinetics was more pronounced than PCL. In hydrogel alone Kxp value was
3.03 whereas with PVA, Kxp was found to be 1.368 and for PCL it was 2.455. Cell viability
studies suggest that polycaprolactone based hydrogels alone and with polymeric additives are
biocompatible with the corneal epithelial cells (Mishra et al., 2011).

In our second approach we have incorporated PLA block in the center of PEG-PCL-
PEG, in an attempt to accelerate degradation rate of highly crystalline and hydrophobic PCL
block. PCL based block copolymers have primarily diffusion mediated drug release due to
extremely slow degradation. So we have successfully developed novel pentablock
copolymers by introducing faster degrading polymeric block with optimum degradation rate
and achieved zero order drug release via both diffusion and degradation mediated pathway.
Prednisolone and ofloxacin was utilized as model drugs of varying lipophilicity for in vitro
release studies. Pentablock copolymers were successfully synthesized and characterized by
'H NMR, GPC and FT IR. Sol-gel transition of two different copolymer of varying &-
caprolactone and L-lactide ratio suggested that upon increasing the block length of PCL,
CGC decreased from 20 to 18 wt%. These results suggest that increasing the L-lactide to e-
caprolactone ratio with similar block length of mPEG resulted in lowering the CGC and
increasing the stability of gel at higher temperature. The decrease in CGC was attributed to
better micellar packing of copolymer with higher content of e-caprolactone. Release of
ofloxacin was not significantly different from both the polymeric compositions whereas
release rate of PA was affected by hydrophilic/hydrophobic balance of the polymer. In

addition, relatively longer PCL block length may have restricted the permeation of water
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molecules across the polymeric matrix. Hence, slower hydration of gel resulted in decreased
diffusion coefficient of the drug across the hydrogel matrix.

Release profile of OFX was not significantly different from both the compositions.
OFX being a hydrophilic drug molecule tend to partition in the PEG domain of the hydrogel
whereas hydrophobic drug molecule (PA) partition into PCL core. Therefore, OFX dispersed
in PEG domain was easily diffused out in the release medium irrespective of polymer
composition whereas change in hydrophobic component altered the release profile of PA by
altering the micellar aggregation which influenced the porosity of hydrogel matrix.
A specific combination of different molecular weight and block ratio can generate
copolymers, which can be used to prepare nanoparticles. Therefore, in our third approach we
have successfully we have synthesized different compositions of pentablock copolymers and
evaluated their effect on nanoparticles encapsulation and drug release profile. Our study
suggest that nanoparticles prepared from pentablock copolymer-A have larger particle size in
comparison to pentablock copolymer-B and C. Therefore, polymer composition has definite
effect on the particle size but polymer molecular weight and hydrophobicity index did not
exhibit any significant difference in particle size. We found higher entrapment efficiency of
prednisolone for pentablock copolymer-B and C in comparison to pentablock copolymer-A.
This difference in entrapment efficiency can be attributed to the difference in hydrophobicity
of the copolymer. Polymer B and C are relatively more hydrophobic than polymer A.
Prednisolone being a hydrophobic molecule tend to posses higher binding with the polymeric
material having higher hydrophobicity. In addition, molecular weight of pentablock

copolymer B and C is higher than polymer A. Therefore, copolymer composition and
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molecular weight are the two dominant factors regulating the encapsulation efficiency and in
vitro release profile.

Nanoparticles or thermosensitive hydrogel alone demonstrated initial burst release
due to surface adsorbed drug molecule. Therefore, in our final approach we have utilized
composite formulations of nanoparticles suspended in thermosensitive gel that successfully
minimized the burst release of drugs due to longer diffusion pathway of drug molecules from
the delivery system.

In addition, we have evaluated the cytotoxicity and inflammatory response of novel
pentablock copolymers by direct exposure to various cell lines. Our results indicate a
difference in cell viability between PB-A, B and C. This difference can be attributed to the
polymer compositions. In PB-A faster degradation of PGA block might have resulted in less
viability in comparison to pentablock copolymers B and C. However, all the compositions
displayed negligible release of major inflammatory mediators i.e. TNF-a, IL-6 and IL-1
from macrophage cell line and Human conjunctival epithelial cells. Therefore our novel

pentablock copolymers have potential for ophthalmic drug delivery.

Recommendations

Pentablock copolymers employed for nanoparticles preparation (PGA-PCL-PEG-
PCL-PGA) have hydrophobic blocks at the terminal whereas copolymers utilized for
thermosensitive gel (PEG-PCL-PLA-PCL-PEG) contains hydrophilic blocks at the terminal.
Pentablock copolymers can be easily rearranged to accommodate both hydrophilic and
hydrophobic drug molecules. Major challenge for controlled delivery of therapeutic
macromolecules is to maintain structural integrity and biological activity of protein for
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prolonged periods. These copolymers are amphiphilic in nature which can assist in
optimizing the release profile of therapeutic macromolecules by varying the molecular
weight of hydrophilic and hydrophobic blocks. Moreover, we can control the hydrolytic
degradation of PB copolymers that will preserve structural integrity and immunogenicity of
macromolecules. Our dual approach of nanoparticles suspended in a thermosensitive gel can
eliminate the burst release of drugs due to longer diffusion pathway of drug molecules
through both nanoparticles and gel layers. Such innovative system can be introduced in to
episcleral space through subconjunctival administration. Such a delivery system may result in
prolonged duration of action, thereby completely eliminates the need for repeated intravitreal
injections. Moreover, uptake of nanoparticles could be enhanced by functionalizing the
surface groups such that the surface modified nanoparticles might be recognized by peptide
transporter present on the basolateral side of the RPE and Bruch’s membrane.
Subconjunctival administration of surface modified nanoparticles suspended in
thermosensitive gel may provide prolonged delivery with improved conformational stability
and targeted delivery of therapeutic macromolecules. Scientific and clinical impact of
developing a controlled polymeric delivery of therapeutic macromolecules for age related
macular degeneration treatment may cause a paradigm shift in the treatment of retinal
diseases. Our composite formulations may serve as a platform for delivery of other
therapeutic proteins, peptides, siRNA, antibody and fragments. Subconjunctival injection of
optimized formulation will overcome common side effects associated with intravitreal
injections. Investigation would also provide insight into transscleral pharmacokinetics of
macromolecules following subconjunctival administration of controlled release formulation,

which would provide new mechanistic approaches to biomaterial design.
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