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Abstract

Nanotechnology enabled medicine (nanomedicine) is expected to be the next advent of the health care
market facilitating efficient, safe, and personalized therapies. Despite numerous publications
demonstrating utility of nanoparticle platforms for drug delivery, analysis on commercial viability of
these platforms indicates there are several challenges, often unique to the formulation, which still need
to be addressed. Nanomedicine has thus far had limited penetration in the market. This thesis addresses
some of these challenges and opportunities, with a focus on mucoadhesive polymer micelle
nanoparticles for ocular drug delivery as a model system.

The eye is an exposed organ and several physiological and anatomical barriers have evolved to
protect the organ from foreign particles. These barriers also restrict delivery of drug molecules to their
intended targets. Topical administration is possible for the anterior segment and is the most popular
route of ocular drug delivery. Only 5% of the administered dose is bioavailable for action at the target
site, while the remaining 95% is removed via blinking, nasolacrimal drainage, degradation, or cleared
with the tear film. Frequent administrations and concentrated doses are required to overcome these
barriers to reach and maintain therapeutic concentration. In order to improve ocular drug delivery,
nanotechnology enabled medicine aims to improve the retention time of the therapeutics on the ocular
surface. One such strategy is the adhesion of molecules or particles to the mucus layer of the ocular tear
film. This strategy (mucoadhesion) has been successfully demonstrated as a mechanism to bypass

clearance by the tear film.

Mucus membranes exist throughout the body. Though the focus of the PLA-b-Dex-APBA polymer
micelles developed by our group has thus far been limited to ocular drug delivery, we propose that the
prolonged retention of therapeutics encapsulated within this platform will result in less frequent
administration, local targeting of the tissue, a reduced administered dose and therefore reduced adverse
side effects. By tuning properties of the block copolymer such as the conjugation of mucoadhesive
ligand APBA, the other mucus membranes can be targeted, and the return on investment can be
maximized. Studies on the major factors of the reaction mechanism were used to develop a model
which can be utilized to target and fine tune the conjugation of mucoadhesive ligand. Through this

work, the variance in the batch-to-batch synthesis can be reduced which is critical to commercialization.



Synthesis of nanotechnology enabled medicine is more complex than the conventional form, adding
cost and requiring highly trained personnel. Herein, an alternate route for the conjugation of the
mucoadhesive ligand to polymer is explored. The method is based on the principals of solid-state
chemistry. Though conventional solid-state reaction conditions are impractical for carbohydrates, a
semi solid-state reaction which reduces the synthesis time of our mucoadhesive polymer from 30 hours
to only 10 minutes. The reaction is performed at 110°C (significantly lower than temperatures for
conventional solid-state chemistry) and can thus be utilized to achieve efficient modification of

carbohydrates.

Colloidal systems are far more unstable than conventional therapeutic forms; this has also limited
market entry of nanotechnology enabled medicine. A short shelf-life dramatically increases the cost of
production which may not be justified by the added benefit. Herein, flash freezing, and freeze-drying
are explored, both viable options to improve shelf life of the PLA-b-Dex-APBA block polymer micelle
suspension. Due to an inherent cryoprotective property, no modification needs to be made to the
formulation while flash freezing. The stress imposed on the suspension during sublimation (drying
stage of freeze-drying) destabilizes the particles, causing them to aggregate. Through this work, the
addition of 2 wt% trehalose was determined to be optimal to improve the stability and recovery of
nanoparticles post freeze-drying.

In order to commercialize the mucoadhesive platform, the formulation must be freeze-dried to
increase the shelf-life. The current synthesis process requires the formation of an oil-in-water emulsion
and subsequent preservation. Herein, a novel method of using freeze-drying to drive self-assembly of
block copolymer micelles is demonstrated. The condensed product is a loose aggregate of particles
which readily disperse upon rehydration. Synthesizing polymer micelles via this pathway was found to
be optimal in a 2 wt% trehalose solution, resulting in particles which are acceptable under the guideless
of the U.S. pharmacopoeia (USP) for ophthalmic preparations. The time prior to freeze-drying is

reduced from 3 hours to 10 minutes.

Based on the conclusions of this work, it is recommended that the regression model be further
validated and verified. The effect of different conjugation fractions should be investigated in vivo to
determine the optimal adhesive strength for the various regions. Dextran functionalized with the
mucoadhesive ligand was also studied as a simplified model and has the potential to improve upon
current suspensions for dry eye. The solid-state method should be investigated for the synthesis of the

entire block-copolymer to further reduce the synthesis complexity. The self-cryopreservation property

iv



was identified for our nanoparticle formulation; it is recommended to try and extend this to other
particle formulations. Lastly, the proof-of-concept study for the synthesis of polymer micelles under
the stress of freeze-drying was explored. The next recommended step is to optimize the drug loading
through this method.



Acknowledgements

Foremost, | would like to acknowledge the financial contribution of my thesis advisor Dr. Frank Gu.

I would like to express my deepest appreciation to Dr. Sandy Liu whose expertise, encouragement
and generous guidance which made it possible for me to work on a project that was of great interest to
me. His scholarly advice and scientific approach have helped me to a great extent in completing this

work.

I am also fortunate to have worked with the members of this research group, namely Mr. David
Wulff, Ms. Jenny (Chu Ning) Chan, Mr. Diogo de Oliveira Livera, Ms. Aaminah Ahmad, Mr. Mostafa
Saquib, Ms. Michelle Si, and Ms. Lori Polit. | would also like to thank cooperative education students
Ms. Jasmine Zhang, Mr. Zihan Li, and Ms. Katie Kobernyk for their contributions to the research.

In addition, | thank Mrs. Janet Venne, Nuclear Magnetic Resonance Technician, Department of
Chemistry, Mr. Ralph Dickhout, Analytical Chemist and Manager of Laboratory Safety, Department
of Chemical Engineering, and Mrs. Mishi Groh, Departmental Technician, Department of Biology, for
their support and expertise with analytical instruments and assistance in developing the protocols for

this work.

I further extend my personal gratitude to the experts at the members of the Nanotechnology
Engineering Program at the University of Waterloo who have been instrumental in making this work
possible. Dr. Jenn Coggan, Dr. Ahmad Ghavami, and Dr. Neil McManus have been more than generous
with their lab space, equipment and expertise which was instrumental in completing this work. | am
also grateful for the teaching assistantship opportunities they have provided me and enabling me to

further develop my skills.

Lastly, I would like to express my gratitude to members of the Department of Chemical Engineering
at the University of Waterloo namely Dr. Eric Croiset, Chair and Professor Dr. Nasser Mohieddin
Abukhdeir, Associate Chair Graduate Studies & Associate Professor, and Mrs. Judy Caron, Manager

Graduate Studies, for the numerous ways in which they have helped me complete this program.

Vi



Dedication

To my mother, Sanji Rajpal, and my father, Deepak Rajpal.

vii



Table of Contents

AUTHOR'S DECLARATION .....cctt ittt ettt bbbt sne s ii
Y 0] 1 - Tod ST SSURP PP iii
ACKNOWIBAGEIMENTS ...ttt b e e r et b et n e Vi
=T [ Tox LA o] o PSSR vii
ST OF FIGUIES ...t bbbttt b bbb et Xii
I A0 1 10U o OSSR S XVi
LISE OF TADIES ...ttt te e ettt e se e beeneeneesteeneeseeereenee s Xvii
List of Acronyms and ADDIEVIALIONS ...........cviiiiiiriie e Xviii
Chapter 1 INTrOUUCTION ...ttt bbbttt bbb b e e b 1
I @ T 1 PSSR 1
1.2 RESEAICN ODJECTIVES ...ttt bbbttt n et ebe s 2
1.3 TNESIS OULIINE ...ttt bbbt b bbb sttt nenre e 4
Chapter 2 LITErature REVIEW .......ccuiiicie ettt st e te e st et e et sbeene e besaeeresteanneneas 6
2.1 Overview of the OCUIAr ANALOMY .........cccveiiiiieiiie e se e e sre s be e e sresreesbesreenee e 6
2.2 Conventional Ocular Drug DElIVENY ........ooviiiciiiiie e st 8
2.3 Challenges to Topical Ocular Drug DEIVEIY.......cccccveiiiiiie e 9
2.4 OCUIAE TEAI FIIM ...ttt bbbttt ettt st e bt et neenenre 12
2.5 IVIUCUS. ..ttt bt bt h et b e bt s b e e Rt e Rt et e e ke e ek et e b et e nb e e be e nre e nre e e nn e 13
2.6 MUCOSAl DIUQG DEIIVEY ... ..ottt sttt s be e te e e 15
2.6.1 MUCOBANESION ...ttt ettt sttt e st et st e bt e e eneaneane e 15
2.6.2 MUCOPENETIATION .....evveeeeieieiese ettt bbb et 18
2.8.3 IMIUCOIYEIC ...ttt bbbt e 18
2.6.4 BUCCAI MUCOSA.......ueeieiiieiiesie ettt sttt e te e sae et e sbesteas e e ntesneesaesteaneeneas 19
2.6.5 NASAI IMUCOSA........ecuveieiiieiie st ettt ettt ste e e e ste e besseesaesbeesaesaeeteesaesteaseentesseesaenseaneeneas 20
2.6.6 COlOrECTAl MUCOSA .....veveeviesieeieeie sttt sttt sttt st et e e ste s e e tesneeaenteeneeneas 22
T O otV - T 1Yol - SR 22

2.7 Nanosystems for Topical Ocular Drug DEIIVENY ........cccovviiiiiiiieiereeee e 23
2.7. 1 NANOPATICIES ... bbbttt bbb et 24
2.7.2 LIPOSOIMIES ..ttt bbbt bbbt bbbt s e e bt bbbt bbbt e e b 29

P R B - g To =T o g TU ] o] TSP 32

p O L g T[] 11T SRR 33



A S Y N E- T o] AT =] | LR 34

2.7.6 INIOSOIMIES ....eeeeiesteetieste et e e teestesteeseesteeteestesteeseebeaseeseeeteentesee et e e beaseeseesbeeseeseeaseentesneeneenseans 36
2.7.7 NANOCAPSUIE ...t bbbt 37
2.8 BIOCK COPOIYMETS ...ttt 38
2.8.1 Polymer Micelle Self-ASSEMDIY ..ot e 39
2.9 FIEEZE-DIYING....i ittt st ettt et et b e e re et e ae e b e re e e nreeres 40
2.10 Commercialization of Nanotechnology Enabled Medicine..........c.ccccovevevieeienie i 42
2.10.1 Regulatory Approval of NanomaterialS..........c.ccovvvveiiiieieie e 45
2.10.2 PRarmMaCOBCONOMICS ......ueiviriiteieeiesieiesiesie st sttt sttt bbb b ettt na e ens 47
2.11 Mucoadhesive Nanoparticles for Treatment of Chronic Dry EYe.......ccccccovveviviiievcceccic s 50
0 I TV Y- ST PTRPPRIN 50

A A 0 Yo [0 o AN SR 50
2.11.3 Phenylboronic Acid Modified Mucoadhesive Polymer Micelles.........c..cccccevveieiivennnnnn, 51

Chapter 3 Optimization of APBA Conjugation onto PLA-b-Dex Nanoparticles for Ophthalmic

PIEPAIALIONS ...ttt bbb bbbt E R R bbbt bbb e 53
3L SUMIMAIY ittt r e et E et h e b e Rt e Rt e et e R e e Rt esE e e R e e e s R e e b e e b nreenn e areeneenreenes 53
K B0 1 11 £ [N [ o SR 53
3.3 EXPEIIMENTAL SECTION. .....cuiiiiitiitiiie ittt ettt 55
TR 0 I Y- (T T PSSR 55
3.3.2 OXidation OF DEXIIAN .......civeieiieieie ettt steeneesbesreeneenee e 55
3.3.3 Conjugation of APBA 0NTO DEXIIAN ........cciiviiiiiiieieiee st 55
3.3.4 Synthesis of Amine Terminated DEeXIIan ..........cccooeeiririiirie e 56
3.3.5 Purification of Acid Terminated Poly (lactic acid).........c.ccoevveviiiiiiiececce e, 57
3.3.6 Synthesis of Block Copolymer of Poly (lactic acid) and Dextran..........c..cccooeevveveieenennnnn, 57
3.3.7 APBA Modification Of PLA-D-DEX .......cccivriiirieieieinisesie et 58
3.3.8 Characterization of APBA CONJUGALION .........c.coeiviiiiiecice ettt 59
3.3.9 Characterization of Particle Size Following APBA Modification ...........ccccccoeeviiienenenn, 59
3.4 RESUILS AN DISCUSSTON ......eeeveeieeeeeeiesie ettt eeie sttt e e ste et e e ste e eesteaseeseeeteeneesaeeneentesneeneesaeeneeseeenes 60
3.4.1 Conjugation of APBA 0Nt Free DeXIIan .........cccceeiiiieiieneiieriesie et 60
3.4.2 Conjugation of APBA onto PLA-b-Dex Block Copolymer ............cccocvvveiiieenicieeceen 66

K IR I 0] o] 013 o LSRR 71



Chapter 4 Co-Solvent Dehydration of BPBA onto Dextran Via Williamson Ether Synthesis Reaction

PAENVVAY ...t b bRt R r e 72
4.1 SUMIMETY ..ottt e e e s et b e e e Rt e s e e et e R e e e e R e Rt en R e e E e e n e nr e e r e e r e s reenenrenneennis 72
0 111 oo [ od £ o o SRS 72
4.3 EXPErimeENntal SECLION ......cciiiiiiii ettt sbe st s re e sr e peenae e 73

4. 3.1 IMALETIAIS ...t bbbt bbb 73
4.3.2 Co-Solvent Dehydration of BPBA 0Nt0 DEXLIaN .........c.cccveiveieeieii e sie e 73
4.3.3 Williamson Ether Synthesis for Modification of Dextran with BPBA in Solvent.............. 74
4.4 RESUILS AN DISCUSSION ...e.viiiiiieiesieiisiesie sttt sttt sttt ettt bttt ene s 75
4.4.1 Semi Solid-State Modification of Dextran wWith BPBA ..........cccooeiiiiiiniiniene e 75
4.4.2 Effect of the Mix Ratio of Reagents on the BPBA/Dextran Conjugation Efficiency......... 77
4.4.3 Co-Solvent Dehydration Reaction KINELICS ..........ccoviieiiiiiii i 79
SR O] Tod 111 [ o ISP 81

Chapter 5 Optimizing Stability and Long-Term Nanoparticle StOrage .........ccocevvvivviveneniverenineinennens 82
5.1 SUMIMBIY .ottt b et bt bt e e Rt e s s bt b e Rt s Rt e e e e Rt e e e nb e e b e e renreennenresneenns 82
ST 111 £ o [ 4 ] o ST 82
5.3 EXPErMENTAL SECTION ...ttt 85

LTI I Y- (T T PSSR 85
5.3.2 Synthesis of Amine Terminated DeXIran..........cccoveuiiririniieneee e 85
5.3.3 Purification of Acid Terminated PLA.........coovvii o 86
5.3.4 SYNthesiS OF PLA-D-DEX .....ccuiiiiiiiici e 86
5.3.5 SyNnthesis OF PLA-D-DEXOX ......cviiiiiiiiiiieieieiee et 86
5.3.6 APBA Modification Of PLA-D-DEX .......ccccoririreieieisesesie e 87
5.3.7 Characterization of APBA CONJUGALION.........cccueviiiiiie ettt 87
5.3.8 Preservation of Polymer Micelles via Flash Freezing and Freeze-Drying..........cccccceveniee. 87
5.3.9 Determination of Protectant Size in DLS MeaSUrements .........ccccovveveveeneneniereeneenenennenns 88
5.3.10 Investigation of Particle Corona and Effect on Suspension Stability ............ccccceeevvenen. 89
5.3.11 Preparation 0f TEM SamPIES ... ..o e 89
5.3.12 Quantification of DMSO Content Via tH-NMR.........cccoceviverrieieeeeeeee e 90
5.4 RESUILS AN DISCUSSION ... .eiueiieieiiiteeiie sttt sttt sttt see et seeseeseeeneeseeese e tesneeneesneaneenees 90
5.4.1 Effect of Trehalose on PLA-b-Dex-APBA Polymer Micelle Nanoparticles....................... 90
5.4.2 Effect of Trehalose on PLA-b-Dex Polymer Micelle Nanoparticles............ccocoovvviinnnnnne. 94

X



5.4.3 Effect of Polymer Micelle Corona on Preservation TEChNIQUES ..........cccovvvririicnieneniennns 95

5.4.4 Effect of Protectant Size on DLS Measurements for Effective Diameter (nm) .................. 96
5.4.5 Effect of Various Protectants on PLGA-PEG Polymer Micelles ..o 98
5.4.6 Effect of Polymer Concentration on the Preservation of Polymer Micelles...................... 102
5.4.7 Determination of Residual DMSO CONENL..........ccoviiiiiiiinienie e 105
5.4.8 Cryopreservation 0f MINPS ... 112

5.5 CONCIUSIONS ...ttt bbbttt b bbbt e b e bbb e bbbt eneas 115
Chapter 6 Synthesis of MNPs Under Lyophilization Stress..........cccoovvveiiiieiiieiesnese e 116
LT TV 1 0 Y PSP 116
6.2 INEFOTUCTION ...t ettt st b et s e bt s be st sbe st et eneas 116
6.3 EXPErimental SECHION.......ccviiiii et st sr et e s reera e renre s 118
B.3. 1 IMALEITAIS ...ttt bbbt 118
6.3.2 Synthesis of Amine Terminated deXIran ..........ccocveiiiieie i s 118
6.3.3 Purification of Acid Terminated PLA .........cocv i s 119
6.3.4 SYNLNESIS OF PLA-D-DEX.....eiiiiiiiiiiee s 119
6.3.5 APBA Modification Of PLA-D-DEX .......cccccerviiiiiieiisiee e eies et sae e snaessesnes 119
6.3.6 Characterization of APBA CONJUJALION ........cceiuirieieieiiiii s 120
6.3.7 SYNLNESIS OF I-MINP ... s 120

6.4 RESUILS AN DISCUSSION ....e.veiuiiieieiiiiteeie sttt ieste et et ste e e ste e e saestaesaesseeseestesseesaestesneeseeeneensensens 121
6.4.1 Synthesis Of [-MNP iN PUIE WALET ........coiiiiriieieeees s 121
6.4.2 Synthesis of I-MNP in a 2 wt% Trehalose SOIULION ............cccviiiiiiiii e 125

5.5 CONCIUSIONS ..ttt sttt st et st e e s teese e saeete e s e s beese e besreeeesteeneesteeneensenneas 129
Chapter 7 Conclusions and FULUIE WOIKS.........ccuoiiiiiie it sre st sae e re e 130
A RS 14 0T Y USSR 130
7.2 CONCIUSIONS ...ttt ettt ettt s et e s b et st et et e e s e seebensenbententeneeneas 130
7.3 Recommendations fOr fULUIE WOTK ...........coviiiiiiie i 132

2 T10] [ToTo =T o] 1Y 2RSSR 134

Xi



List of Figures

Figure 2.1: Multiple dosage regimen illustrating the loading period for a drug to reach therapeutic
concentrations and the effect of a missed dose on the accumulated drug levels. ..o 11
Figure 2.2: The normal ocular tear film and its three distinct layers: lipid, aqueous, and mucin. Lacrimal
glands secrete aqueous layer, and meibomian glands secrete the lipid layerB%, .........cccccoovvivveinn, 13
Figure 2.3: Structure of a) L-fucose and b) sialic acid, common components of N- and O-linked glycans
such as those found as reSIdUES ON MUCIN. .......uiviiiiriiier e 14
Figure 2.4: Arrangements of common linear block copolymers. A, B, and C represent different
monomer units which constitute the chains of the block copolymer. ..o 38
Figure 2.5: Number of publications per year for various nanocarriers illustrating the increase in the
research interest in NANOMEAICINE. .........cueiiiiieiie e st sreera e resreenee e 44
Figure 3.1: UV/Vis spectra for dextran, oxidized dextran (Dex-Ox), and phenylboronic acid
functionalized dextran (DEX-APBA). ... e e e 59
Figure 3.2: Results of APBA conjugation onto dextran via reductive amination. ..............cccocceevenene. 62
Figure 3.3: Main effects of design variables based on the fitted means of APBA/dextran monomer
conjugation efficiency. APBA concentration in the reaction mixture has a more significant effect on
the APBA/dextran monomer conjugation and has a positive correlation. NaCNBHS; concentration is
negatively correlated and has a less pronounced effect on the APBA/dextran monomer conjugation.63
Figure 3.4: Interaction of design variables based on the fitted means of APBA/Dextran conjugation.
There is no effect of the interaction between these two reagents in this working range...................... 64
Figure 3.5: Residual plots indicating the error is normal. a) Normal probability plot for the APBA
conjugation optimization study suggests that the errors in the response do indeed come from a normal
distribution. b) Residuals versus run order for the APBA conjugation optimization study indicating that
the study was indeed random as no distinct periodic pattern is Visible............ccoccooviiiininiiciins 65
Figure 3.6: Effect of APBA and NaCNBHjs; concentrations on the APBA/Dextran conjugation onto
PLA-b-Dex polymer micelle NanopartiCles. ...........cooeoeiiiiiiiiieseee e 67
Figure 3.7: Plot of the main effects for APBA conjugation onto PLA-b-Dex polymer micelle
nanoparticles showing the fitted means (mol/mol. The reducing agent has a more significant effect and
is positively correlated with the conjugation efficiency. APBA is negatively correlated and has a less

pronounced effect on the APBA/dextran CONJUGALION. .........coiriririirierieieeeeeie st 68

Xii



Figure 3.8: Interaction plot between the main effects in the conjugation of APBA to PLA-b-Dex block
copolymer showing the fitted means and significant interaction in the operating region. ................... 68
Figure 3.9: Pareto chart of the standardized effects. The response is APBA/dextran monomer
conjugation (mol/mol%) with @ = 0.05. The significant factors in the conjugation of APBA to dextran
onto the backbone of PLA-b-Dex were determined to be the reducing agent concentration and the
interaction between the reducing agent and ligand. ...........ccocoveiiiiiiini e 69
Figure 3.10: Residual plots for APBA/dextran monomer conjugation (mol/mol%) demonstrating the
error follows a normal distribution. a) Normal probability plot of the residuals b) plot of residuals vs.
response variable (APBA/dextran conjugation), c) a histogram of the residuals revealing a bell curve

distribution, and d) a plot of residuals VS. rUN OFAEN. ..o 70
Figure 4.1: *H-NMR spectra confirming conjugation of BPBA to dextran. ........cccccouvvrvrvririririnirinnnn. 76
Figure 4.2: Effect of temperature and time on the BPBA/dextran conjugation efficiency .................. 77
Figure 4.3: Effect of tBUONA:dextran and BPBA:dextran ratios in the mixture on BPBA/dextran
conjugation efficiency (MOI/MOIY0).........ccue i e e sre e 79

Figure 4.4: Diffusion models for semi solid-state conjugation reaction between BPBA and dextran. 81
Figure 5.1: Effect of trehalose on flash frozen and freeze-dried PLA-b-Dex-APBA polymer micelle
Qa0 o Ty (ol [T SRS SRSTRS SN 91
Figure 5.2: TEM image of PLA-b-Dex-APBA nanoparticles prior to preservation treatments. .......... 92
Figure 5.3: TEM images of PLA-b-Dex-APBA nanoparticles after preservation treatment: a) flash

freezing without trehalose, b) flash freezing with 2 wt% trehalose, c) freeze-drying without trehalose

and d) freeze-drying With 2 WE% trehalOSe...........coviiiiiiic i 93
Figure 5.4. Effect of trehalose on flash frozen and freeze-dried PLA-b-Dex polymer micelle
NANOPAITICIES ...ttt bbb bttt ettt nn e 95
Figure 5.5: Effect of oxidized dextran corona on the particle size and cryopreservation .................... 96
Figure 5.6: DLS effective diameter (nm) evaluating the size of protectants in water.............cc.cccoe..... 97

Figure 5.7: Effect of D-Mannitol as a cryoprotectant and lyoprotectant on PLGA-PEG polymer micelle
NANOPAITICIES. ...ttt bbbttt ettt nn e 98
Figure 5.8: Effect of trehalose as a cryoprotectant and lyoprotectant on PLGA-PEG polymer micelle
NANOPAITICIES. ...ttt bbbt e st bt bt ettt b e 99
Figure 5.9: Effect of dextran (Mn ~ 10 kDa) as a cryoprotectant and lyoprotectant on PLGA-PEG

polymer micelle NANOPAITICIES. ........oci i 100

Xiii



Figure 5.10: Effect of dextran (Mn ~ 10 kDa) as a cryoprotectant and lyoprotectant on PLGA-PEG
polymer micelle NANOPAITICIES. ......c..oviiiiiiee s 101
Figure 5.11: Effect of polymer solution in suspension on micelle Size .............ccocoiviieniicicinnnn, 102
Figure 5.12: Effect of polymer concentration on the particle size and cryopreservation of PLA-b-Dex
MICEIIE NANOPAITICIE ..ottt sbe e re et e sre e e e sreaneeneas 103

Figure 5.13: Effect of polymer concentration on the particle size and cryopreservation of PLA-b-Dex-

APBA Micelle NANOPAITICIES ........cviiiiiic ittt besre e 104
Figure 5.14: 'H-NMR NOESY spectra for the determination of trace DMSO content with DSS as an
INTEMNAL TETEIBICE. ...ttt et b ettt sttt e e eneane b 105

Figure 5.15: DMSO calibration curve generated from *H-NMR NOESY spectra for determination of
trace quantities in NANOPAItICIE SUSPENSION. .......ccveiiiiiieie ettt s re et b sre e 106
Figure 5.16: Residual concentration of DMSO in the Amicon® filtrate increases with the concentration
of trehalose added as a protectant for freeze-drying. ........ccccovvvveiieiiiii i 107

Figure 5.17: Residual concentration of DMSO in the Amicon® retentate increases with the

concentration of trehalose added as a protectant for freeze-drying. ........ccccoevviviiinieneneieieeee, 107
Figure 5.18 : Residual DMSO concentration in MNPs dialyzed for 24 hours. The DMSO fraction is
reduced, but an increase in the trehalose concentration increases the DMSO retention................... 109

Figure 5.19: Residual DMSO concentrations increase with fractions of trehalose added to solutions of
19 VIV DIMISO 1N WALEE......eeiuieieiieeie ettt aeste s e besse e e e steesaesaeetaesaesteaneetessaeseenneaneeneas 109
Figure 5.20: Effect of dialysis time on MNP preservation a) flash frozen without trehalose, b) flash
frozen with 2 wt% trehalose, c) freeze-dried without trehalose, and d) freeze-dried with 2 wt%
trehalose. The increased dialysis time results in destabilized particles..........c.ccooovininiiiicicinnn 111
Figure 5.21: DLS particle size of MNPs before and after flash freezing and freeze-drying. The flash-
frozen samples are statistically similar to the initial sample. Freeze-drying without trehalose results in
destabilization of the particles. Hence, 2 wt% trehalose must be added to the suspension to preserve the
[0 L Tl 1= PSRRI 113
Figure 5.22: Residuals plot showing there is no trend or nuisance variable influencing the results. 114
Figure 6.1: I-MNP Synthesized in Pure Water (>15 MQ) at varied concentration of polymer stock
10 111 o] o RS 122
Figure 6.2: Correlation plots and residual plots for I-MNP synthesized in water: a) & b) initial unfiltered
sample, ¢) & d) freeze-dried unfiltered sample, and e) & f) freeze-dried filtered sample. ................ 124

Figure 6.3: DLS effective diameter of I-MNPs synthesized in 2 wt% trehalose solution. ................ 125

Xiv



Figure 6.4: Effect of Trehalose on MNPs Produced Under Lyophilization Stress ...........ccccooevenee. 126
Figure 6.5: Correlation plots and residual plots for I-MNP synthesized in a solution of 2 wt% trehalose:
a) & b) initial unfiltered sample, c) & d) freeze-dried unfiltered sample, and e) & f) freeze-dried filtered

XV



List of lllustrations

Illustration 2.1: Schematic illustrating the phenylboronic acid functionalized block copolymer, micelle
structure, and mode of action (binding to sialic acid residues of the mucus membrane)*34, .............. 52
Illustration 3.1: Schematic of the reductive amination pathway for the conjugation of APBA onto the
dextran backbone. Dextran is oxidized with sodium periodate yielding aldehydes on carbon 2 and 3 and
opening of the ring. A Schiff base forms between the aldehydes and aminated phenyl boronic acid
derivative. The reducing agent increases the reaction rate and stabilizes the structure to yield Dex-

Illustration 4.1: Procedure for co-solvent dehydration of BPBA onto dextran. A) the reagents are
combined, and B) water is added dropwise and mixed to create a paste which is C) transferred to a
borosilicate vial. D) the vial is placed into a preheated oven for 10 minutes, and E) the product is
dialyzed and freeze-dried to yield the final product F) Dex-BPBA..........cccoceoiiiininiiiieceeeee 74
Illustration 4.2: Williamson ether synthesis mechanism for the conjugation of BPBA to dextran. .... 75
Illustration 5.1: Freeze-drying process and the effect of protectants on the particle stability. During the
freezing process A) the free micelle in suspension B) concentrates into a ‘cryo-condensed state’ as the
bulk of the water freezes. Micelles may aggregate or be disrupted due to the formation of large ice
crystals. The presence of cryoprotectant C) results in the formation of smaller crystals less likely to
disrupt the particles. During the primary drying D) bulk of the water is sublimed, and during E)
secondary drying ‘bound water’ or molecules associated with the particles are sublimed. This process
may drive aggregation 0f the MICEIIES. .......ccv o e 83
Illustration 6.1: Self-assembly of PLA-b-Dex-APBA polymer via A) the current process of
nanoprecipitation and agitation for 30 minutes, followed by dialysis for 3 hours and freeze-drying and

B) combining the components of the formulation and directly freeze-drying...........ccccoveiviviininnnns 117

XVi



List of Tables

Table 3.1: Factors and levels for APBA conjugation optimization

Table 3.2: Factors and levels for APBA conjugation optimization

XVii



List of Acronyms and Abbreviations

APBA: 3-aminophenyl BOronic aCid...........ccooviiiiiiieiie e st 1
API: active pharmaceutical INGredieNt...........ccooviiiiieie e e 10
BAB: Dl00U-8QUEOUS DAITIET ... 8
BN DENZYI NICOTINALE ...t ne s 20
2]y o] [oToTo B = ATt L o 1= SRR PRRSPRSR 8
CEA: COSt-effECtIVENESS ANAIYSIS ......c.vitiieieiiciieese e 48
CMA: COSt-MINIMIZALION BNATYSIS ....c.viveeeieeiieiieese e 48
COPD: chronic obstructive pulmonary diSEASES...........eierieieiriririsie et 18
CSA: CYCIOSPOINE A ..ottt btk bbbt e e bt e bt bt bbb e e e e neane et 2
CTC: CAPIIC IMGIYCEITAR ...ttt b et 38
CUA: COSE-ULITITY BNATYSIS ...ttt bbb 48
DDAB: dioctadecylammonium Bromide ...........cccovieiiiiiieoic e e e 38
Dex-APBA: dextran functionalized with APBA via reductive amination............c.ccccvevviereriniinrniennnnn. 1
Dex-BPBA: dextran functionalized with 4-(bromomethyl)-phenylboronic acid..............cc.ccccoevrnee. 73
DFP: diisopropylfluorophOSPRAte .........ccoveiiiiece e s 30
DNA: deoXyriDONUCIEIC ACIH .....c.viiviiiiiiiec ettt sb et e b sre e 28
DSC: differential scanning CalOrMELrY .........coviiiiiiicie e s 79
[ ST 1V T o110 (0] (=] OSSPSR 36
FDA: United States Food and Drug AdmINiStration.............cccceeveiiiiiinieiie e 23
HSV: herpes-SIMPIEX VIFUS ....cveciiiie ittt st et a e be e e b e ta e besaeenee e 31
TOP: INTFAOCUIAT PrESSUIE ...c.vevveeeieeetie st et ete st e e s te et te et esteste et e sbeaseesaesteeseeseeeseetesseeseesseaneeseenseensens 7,9
MN: MICONAZOIE NMITFALE .....veveieeeie ettt st e s be e e aesteeseesteereenrenreeneees 20
MNPs: self-assembled micelle nanoparticles composed of PLA-b-Dex-APBA block copolymer ....... 1
MRNA: messenger rDONUCIEIC 8CIH ..........ccviiiiiiiieee e 28
NOESY:: Nuclear Overhauser EffeCt SPECIIOSCOPY ......eveveurriiriiriiiieriesierie ettt 90
PAA: POIY(ACTYHC BCH) ..ttt bbb 16
PAMAM: POIY(AMIGOAMINE) ...ttt ettt bbb 33
PBA: PhenylDOrONIC GCIA .........oviiiieieiiiisie ettt bbbt 3
PEG: poly(ethylene gIYCOI).........oo oo 18
eI o To Y7 (I - o AT =) P 1



PLA-b-Dex: block copolymer of poly(D,L-lactide) and dextran ............ccoceeerereneieiesiinienese e 1

PLA-b-Dex-APBA: block copolymer of poly(D,L-lactide) and APBA functionalized dextran............ 1
PMM: polymethyl MethaCrylate...........ccooiiiieiciei e 20
PMN: POIYMOIPRONUCIEA ...ttt 34
PTS: tandem repeat domain of the amino acids proline, threonine, and Serine...........cccoceevevvivenennns 14
PVA: POIY(VINYL QICONOI) ..o et sbe st et nne s 20
PVP: POIY(VINY] PrOPYIENE) ... .eiieieeite sttt sttt be e be s ae et e s te e e e sbeeneenbenne s 20
RNA: FIDONUCIEIC BCIA ....c.viiiieece bbbttt e 38
SIRNA: synthetic ribonucleic aCid (RNA) ......coi oo 29
TGA: thermograVimetriC ANAIYSIS ........cviiiiiieiiieeie st et sbe e be e e seesbe e e sreers 79
B I I 1 T=To] o] 0121 TSRS 19
(U] e ST o] a =T g Uol o] 1] - S OS iv

XiX



Chapter 1

Introduction

1.1 Overview

Topical administration is the most popular route of ocular drug delivery due to the accessibility of the
anterior segment of the eye. However only 5% of the administered dose is bioavailable for action at the
target site, while the remaining 95% is removed via blinking, nasolacrimal drainage, degradation, or
cleared with the tear film. Frequent administrations of concentrated doses are required to overcome

these barriers and to maintain therapeutic concentrations.

Adhesion to the mucus layer of the ocular tear film (mucoadhesion) has been successfully
demonstrated as a mechanism to bypass clearance. Drug carriers capable of mucoadhesion exhibit
improved retention on the ocular surface facilitating prolonged release of the encapsulated therapeutic
closer to the target resulting in improved bioavailability. This strategy has been shown to result in a
decrease in administration frequency, local targeting of the ocular tissue, a reduced dosage

(concentration) as bioavailability improves and therefore reduced adverse side effects.

Previously published work by our group has demonstrated the utility of self-assembled block
copolymer micelles consisting of hydrophobic poly(D,L-lactide) (PLA) in the core and hydrophilic
dextran as the corona. The dextran chains are functionalized with 3-aminophenyl boronic acid (APBA)
which forms covalent bonds with sialic acid residues on mucin, thereby anchoring the micelles onto
the ocular surface. This unmodified block copolymer, APBA functionalized block copolymer, and the
self-assembled micelles are herein referred to as PLA-b-Dex, PLA-b-Dex-APBA, and MNPs

respectively.

In vivo studies on New Zealand White rabbits as animal models have demonstrated that APBA
functionalized dextran (Dex-APBA) was retained on the ocular surface for up to 6 hours, whereas the
unmodified dextran’s presence was negligible. MNPs were loaded with a near infrared dye
(indocyanine dye) demonstrated sustained release on the ocular surface, and the dye was observed
beyond 24 hours. Whereas the control, free dye in solution, was cleared within 3 hours of

administration.



This platform has been utilized to improve the administration of cyclosporine A (CsA) in vivo using
female mice. Administration of MNPs loaded with 0.005 — 0.01 wt% CsA administered once a week
resulted in elimination of inflammation and goblet cell recovery was observed. The control, Restasis®
a 0.05 wt% CsA emulsion, was administered thrice daily and while inflammation was eliminated,

recovery of the ocular surface was not observed.

Nanotechnology enabled medicine (such as the MNP platform) is expected to be the next advent of
the health care market facilitating efficient, safe, and personalized therapies, but examples in the market
are thus far limited. Despite numerous publications proving utility of nanoparticle platforms for drug
delivery, analysis on commercial viability shows there are several challenges to be addressed.
Challenges such as complex and costly synthesis mechanisms, and poor shelf-life compared to

conventional formulations make these therapies much more expensive.

This thesis identifies barriers to entry for colloidal systems and proposes solutions in the context of
a mucoadhesive polymer micelle platform designed for ocular drug delivery. These solutions are not
limited to the mucoadhesive formulation studied for the purposes of this work and can be extended to
other biomedical and pharmaceutical technologies currently under investigation to improve their

commercial viability.

1.2 Research Objectives

The primary objective of this work is to identify challenges and key barriers to market penetration in
the context of PLA-b-Dex-APBA polymer micelle formulations for ocular drug delivery. Solutions are
explored and presented to improve on the existing drug delivery platform and to identify opportunities

to improve commercial viability and portfolio diversification.
1. Control APBA conjugation on the PLA-b-Dex micelle corona via the reductive amination pathway.

a) Perform a factorial study on the reductive amination reaction onto free dextran to determine

the optimal reaction conditions for conjugation.

b) Derive a regression model to predict and target the conjugation efficiency of APBA onto

free dextran.

c) Investigate the conjugation reaction onto PLA-b-Dex polymer micelle corona based on the

findings on free dextran.



d) Derive a regression model to predict and target the conjugation efficiency of the
mucoadhesive ligand onto the micelle corona by modifying the factors.

Investigate alternate reaction pathways for the conjugation of phenylboronic acid (PBA) onto

dextran.
a) Investigate the Williamson ether synthesis for the conjugation of PBA derivatives.

b) Formulate a reaction scheme based on the principles of solid-state reaction for the

modification of dextran with PBA derivative.

c) Study the factors influencing the solid-state conjugation reaction and optimize the reaction

mechanism.
Improve the shelf-life of the polymer micelle nanoparticle to improve commercial viability.
a) Investigate the freeze-drying process for the preservation of the colloidal suspension.
b) Optimize the protectant type and concentration per regulatory bodies.

c) Examine the self-cryopreservation property and determine the cause as well as a potential

for this preservation technique.
d) Quantify the residual organic fraction remaining in the suspension via *H-NMR.

Explore alternate synthesis routes for the self-assembly of PLA-b-Dex-APBA block copolymer

into polymer micelles.

a) Demonstrate a direct synthesis method utilizing the stress from the freeze-drying process

to drive self-assembly.

b) Investigate the optimal formulation for the synthesis of statistically similar micelle

nanoparticles.



1.3 Thesis Outline

This thesis is comprised of seven chapters: the introduction, literature review, four chapters detailing
the experimental work, and a final chapter which summarizes the major conclusions and presents

recommendations for future work.

Chapter 1 introduces the thesis objectives and the challenges to be addressed to improve the
commercial viability of PLA-b-Dex-APBA block copolymer micelle nanoparticles.

Chapter 2 presents a review of the literature on the current state of ocular drug delivery with a focus
on platforms designed to improve the residence time on the ocular surface. This section also presents
an outlook the market for nanomedicine and the current challenges to commercialization of
nanomedicine. The role of mucus membranes, differences physiological environments, and strategies
to exploit them are explored. Lastly, this chapter focuses preservation strategies for pharmaceuticals

and alternate synthesis routes for block copolymer self-assembly into micelles.

Chapter 3 explores the reductive amination pathway for the conjugation of the mucoadhesive ligand
onto the backbone of dextran. Factors influencing the conjugation efficiency of the reductive amination
pathway are investigated. The findings with dextran (as a model) are used to improve the design of the
study on PLA-b-Dex block copolymer micelles. Regression models are derived to predict and target

the conjugated ligand concentration onto free dextran and PLA-b-Dex polymer.

Chapter 4 explores an alternate synthesis route for the conjugation of the mucoadhesive ligand (PBA
derivative) onto the backbone of dextran. The synthesis route is based on solid-state chemistry via the
Williamson ether synthesis pathway to enable a time and cost effective alternative. This solvent free
method of carbohydrate modification is optimized for dextran as a model and is intended to reduce the
synthesis time and complexity for the preparation of phenylboronic acid modified PLA-b-Dex block

copolymer.

Chapter 5 addresses the challenge of poor shelf-life and instability of many nanoparticle suspensions
and investigates freeze-drying to isolate the polymer particles from the aqueous media. The freeze-
drying process is studied, and the optimal protectant type and concentration are determined per
regulatory guidelines. A self-cryopreservation property was identified, and the components of the

formulation are studied to identify the underlying cause.



Chapter 6 investigates an alternate synthesis route for the PLA-b-Dex-APBA block copolymer
micelles. The findings from Chapter 5 are used to adapt a method of employing stresses created during
the process of freeze-drying to drive self-assembly of the micelles.

Chapter 7 summarizes the major conclusions from the experimental work, Chapter 3 through Chapter
6, and proposes future work to further improve this block copolymer micelle platform as well as

opportunities to further strengthen the portfolio of possible therapies.



Chapter 2

Literature Review

2.1 Overview of the Ocular Anatomy

The human eye can be broadly divided into the posterior and anterior segment. The posterior segment
consists of the retina, vitreous humour, choroid, and back of the stroma, while the anterior segment
consists of the cornea, iris, lens and aqueous humourfl. The posterior segment constitutes the bulk of
the ocular structure and is not visible (internal). This region is vascularized in contrast to the anterior
segment which relies on the tear film to supply nutrients. The lack of vascularization in the anterior
segment is a consequence of the cornea’s transparency. This also means that there is a lack of a systemic
immune response pathway on the surface of the eye. However, both segments of the eye are well
adapted to removing foreign antigens and maintaining its integrity through a variety of biological

barriers.

The cornea is a transparent dome, 0.5 mm thick structure covering the iris, responsible for focusing
light raysf. The cornea itself is composed of five layers known as the epithelium, Bowman’s layers,
stroma, Descemet’s membrane and the endothelium[?. The organization of these layers forms barriers
to transport of macromolecules and hydrophilic molecules into the anterior chamber; small lipophilic
molecules may undergo passive diffusion but the transport is nevertheless hindered. The epithelial
multilayer (35 — 50 pum thick)? forms tight junctions which prevents the penetration of foreign
molecules greater than 500 Daltons, including drugs, into the eye particularly hydrophilic molecules.

The Bowman’s layer and stroma are composed of collagen composed of hydrophilic collagen fibrils,
with the latter having a high water content. In combination with tight junctions, these layers act as
barriers to hydrophobic molecules®?, while hydrophilic molecules and nutrients pass through the
“leaky” endothelium to enter the anterior chamber®. The corneal endothelium is a monolayer of highly
metabolically active hexagonal cells responsible for synthesis, transport, and secretion of the

Descemet’s membranel?2l,

Furthermore, the tear film is a physiological barrier which aids in removal of foreign substances
which might otherwise damage the sensitive organf?. The film is composed of three primary layers: the
outer lipid layer, aqueous layer, and innermost mucus layert?.. The lipid layer prevents evaporation of

the tears and hinders passage of hydrophilic compounds. The aqueous layer lubricates the surface of
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the eye and hinders hydrophobic compounds from reaching the tissuel?. The mucus layer facilitates
adhesion of the tears, and filters particles via size and charge exclusion due to the presence of negatively
charged glycosylated proteins known as mucins which adopt a mesh-like conformation. The tear film
is discussed further in Section 2.4.

The aqueous humour is found acts as a blood surrogate for the avascular cornea, providing nutrients
and removing metabolites, as well as maintaining intraocular pressure (IOP). It is found in two
chambers: i) between the cornea and the iris, and ii) between the iris and the lens[*. The vitreous humour
is a connective tissue with a gel like structure composed of 99.9% water, hyaluronic acid, and
collagen®. It constitutes the bulk of the posterior segment i.e. the space between the lens and retina,

and as such is clear and avascular.

The sclera is a dense irregular arrangement of collagen fibrils and mucopolysaccharides which create
the opaque and white structure>®l. The structure is porous and poorly vascular, and continuous with the
cornea extends to the back of the eye and is poorly vascular but porous®. The conjunctiva, a transparent
membrane, covers the anterior scleral surface and lines the inside of eyelids®. Though the conjunctiva
is more porous than the sclera and cornea offering a noncorneal route for molecules to enter the eye, it

prevents the entrance of microbes!.

The iris is a circular muscle which controls the size of the pupil to adjust the amount of light to
permit into the eye which is then focused by the lens. The ciliary bodies are responsible for
intercommunication between the anterior and posterior chambers as well for secretion of aqueous
humour®l. The retina is a light sensitive film responsible for converting the focused light focused by
the lens into neural signals sent to the brain via the optic nerve. The choroid is a vascular layer which
sits between the sclera and retina and provides nourishment to the outer retinal layerst?. The blood
retinal barrier is composed of retinal pigmented epithelial (RPE) and retinal capillary endothelial cells
(RCE)BL. The RPE cells are selectively permeable to nutrients from the choroid®. RCE cells form tight
junctions® which limit permeability of molecules circulating in blood as well as proteins and

hydrophilic compounds(’#l,



2.2 Conventional Ocular Drug Delivery

The eye consists of three layers: i) outer coat (sclera and cornea), ii) uveal coat (iris, ciliary body, and
choroid), and iii) inner coat (retina)?°l. Delivery to the posterior segment (treatment of vitreous body
and retina) is typically achieved through invasive treatments including intravitreal and periocular
injections, or via systemic administration1%, Treatment regimens generally require frequent injections
over the course of the patients’ lifetimes. Frequent administration via this invasive route can increase
the chances retinal detachment, uveitis, and intraocular hemorrhages among other visually impairing
conditions!¥. This, as well as the high risk of severe adverse effects which contribute to low patient

tolerancelt?,

Periocular injections are administered via the choroid or sclera and are a less invasive route to reach
the posterior segment of the eye. After penetrating the sclera, the drugs may enter the posterior chamber.
The major drawback is the short drug retention time112, Intravitreal injections administer the drug
directly into the vitreous, typically near the retina. They are the only viable option at present for
treatment of posterior segment diseases such as age-related macular degeneration (AMD) and diabetic
retinopathy®™. The vitreous impedes the movement of drug molecules due to the viscosity and high
water content which hinders diffusion of hydrophobic molecules. Drugs administered via this route

may also diffuse into the anterior segment®,

Systemically administered drugs experience two major intraocular barriers, namely the blood-retinal
barrier (BRB) in the posterior chamber and blood-aqueous barrier (BAB) in the anterior chamberf!,
Together, tight junction between retinal pigment epithelium, and tight junctions od the retinal vascular
endothelium for the BRB. Drug molecules must overcome the hepatic second pass, and these barriers
inhibit penetration of systemically administered drug into the intraocular chamber!. Only 1 — 2% of
the administered drug can reach the retina and vitreous body. The low efficacy is paired with high risks

for systemic side effects and frequent administrations™.

Patients prefer non-invasive administration routes because they are painless and do not require
professional intervention!*®l. Topical administration is the preferred route for ocular therapeutics
targeting the anterior segment of the eyel because of the simplicity and patient adoption®l. Unlike eye
drops, the distribution of the drug molecules administered via intravitreal injections may be

heterogenous!™, and movement is diffusion dependent™. The conjunctiva is the layer of epithelium



lining the eyelids and sides of the sclera. Topically administered drugs may be absorbed through the
conjunctiva, and then penetrate the poorly vascularized sclera.

The eye has what is known as immune privilege; this means that the detection of foreign substances
is less likely to trigger inflammation due to the low expression of MHC class la molecules, increased
complement inhibiting surface molecules, and local production of immunosuppressive cytokines such
as TGF-beta, neuropeptides, and expression of Fas ligand as well as structures which limit lymphatic
drainage[®l. This ultimately means that administered drugs are less likely to cause inflammation or

damage to the ocular tissues.

Dosing forms include solutions, suspensions, and ointments with eyedrops accounting for 90% of
formulations available in the marketl®!l, A small percentage of the topically administered drug
dissolved in the aqueous humour may reach the posterior chamber. However, when topical
administration is used for delivery to the anterior segment, only 5% of the administered dose is
bioavailable for action at the target site. The remaining 95% is removed via several anatomical and

physiological barriers.

2.3 Challenges to Topical Ocular Drug Delivery

The importance of vision to our evolutionary survival and quality of life cannot be understated. The
eye is one of the few accessible organs for direct drug delivery. Nevertheless, eye has evolved various

anatomical, physiological, and physiological barriers to protect itself against foreign agents.

The biggest challenges to effective treatment are the same precorneal physiological barriers which
have evolved to protect the underlying tissue®#l. These include: tear film and tear turnover,
nasolacrimal drainage, and blinking™*! to name a few. The cul-de-sac can only accommodate 30 pl of
the administered dose resulting in the resulting volume being removed by nasolacrimal or gravity-
induced drainage as well as via blinking™. The administered drug must also traverse through the
dynamic mucus-aqueous tear film, discussed further in Section 2.4, This results in only 5% of the
administered dose is bioavailable for action at the target sitel®'%*, Frequent administrations of

concentrated solutions are required to overcome these barriers maintain therapeutic concentrationst®.

Glaucoma, for example, is a group of disorders characterized by progressive degeneration of the optic
nerve (optic neuropathy) as a result of higher than normal 10P"1, Atrophy of the optic nerve and loss
of retinal ganglion cells produce visual field defects and subsequent loss of vision!*”l. The disease has

9



a significant impact on one’s quality of life and is the leading cause of irreversible blindness
worldwide*82%, Dorairaj and Vianello report risks of falling and motor vehicle accidents increase by
three and six times respectively for patients with glaucomal®!. It is predicted that 111.8 million
individuals will be affected in 2040 and 13% will suffer from acute bilateral blindness as a result(t821],

Despite the availability of therapeutics in the market, the prevalence of glaucoma is a result of several
factors. Firstly, the condition goes undiagnosed until it has begun to severely impair vision,
Secondly, patient compliance is key to effective treatment which requires maintenance of the
therapeutic dose in the target tissue. This necessitates administration at regular intervals two or even
three times daily??. Voluntary and involuntary noncompliance has been shown to result in higher IOP

thus resulting in the progression of the diseasel*l,

Figure 2.1 illustrates the accumulation of drug over multiple dosage regimens if the concentration
and dosing interval remain equal. The therapeutic window is defined as the drug level where the active
pharmaceutical ingredient (API) has the desired therapeutic effect. In the figure, the therapeutic window
is illustrated between the toxicity threshold and the minimally effective concentration. A single dose of
drug is eliminated exponentially from the body and is generally insufficient to reach the therapeutic
window. Several doses are required to maintain to build up and maintain the drug concentration within

the therapeutic window.
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Figure 2.1: Multiple dosage regimen illustrating the loading period for a drug to reach

therapeutic concentrations and the effect of a missed dose on the accumulated drug levels.

Non-compliance with a prescribed therapy or a missed dose as shown in Figure 2.1 results in a
significant drop in the drug levels. Several consecutive doses are required to build up the drug
concentration again. This problem is exacerbated when drug loading takes weeks or when several
consecutive doses are missed. Diseases like glaucoma have a high risk of progression during this period
as the current therapies act only to slow or inhibit the progression by eliminating the cause of high 10P.
Similarly, patient non-compliance and non-adherence to prescribed therapies is an additional factor

resulting in poor treatment efficacy.

Approximately 1.3 billion people globally are affected by vision impairment, 80% of which is
considered avoidable in a report by the World Health Organization (WHO) in 201824, Chronic
conditions such as glaucoma can be controlled through strict adherence or compliance to a dosing
regime of appropriate therapeutics, and proper administration techniques!?%. A 2005 study found an
alarming 30% of their sample were subject to involuntary non-compliance specifically incorrect
regimes?. A common phenomenon noted be Reardon et al. is the mistaken cessation of treatment by

patients®®!, Non-compliance has been linked to progression of preventable diseases, and the lack of
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response to treatment results in a cascade towards more toxic medication and complex regimes as
described Buller et al®],

The primary interest is to improve the bioavailability of drugs in ocular tissue to improve the efficacy
of the treatment. Improving the efficiency of the delivered dose would result in a reduced administration
frequency and a reduction in the dose concentration (reduction in adverse side effects). Developing a
therapy which reduce the frequency of administration and improve the bioavailability of the therapeutic

will improve the quality of life for the patient.

Common debilitating diseases have a high chance of resulting in severely impaired vision or
blindness. Fortunately, ophthalmic pharmaceutical industry continues to develop novel therapeutic
agents and strategies to improve the residence time and patient compliance to treat these ailments!,
The global ophthalmic pharmaceutical market was valued at ?USD 30.3 billion in 2018%™ and is
expected to exceed USD 34 billion by 2026?81 with some projections as high as USD 42.6 billion[?7-2],

2.4 Ocular Tear Film

The ocular tear film has a thickness of 3 — 10 um with a volume of 10 pl and is composed of three
distinct regions!® as shown in Figure 2.2. The superficial lipid layer is the outermost layer with a
thickness of 100 nm and is secreted by meibomian glands embedded on the eyelids®*®l. The lipids act

as a barrier to evaporation and help maintain the osmolality!.

Tears are produced by the lachrymal gland in order to maintain the physiological processes, but may
increase as a result of reflex and emotionst®. The aqueous layer contains inorganic salts, carbohydrates,
proteins, immunoglobulins, and glycoproteins®.. The pH is maintained around 7.2 — 7.51, and the
administered formulations must be buffered around physiological so as to mitigate irritation. The total
turnover of tear volume ranges between 2 — 3 minutes at a rate of 15 — 30% per minutel®. Majority of
the topically administered dose is cleared within the first 15 — 30 seconds results in poor bioavailability

(typically less than 5% of the administered dose)®.

The mucus layer is secreted by goblet cells to facilitate adhesion of the tears, and to protect the
underlying epithelia from damage by trapping foreign bodies and antigens®*®l. The penetration of
positively charged nanoparticles through the tear film overall is better than negative particles™ which

can be attributed to the negatively charged mucin. The volume of mucus secreted by the goblet cells is
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2 — 3 uL, and the turnover rate is 15 — 20 h[®13], By targeting the mucus layer primarily, the retention

of the drug on the ocular surface can therefore improve the efficacy of the therapy.

Figure 2.2: The normal ocular tear film and its three distinct layers: lipid, aqueous, and mucin.
Lacrimal glands secrete aqueous layer, and meibomian glands secrete the lipid layert%.

2.5 Mucus

The mucus membrane(s) or mucosa(e) separates internal and external environments and exist in various
parts of the body. Mucosae play a major role in protecting the underlying epithelium by trapping and
removing particles, bacteria and virus™!. Under high shear stress, the mucus layer deform and behaves
like a liquid, and an elastic solid under low shear*®l. Very few particles can permeate through the mucus
layer without hinderance. Generally, only small uncharged molecules are able to pass, avoiding the size

exclusion of the mucin mesh and electrostatic interactions with the negatively charged fibers[*?l,

On the ocular surface mucus allows the aqueous layer to spread over the ocular surface and facilitates
adhesion of the tear film to the eyel*®l. Mucus on the ocular surface is secreted by goblet cells located
inside the bulbar conjunctiva*®l. Goblet cells are found in single layered epithelia such as those in the
stomach, intestines, and lungs and mucus is secreted directly onto the epithelial surfaceB!. Regions
with stratified epithelia typically have adjacent tissue and glands which secrete the mucus such as

salivary glands in the oral cavity®.
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The composition and properties of mucus as well as the production and clearance rates vary
according to the requirement of the physiological regions™. Viscoelasticity can also be affected by the
pH of the physiological region; pH of the ocular mucin is around 7.81%, The thickness of the mucus
layer also varies by region; the ocular mucin layer is only 0.2 — 1 pm thick**l, The mesh-like structure
functions as a hydrogel to prevent water loss, lubricates surfaces and is part of the innate immune
system!*3l, Only 3% of the mucus membrane by weight is composed of solids (proteins, salts, lipids,

and cellular debris)*l,

The most important class of proteins are mucins (large O-glycosylated proteins) which constitute
30% of all solids®®*3l, Tandem repeats of the proline, serine, and threonine (PTS) domains are linked
by cysteine-rich domains which facilitate cross-linking into the mesh-like structure*®l, The diameter of
individual fibers ranges between 3 — 10 nm with 20 — 30 carbohydrates per 100 amino acids in the PTS

domain (approximate 25% of amino acids are glycosylated)®1332],

The link is formed between the N-acetylgalactosamine of the sugar and hydroxyl groups on the serine
and threonine residues®. The carbohydrates (comprising 80% of the dry mucin weight) are often
terminated with fucose or sialic acid (N-acetylneuraminic acid )™ shown in Figure 2.3. The high
concentration of sialic acid residues and sulfates imparts a negative charge at physiological pH® which
results in rigidity of the fiber via electrostatic repulsion®. Mucin oligomers are stabilized by a
combination of entanglement and hydrogen bond formation between adjacent carbohydrate residues.

The tertiary structure is a result of hydrophobic interactions, entanglement, and disulfide bridges!®.

2) O b) HOOH  cooH
CHG’HO OH 07 ~OH
HO AcHN
HO OH
OH

Figure 2.3: Structure of a) L-fucose and b) sialic acid, common components of N- and O-linked

glycans such as those found as residues on mucin.

The mucosa may be bound to the epithelial surface existing as a gel layer (ten identified) or suspended
(seven identified)331. Of the 17 known human mucins, five are expressed on the ocular surface with
MUCSAC being responsible for the gel-formation and cationic shielding. Alteration of mucin

composition or distribution has been observed certain ocular diseases!.
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Generally, permeability through the mucin membrane is greater for particles of smaller size®,
Positively charged molecules are trapped via electrostatic interactions with the negatively charged
mucin fibers*l. However, large molecules such as antibodies (30 — 60 nm) and antigens such as the
polio and hepatitis virus are able to readily diffuse through mucus membranes*?l. By studying these
macromolecules and their behaviour on the ocular surface nanoparticles can be engineered to avoid
adhesion and circumvent the size exclusion by controlling the size*® or to exploit the properties of
mucin. Natural and synthetic polymers can form a variety of structures applicable in different dosage

forms and encapsulated drug can be released at the site of action(*?],

2.6 Mucosal Drug Delivery

Mucus membranes are found in various regions of the body including the mouth, nose and respiratory
tract, the eye, and the gastrointestinal tract. Mucosal drug delivery is a strategy to exploit the
physiochemical and physiological properties of mucosae to improve the bioavailability of a therapeutic
in the target tissue or organ. There are three primary mucosal drug delivery strategies: i) mucoadhesion,
i) mucopenetration, and iii) mucolytics. Mucoadhesion aims refers to the adhesion of molecules or
particles to the mucosae to increase the residence time above the underlying epithelium.
Mucopenetration refers to the penetration of particles deeper into the mucosae resulting in a more
uniform distribution closer to the epithelium. Mucolytic strategies disrupt the structure of the membrane

to allow particles and drug molecules to reach the epithelium.

2.6.1 Mucoadhesion

Mucoadhesion has been successful for buccal and oral applications, and continues to be investigated
for ocular formulationst®®. By adhering to the mucin, the nanoparticles are able to bypass clearance

by the tear filmt*3l. For this reason, mucoadhesion is correlated with improved bioavailability™®!,

Mucoadhesive nanoparticles have prolonged retention and facilitate sustained release of poorly
absorbable drugs at the target site!*®l. For mucoadhesion to occur, the particles must first overcome the
repulsive forces and interact with the mucin via weak van der Waals attraction or hydrogen bonding.
Due to their size, the nanoparticle-mucus interaction is more significant because the particles are much
larger than the drug molecules™®®. It is proposed that mucoadhesion may result in less frequent
administration, local targeting of the ocular tissue, a reduced administered dose and therefore reduced

adverse side effects!®l,
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There are five primary models for mucoadhesion, though more are being proposed and
explored®3%, The first theory is adhesion through wetting of surface irregularities by low-viscosity
bioadhesives which then hardens anchoring to the surfacel®!. The affinity between the surface and
liquid must be sufficient to facilitate spreading and can be measured through contact angle
measurements as higher affinity results in lower contact anglef®l. The spreadability is effectively a
consequence of the surface and interfacial energy which may be controlled with composition to

facilitate mucoadhesiont6l.

The second approach of electrostatic attractions exploits the negative charge on mucin fibers 334,
Cationic polymers (e.g. chitosan), anionic polymers (e.g. carbomers, carboxymethylcellulose, and
alginate), and non-ionic polymers (e.g. hydroxypropylmethylcellulose, hydroxymethylcellulose and
methylcellulose)*34 have been utilized. Physiological conditions such as pH and ionic strength
influence these electrostatic interactions™®l. Chitosan is able to interact with mucin only in neutral or
alkaline conditions when its amine groups are deprotonated™®l, Some non-ionic polymers are bio-inert
and can avoid entrapment until they have penetrated the mucosae, thereby increasing residence time.
Alternatively, non-ionic polymers may be functionalized with ligands (such as amino acids) which are
positively charged in physiological conditions.

Mucoadhesion is a combination of attractive and repulsive intermolecular forces. Anionic particles
are generally repelled by the negative mucosa. However, the anionic polymer poly(acrylic acid) (PAA)
has been very successful for mucoadhesion due to abundance of hydroxyl groups which form hydrogen

bonds with mucin, best described by the adsorption theory”,

The adsorption theory of mucoadhesion maintains that the adhesion is a consequence of
chemisorption or chemical bond formation®l, Secondary interactions such as hydrogen bonding,
hydrophobic interactions and weak van der Waal’s interactions are proposed to dominate this
mechanismE®¢l, The carbohydrate groups are available for hydrogen bonding, and in fact help to stabilize
the mucin oligomers and create a rigid structurel®.. The polymer may carry functional groups such as
hydroxyl, carboxyl, amide, and sulfate on the backbone or can be functionalized with ligands capable
of interacting with the mucin. Thiolated polymers adhere via disulfide bonds with the cysteine rich
domains of the mucinf*l. Hydrophobic interactions between polymer and hydrophobic domains of
mucin can result in interaction and subsequent entanglement as described by the diffusion theory.

Lectins are proteins and glycoproteins which form specific reversible noncovalent bonds with the
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carbohydrate residues on mucin®”l. They have been widely explored for application in drug delivery
and particular for formulations designed for subsequent uptake into the epithelial cellsk®,

The diffusion theory of mucoadhesion is based on the physical entanglement of the polymer chains
with the mesh-like mucin structure®. Long chains have better bioadhesion because shorter chain
particles are more rigid and thus has better diffusiont*®. The concentration of the mucoadhesive
polymer can influence the strength of attraction and diffusion rates*l. High molecular weight PAA has
been widely used in literature for this application®3, Generally no gain in adhesive strength is
observed above a molecular weight of 100 kDal®®l. Some exceptions include dextran which exists in a
helical conformation which shields adhesive groups as compared to linear polymer chains®. The
degree of optimal entanglement varies between formulations, but the degree of cross-linking in the
polymer has been shown to decrease the degree of diffusion(*¢l. As the degree of cross-linking increases,
the particle becomes more rigid and is unable to hydrate and swell in order to anchor itself(¢l,
Furthermore, cross-linking can affect the encapsulation and release of drug molecules and hence must

be optimized in combination with the mucoadhesive strength1:3],

The fracture theory of adhesion assumes that the forces of adhesion and fracture are equal®®l. This
theory has given rise to a method of determining the bio adhesive strength with tensile apparatus®.
Films, patches and rigid or semi-rigid bioadhesives are well represented by this theory because this
theory does not account for interpenetration and diffusion which is more common for flexible and
polymeric bioadhesives®:%l, Mucoadhesive platforms have been developed in various dosage forms to
suit the target sites®®. Oral strips were developed for oral delivery®®®!. Films are promising alternatives
for buccal delivery as an alternative to gels and pills. Nanoparticles and powders have been explored
for nasal and ocular drug delivery®®. They have proven utility for drug delivery because of the
improved residence time of the dosage form resulting in higher bioavailability and sustained actionf*7],
In the cases of local delivery, the onset of action is rapid and bypasses the physiological clearance
mechanisms and reduces systemic side effects®’l. The encapsulated therapeutic also benefits as it is
protected from the harsh exterior such as acidic conditions in the gut®’l. Nevertheless, there are some
drawbacks to mucoadhesive platforms resulting from the prolonged contact of the drug or drug
containing surface a localized part of the body®™. In some cases, ulcers have formed at the site of

contact and, in the case of buccal mucoadhesive platforms, the formulation leaves a lingering taste or
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eating, and drinking may be prohibited for a duration of timel®”l, This can ultimately lead to low patient

compliance for some of these formulations®7.

2.6.2 Mucopenetration

The mucoadhesive platforms suffer from poor penetration into the adherent mucus layer which has a
slower clearance rate than the mucosal surface or luminal mucus layer where the mucoadhesive
particles generally localize®®**. Mucopenetration is a strategy utilized to overcome this shortcoming
by forming muco-inert particles which are able to resist entrapment until reaching deeper into the

mucosal®l, The improved diffusion in the mucosa also results in a more uniform distributiont®l,

This technique has been particularly attractive for gastrointestinal drug delivery, specially targeting
the intestinal mucosal®**l, However, the muco-inert property poses its own unique challenges resulting
in elimination prior to penetrating the target™®3. The most popular approach in literate is to use a coating
of poly(ethylene glycol) PEG which is a biologically inert, hydrophilic and uncharged polymert, The
molecular weight and the density of the coating are critical factors because a low density coating and
high molecular weight PEG demonstrate adhesive propertiest®*®l. The core nanoparticle size has also
been shown to be a factor with larger particles (which can support denser surface coatings) exhibiting

faster transport through the mucosat®3l,

2.6.3 Mucolytic

Mucolytic refers to the disruption of the mucus membrane to facilitate diffusion and permeation through
the mesh-like structurel®, This technique is more sensitive to physiological factors which cannot be
controlled such as the mucosa thickness, uniformity, and distribution®®! which vary between
populations and disease statest®. Disrupting the mucosa to enhance permeation of drug molecules or
carriers will increase the risk of antigen permeation as well. However, this technique can be utilized for
drug delivery for the treatment of some diseases where the mucus layer is abnormally viscoelastic such
as cystic fibrosis and chronic obstructive pulmonary diseases (COPD)B. One of the progressive
respiratory diseases encompassed under COPD, chronic bronchitis, and cystic fibrosis have an
increased production of mucus. Using mucolytic agents such as Pulmozyme® has been shown to reduce
the degree of cross-linking between mucin fibers resulting in decreased viscoelasticity and improved

permeation for particles840:41],
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2.6.4 Buccal Mucosa

The buccal mucosa lines the inner regions of the cheeks and has been explored for the treatment of
local and systemic conditions®®, The buccal mucosa ranges between 0.1 — 0.7 nm in thickness and is a
component of the saliva secreted by the salivary glands®®l. The underlying buccal epithelium ranges
between 500 — 800 nm and is refreshed every 5 — 6 daysl®®l. Drug absorption may take place in the
buccal mucosa as well as the soft palate, side of the tongue, and the mouth floor. This route has been
successful for both hydrophilic drugs via paracellular transport and hydrophobic drugs via transcellular
transport®l,

Due to the ease of access buccal and sublingual route of administration is the most common route of
administration for mucoadhesive platformst®l, The most popular dosage forms are gels and ointments
due their ease of application but mucoadhesive tablets are the most commont*®l. Dosage forms such as
patches & films are also being explored but patient comfort and compliance are challenges®®. Oral
administration can also be easily terminated as compared to the other drug delivery platforms by
removing the dosage form from the oral cavity®™l. Drug delivered via this method for systemic

conditions may still suffer from hepatic first-pass clearancef®l,

Boyapally et al. have developed theophylline (TPL) tablets composed of a blend of six mucoadhesive
polymers (Carbopol®, polycarbophil, polyox, alginic acid, sodium alginate, and hydroxypropyl
methylcellulose) for adhesion to the buccal mucosa®?. The grade and ratio of polymer did not show
significant effect on the adhesion and release pattern but did impact the release profile of TPL. The
drug is water-soluble typically used for the treatment of chronic respiratory diseases such as asthma,
emphysema, or obstructive pulmonary disease!*?. Through commercial administration routes the drug
is highly metabolized resulting in low bioavailability, and in many cases insufficient for a therapeutic
responsel“?l. Polyox tablets exhibited the highest adhesive strength attributed to the linear chains and
high molecular weight facilitating interpenetration into the mucus and subsequent hydrogen bonding®?.
It was also concluded that the tablets prepared with polymers which facilitate fast swelling in water
exhibited higher adhesion strength attributed to the rapid increase in surface areal®. At slightly acidic
pH the carboxylic groups on some of the polymers were ionized and thus unable to form hydrogen
bonds but facilitate swelling™?. The work demonstrated that the prolonged release of TPL and the

patterns of release may be modified by changing the composition of polymer in the mixture[*?l,
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Petelin et al. studied the in vivo effects of three bioadhesives in benzyl nicotinate (BN) ointments
administered buccally in adult female Wistar rats“®l. The formulation with polymethyl methacrylate
(PMM) had the lowest lag time, and highest increase in ApO2zmaxas compared to Carbopol and Orabase
formulationst*!. The control ointment (absent of mucoadhesive polymer) had a lag time of only 10 min
but the action was only sustained for 15 min whereas the ointment containing PMM sustained action
for 40 minutes™“®. Despite the varying mucoadhesive strengths, an in vitro washing study showed that
similar concentrations of the ointments remained on the oral mucosa surfacel*, The improved action
was therefore attributed to the contact of PMM and the oral mucosa being more intimate which

facilitates better permeation of BN,

Oral ointments tend to have a burst release followed by diminishing transient release. Patches
containing ionic mucoadhesive polymers were studied by Nafee et al. for the delivery of miconazole
nitrate (MN), an antifungal agent used for the treatment of candidiasis. MN has previously been
encapsulated within chewing gums and tablets, but patches tend to have higher patient compliance than
these dosage formst*, The addition of MN (a hydrophilic molecule) into the polymer matrix resulted
in greater swelling as compared to the plain patches but also increased the erosion rate, thus making
the drug loading a limiting trade-off. The swelling creates pathways for MN to diffuse out; over time
however, the diffusional pathway increases*. Patches with hydrophilic polymers had higher
dissolution rate and drug release rate. Therefore, drug release in buccal patches can be controlled by
controlling the swelling and dissolution rate. This has been demonstrated through the use of viscoelastic
polymers such as poly(vinyl propylene) (PVP) and slightly more hydrophobic polymer such as
hydroxyethyl cellulose*4. The optimal formulations was determined to be 10% w/v poly(vinyl alcohol)
PVA and 5% wi/v PVP because they exhibited moderated swelling and adequate drug release owing to
the slow dissolution®. The buccal patches sustained drug release 4.6 times longer at an elevated
concentration despite being at a lower loading of MN (10 mg) as compared to the commercial ointment
(25 mg)4,

2.6.5 Nasal Mucosa

The intranasal cavity has a relatively large surface area of approximately 160 cm? and volume of 20 ml

and is highly vascularized making it an ideal target for drug delivery®l. The nasal mucosa is comprised

of three cell types, basal cells, goblet cells, and columnar cells which facilitate the mucociliary

movement responsible for clearance of the mucosa and trapped foreign particulatest®®!. The goblet cells
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and submucosal glands secrete the mucus layer which ranges between 5 — 20 pum in thickness and has
a turnover of about 10 — 15 minutes®®®. The mucosa is strongly influenced by the presence of enzymes,
irritation of the nasal cavity, increased mucocilliary action, and pathological conditions®®. These
factors can have a significant impact on the overall efficacy of the formulation®®. Conventional
formulations may experience reduced bioavailability, where as a mucoadhesive formulation may

overcome these physiological barriers.

Systemic delivery through this route facilitates bypass of the first-pass clearance because the blood
from the nose directly enters systemic circulation. The most common therapeutic delivered via the nasal
route are vasoconstrictors for relief from nasal congestion. Systemic delivery of these drugs has been
shown to cause cardiac episodes in patients with high blood pressure. This risk can be alleviated through
targeted nasal delivery. Several formulations included microparticles have been successfully

demonstrated for nasal delivery.

Jain et al. explored cross-linked mucoadhesive starch nanoparticles for insulin delivery via the trans-
nasal pathway taking advantage of the highly vascularized surface area and large surface areal*). The
size of the nanoparticle was shown to influence the diffusion rate with larger particles having a
relatively higher diffusional pathlength and therefore slower releasel*!. With the addition of permeation
enhancers, insulin loaded nanoparticles were able to sustain action for 6 h in streptozotocin induced
diabetic rats™®. The rapid release has been in part attributed to the correlation between the large surface

area and concentration gradient!l,

Nasal inserts composed of chitosan have been studied for the delivery of chlorpromazine
hydrocholirde (an antipsychotic drug) via the trans-nasal route*®l. The introduction of pectin resulted
in a more porous structure during sublimation which improved the swelling capacity and therefore the
mucoadhesion[*él, Under slightly acidic conditions the mucus and pectin both carry a negative charge
but appeared to have stronger mucoadhesive properties as compared to the negative mucin and positive
chitosan due to the differences in water uptakel*l. This suggests hydration and swelling which influence
the polymer chain diffusion and ability to interact and entangle with the mucin have a stronger influence

on the resulting net mucoadhesive force than electrostatic interactions®l,
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2.6.6 Colorectal Mucosa

Oral administration is the most common and economic form of drug delivery overall, this method has
several drawbacks including hepatic first-pass clearance, and degradation of the drug in the acidic
environment®. The colorectal mucosa’s primary function is to protect the tissue from friction
occurring from its function and maintains pH near neutral™’l, The local environment has low enzymatic
activity which is beneficial for drug delivery and access to the portal system and inferior vena cava
enable bypass of the first hepatic pass*’). A major challenge is the redistribution of administered drugs

during bowel movements(*1,

2.6.7 Ocular Mucosa

Various dosage forms have been successful or ocular drug delivery including ointments, inserts, gels,
and liquid drops of drug solutions or suspensionstel. The ocular mucosal environment has low viscosity
and several physiological and anatomical barriers to foreign molecules which greatly limits the ocular
retention of drugst®l. As ophthalmic drug delivery is a primary focus for the particles discussed in this
thesis examples of mucoadhesive dosage forms and platforms developed to increase the retention on
the ocular surface are detailed in Section 2.7.

Thiolated poly(acrylic acid) ocular inserts achieved controlled release and were shown to maintain
fluorescein (model drug) concentrations as opposed to unmodified poly(acrylic acid) inserts in human
eyes®l. The unmodified PAA inserts dissolved completely within 15 minutes of incubation in
simulated lacrimal fluid at 32°C whereas modified inserts remained stable for 24 hours[*’. The cysteine
modified inserts also demonstrated controlled release due to the matrix formation via disulfide bridging
between the insert and mucosa in contrast for burst release observed for unmodified inserts®l.
Fluorescein administered via eye drops were completely removed from the ocular surface after 2 hours

and a similar profile was observed for unmodified inserts due to the dissolutiont,

Eye drops generally experience rapid elimination from the ocular surface and alternate dosage forms
are being studied for their improved retention. For example, Grzeskowiak reports ocular ointments may
remain on the surface for up to 8 hours®. Qi et al. addressed this issue with a thermosensitive in situ
gelling system based on Carbopol, poloxamer and its analogs which attaches to the ocular mucosa and
was shown to maintain in vitro release for a period of 8 hours®Y. Lux et al. developed a lyophilisate

which are soft tablets which dissolve, typically intended for sublingual administration®2, The
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Iyophilisate loaded with fluorescein was applied to the eye and resulted in corneal bioavailability 11
times higher, and anterior chamber bioavailability 8.7 times higher as compared to conventional
fluorescein eye dropsf?.

2.7 Nanosystems for Topical Ocular Drug Delivery

There are several challenges to conventional drug formulations and dosing forms resulting in poor
bioavailability of the drug at the target site™. Majority of the administered dose is distributed
systemically resulting in the metabolization and excretion of the therapeutic!’®14, Hydrophobic drugs
constitute approximately 60% of drug molecules®®; hydrophobicity is correlated with poor
bioavailability™. Consequently, the drug concentration cannot be maintained at therapeutic levels over
extended periods of time necessitating frequent administrations and higher concentrations in the

administered dose™l. This is often the cause of adverse side effects and toxicity in non target organst?l,

Several nanosystems have been explored in literature to improve the bioavailability of the
administered dose, and a few have already been commercialized. Some strategies include: improvement
of retention time on the ocular surface, penetration enhances to access deeper tissue, and sustained
release platforms to reduce the frequency of administration™“¢l, Furthermore, this method is non-
invasive, portable, and is suited for self-application. However, the major challenge remains the low
bioavailability of administered drugs. Researchers have been investigating various nanosystems to

address this challenge.

Nanotechnology enabled therapeutics are regarded as the next generation of pharmaceuticals due to
their ability to encapsulate and protect the drugs from physiological environments and targeting ability
via a plethora of surface modifications. The term nanoparticle encompasses as variety of structures,
composed of various molecules. One important consideration when developing nanotechnology for
biological application is biocompatibility. Several reports published in literature are not practical due

to the toxic nature of some of the structures.

Biocompatible polymers have already been approved by the United States Food and Drug
Administration (FDA) and other regulatory bodies around the world. These polymers due to not illicit
an immune response and are generally well tolerated, degrading within in the body without harmful
degradation products. There are many factors which must be addressed during the process of drug

formulation for it to be commercially successful. A variety of strategies are used to overcome the low
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bioavailability in order to reach the therapeutic concentration. Furthermore, the formulation must be
tolerable on the ocular surface and have a stable shelf life. The drug approval process is lengthy but
may be reduced with a strong understanding of the regulatory bodies and their requirements. The
polymer and it’s degradation products should be non-toxic and nonabsorbable, as well as non-irritant

to the mucus membranel34,

2.7.1 Nanoparticles

Nanoparticles are by far the most investigated form of nanotechnology for use in ophthalmic
therapeutics. Evaluation of nanoparticles for topical delivery started as early as 1986.
Polybutylcyanoacrylate nanoparticles were the first to be researched in vivo to deliver progesterone 54,
pilocarpine® and to evaluate the transport pathway of these nanoparticles®l. Using radioactive
progesterone, researchers found a 4-5 fold increase of tissue drug concentrations compared to a control
solution containing the same amount of drug®4. This increase in bioavailability was confirmed when
the nanoparticle solution resulted in an increase in the area under the curve of a concentration time
graph by 23% for pilocarpine as compared to the aqueous control solution®l, There was an increase of
elimination half life as well as a prolonged effect of drug™!. As for the transport pathway, Zimmer et
al. observed penetration of their particles transcellularly into the cornea and within conjunctival cells®®l,
De Campos et al. in 2004 also investigated the in vivo fate of fluorescent chitosan nanoparticles and
found 2-fold increase in concentration when compared to free chitosan-fluorescein solution and 4-fold
increase compared to free fluorescein in the cornea and conjunctivall. By tagging chitosan
nanoparticles with fluorescein isothiocyanate-bovine serum albumin de Salamanca further showed in
vivo uptake of nanoparticles by the conjunctiva and corneal epithelia; the bulbar conjunctival
epithelium (apical membrane), palpebral conjunctival (throughout cells) and goblet cells indicated

fluorescencel®l. Other studies also showed the uptake of nanoparticles into the conjunctiva and cornea

[59-61]

Many groups have evaluated nanoparticle delivery of cyclosporine A, a drug used to treat
inflammation. De Campos et al. in 2001 were the first, and used chitosan nanoparticles to achieve 2-6
fold higher therapeutic concentrations of drug in ocular tissues (cornea and conjunctiva) as compared
to the chitosan agueous solution with no significant differences in retention timef®2 suggesting an
increase in penetration of drug with the nanoparticle formulation. Yenice et al. in 2008 used hyaluronic
acid coated poly-g-caprolactone/benzalkonium chloride nanoparticles and found a close to 100-fold
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increase in cyclosporine A concentration in ocular tissues compared to a castor oil solution of
cyclosporine A%, Solid lipid nanoparticles increased retention 4-fold in rabbits®! and demonstrated
prolonged delivery of cyclosporine A for at least 48 hours to both the aqueous and vitreous humor in
sheep!®®,

In 2014, a topical formulation of chitosan nanoparticles was reported to deliver drugs to the aqueous
humor and vitreous humor for 72 hourst®!, The researchers attribute this to the enhanced residence time
at the corneal and conjunctival surfaces®!. Eudragit® RL100 delivered cloricromene, an anti-
inflammatory used to treat uveitis, increased the bioavailability compared to an aqueous solution of
cloricromenel®”l. Another nanoparticle formulation based on Eudragit® RL100 loaded with the anti-
inflammatory agent aceclofenac showed a 2-fold higher penetration through the cornea, improved lid
closure scores, and more effective immune cell inhibition compared to an aqueous solution with
equivalent drug content(®8, Eudragit® RS100 was also evaluated for the delivery of piroxicam in vivo
on rabbits with endotoxin-induced uveitist®!. The nanosuspension treated eyes showed no clinical signs
of uveitis compared to the control (drug only)®. Flurbiprofen, another anti-inflammatory ocular drug,
was delivered using poly(lactic/glycolic) acid nanoparticles to rabbit eyesl’™. A commercial
formulation of OcuFlur® was used as a control against a drug loaded nanocarrier prior to sodium
arachidonate-induced inflammation; the nanoparticle formulation showed better prevention of
inflammation than OcuFlur®",

Chitosan based nanoparticles and nanoemulsions containing indomethacin were evaluated and
showed increased healing of corneal chemical ulcer as well as moderate effective inhibition of immune
cell infiltration™]. Zirconia beads delivered indomethacin also reduces post-operative inflammation
and increases corneal penetration 4-fold compared to commercial eye drops. Triamcinolone
acetonide was evaluated by Sabzevari et al. in 2013 which showed that their poly B-amino ester
biodegradable nanoparticles had a similar effect in inhibiting inflammation as a subconjunctival
injection of the same drug(™l. Other anti-inflammatory agents such as flurbiprofen, oleanolic acid or
ursolic acid and diclofenac sodium have showed prevention of sodium arachidonate induced
inflammation’¥ and higher retention in corneal tissues after administration in nanoparticle

formulations!’> 7!,

As glaucoma is one of the leading causes of blindness, many IOP lowering therapeutics have been

investigated using nanoparticle delivery. In 2002 Chu et al. delivered a pressure lowering compound
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(7-hydroxy-2-dipropyl-aminoteralin) to rabbit eyes using calcium phosphate nanoparticlest’™. In this
study the hypotensive effect of drug delivered using the nanoparticles was more pronounced than the
free drug solution, they also found that the IOP decrease was sustained for at least 7 hours compared to
2 hours for the free drugt”l. Epinephrine was also evaluated as a glaucoma drug using poly-N-
isopropylacrylamide nanoparticles which showed an IOP response which lasted 6 times longer than the
control®, Timolol and dorzolamide are two other more commonly used drugs to treat glaucoma,
Wadhwa et al. investigated their delivery in hyaluronic acid modified chitosan nanoparticles and
showed significant reduction in IOP levels using nanoparticles in comparison to free drug solution(’,
As timolol is a beta-blocker, systemic absorption may induce undesirable cardiovascular side effects,
in this study the researchers showed a higher decrease of I0P in the contralateral eye with the marketed
formulation compared to the nanoparticle solution, showing that their formulation decreased systemic
absorption of drug"™. Dorzolamide bioavailability was also increased using 6-O-carboxymethyl
chitosan nanoparticles®”, poly(lactic-co-glycolic acid)/vitamin E TPGS nanoparticles®, y-
cyclodextrin  nanoparticles®8,  hybrid  dendrimer  hydrogel/poly(lactic-co-glycolic-acid)

nanoparticlest®! and chitosan nanoparticlest®,

Carteolol is another beta-blocker and has been delivered using chitosan nanoparticles which
prolonged precorneal retention as well as efficacy of the drug compared to cateolol aqueous solutiont®],
In the same study, the researchers saw significant radioactivity (radiolabelled carteolol) in other body
organs when delivered using nanoparticles, but radioactivity was seen in the systemic circulation as
well as other organs after 6 hours with the aqueous solution of carteolol®®. Dexamethasone was also
evaluated by Gan et al. using monoolein liquid crystalline nanoparticles, and by Fabiano et al. using
ammonium-chitosan conjugate nanoparticles showing similar results of prolonged effect and increased

tissue levels of drugf®”:8el,

Methazolamide is another glaucoma treating drug which decreases the amount of fluid production
within the eye by inhibiting the enzyme carbonic anhydrase. Chen et al. used calcium phosphate
nanoparticles to deliver it into rabbit eyes which showed a drop in IOP for 18 hours, which is
significantly prolonged compared to commercial eye drops AZOPT® (briminodine) with a 6 hours
effect of lowering 10P®. Solid lipid nanoparticle delivered methazolamide also showed higher
therapeutic efficacy and a prolonged effect compared to AZOPT®. Cationic nanostructured

heterolipid matrices®® and solid lipid nanoparticles modified with low molecular weight chitosan®?
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lowered IOP for a longer duration than free methazolamide solution and AZOPT® respectively.
Another carbonic anhydrase inhibitor, acetazolamide, shows a longer and stronger effect of lowering
IOP compared to 0.5% acetazolamide when delivered using Eudragit® RL100 nanoparticles with an
equivalent drug dose; 1OP lowering was also prolonged with the nanoparticle solution!®®%4,

IOP lowering effects of nanoparticle delivered brimonidine showed significant improvement of drug
effects compared to commercial eyedrops lobrim®©®® and Alphagan®P®, Yang et al. also investigated
brimonidine and was able to lower IOP in normotensive rabbits by 18% for 4 days®’. Brinzolamide is
also used to lower I0P; liquid crystalline nanoparticle delivered brinzolamide was contrasted with
AZOPT® and was superior in drug concentration in tissues, permeability and efficacy®®l. Melatonin's
hypotensive effect has been investigated and when delivered in nanoparticles the compound was more
efficacious than when delivered in aqueous solution!®1%l, |astly, disulfiram's ability to reduce IOP was
evaluated with delivery using nanoparticles. The nanoparticle delivered drug remained on the ocular
surface 1.45-fold longer, and the IOP decreased more with the nanoparticle solution than the free drug

solution in rabbits™ol,

Antibiotics are another class of drugs commonly used topically for ocular infections. Cavalli et al. in
2002 delivered tobramycin using solid lipid nanoparticles and showed a 50% maximum agqueous humor
concentration increase when compared to Tobral®, the commercial formulation™®, Another group
researched poly(D,L-lactide-co-glycolide) nanoparticle delivered sparfloxacin to show longer pre-
corneal retention; using gamma scintigraphy and radiolabelling of sparfloxacin the researchers also
showed that after commercial formulation administration significant radioactivity was recorded in the
kidney and bladder after 6 hours, but this radioactivity was not seen after nanoparticle formulation
administration of drug™®l. Chitosan delivered moxifloxacin, another antibacterial agent, increased
bioavailability fourfold in the aqueous humor after a single topical instillation™®4, Levofloxacin
delivered using nanoparticles showed similar results with radioactivity seen throughout the rabbit body
tissues after commercial product administration but not after nanoparticle delivery of the same dose*%l,
Gatifloxacin is another antimicrobial drug and Kalam and colleagues delivered it using solid lipid
nanoparticles to find a 3.37-fold increase in relative bioavailability compared to the commercial
product!i®l. The last antibiotic agent that has been delivered using nanoparticles is sparfloxacin. With
poly(lactic-co-glycolic acid) nanoparticle laden in situ gel and radiolabelled sparfloxacin, an increased

retention of drug was found compared to the commercial formulation and while radioactivity was seen
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in the kidney and bladder after administration of the marketed formulation, none was seen with the

nanoparticle in situ gel formulation°7],

Antiviral agents such as acyclovir have been evaluated for topical delivery using nanoparticles as
well. Giannavola et al. delivered acyclovir using nanospheres which increased aqueous humor levels
of drug by 12.6-fold!*%!, Furthermore, as the ocular surface may be affected by the herpes simplex virus
type | (HSV-1), researchers have investigated ocular vaccination. Hu et al. looked into iron oxide
nanoparticles coated with glutamic acid for herpes stromal keratitis prevention with a HSV-1
vaccine’®, Higher levels of neutralizing antibodies in tears and enhanced cytotoxicity of natural killer
cells were seen after administering nanoparticles containing the deoxyribonucleic acid (DNA) vaccine
compared to the control. Keratopathy scoring furthermore showed a lesser degree of herpes stromal

keratitis when compared to the mice receiving the vaccine alone (without nanoparticle vehicle)%l,

Exonazole, an antifungal agent, was delivered using chitosan/sulfobutylether-p-cyclodextrin
nanoparticles and tested in vitro as well as in vivo™'%. Although there was no difference in inhibition
of C. albicans in vitro between commercial product and nanoparticle solution, there was a significant
improvement of antifungal activity in vivo when delivered using nanoparticles*?®l. Natamycin
delivered using mucoadhesive lecithin/chitosan nanoparticles showed a 7.4-fold improvement
compared to the commercially available suspension(*'l, Amphotericin B is commonly used for treating
fungal infections and when delivered via poly(lactic acid)-grafted chitosan copolymer nanoparticles,
residence time of the drug on the ocular surface is prolonged and permeation is markedly increased**2,
Lecithin/chitosan nanoparticles were also used to deliver amphotericin B for the treatment of fungal
keratitis in a rabbit study which showed a significant increase in bioavailability as well as precorneal

residence time compared to Fungizone®*?,

Gene therapy has also been investigated by multiple research groups. de la Fuente et al. in 2008
evaluated hyaluronan-chitosan nanoparticles for gene delivery across the ocular mucosa. They showed
that the nanoparticles became assimilated by corneal and conjunctival epithelial cells and efficient
delivery of fluorescent plasmid DNA using nanoparticles resulting in reaching significant transfection
levels; fluorescence was maintained for more than 7 days!**4l. Zorzi et al. reported successful gene
delivery of MUC5AC messenger ribonucleic acid (mMRNA) into conjunctival cells using cationized
gelatin nanoparticles™® as did Contreras-Ruiz et al. in 20131, Cationic core-shell lipo-nanoparticles

to deliver genes have also been studied using fluorescent protein as a reporter gene; compared to regular
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chitosan nanoparticles there was a 2.52-fold increase in fluorescent protein expression!!’, DNA
delivery using plasmids has also been investigated using non-viral gemini surfactant-phospholipid
nanoparticles which showed localization of nanoparticles to anterior chamber tissues!*!8l. Gene therapy
for X-linked juvenile retinoschisis using dextran and protamine-based solid lipid nanoparticles showed
transfection into corneal cells after topical application™®l, In 2013, Tandon et al. successfully
transferred the BMP7 gene into rabbit keratocytes which decreased corneal haze scored with the Fantes
grading scalet*?l, Gene silencing using biopolymer based nanoparticles showed internalization of
nanoparticles into the corneal and conjunctival tissues which provided a significant synthetic RNA

(siRNA) gene silencing effect?,

Other substances investigated for nanoparticle delivery include 5-fluorouracil?>124 paicalin?®],
pirfenidone to treat alkali burnt*? and mitogenic protein lacritint*?"! which all showed either an increase
in bioavailability or an increase in efficacy of corneal healing and wound regeneration. Nanoparticles
coated with anti-TLR4 antibodies were shown to anchor ketoconazole loaded gelatin nanoparticles and
also resulted in a down-regulation of inflammatory cytokine levels in eyes with keratitis*?, Chi et al.
investigated the efficacy of nanosheets compared to nanoparticles, concluding nanoparticles
demonstrated superior permeability in isolated corneas and prolonged precorneal retention time in
vivol'?l, Dexamethasone delivered via lipid nanoparticles was observed in rabbit aqueous humour for
up to 24 hours, compared to 8 hours for the aqueous suspension™, In 2016, Liu et al. published work
on a mucoadhesive polymeric nanoparticle with a residence time exceeding 24 hours. Restasis, a
suspension of cyclosporin A, is typically administered twice daily (b.i.d) or thrice daily (t.i.d), but the
drug loaded nanoparticles demonstrated elimination of inflammation and recovery of ocular surface
goblet cells in mice. This formulation improves the residence time and bioavailability of the drug and

aims to improve patent compliance through a reduction in overall dosage™3!,

2.7.2 Liposomes

Liposomes are some of the earliest nanostructures investigated for their potential in drug delivery due
to their biodegradable and biocompatible nature. The inner aqueous core is protected by a phospholipid
bilayer. Liposomes are spherical vesicles that have an aqueous core and an outer phospholipid bilayer,
liposomes are inherently biodegradable and nontoxic. Hydrophilic drugs may be encapsulated within

the core, while hydrophobic drugs can be trapped with the lipid layer.
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Research of liposomes for ophthalmic purposes began as early as 1982, when Stratford et al.
evaluated L-a-phosphatidylcholine and cholesterol liposomes for the delivery of epinephrine and
inulin®32l, These liposomes increased inulin pre-corneal residence time and delivery to ocular tissues
but, actually decreased epinephrine delivery**2. In 1987 acetylcholinesterase, a prophylactic drug, was
evaluated in its ability to counteract the toxicity of diisopropylfluorophosphate (DFP) which causes a
decrease in pupillary size, the researchers found that the positively charged liposomes provided the best
prophylactic effect (80% pupil size) while free acetylcholinesterase showed no protection against the
DFP challenge (50% pupil size)**3. Enhanced pre-corneal retention of drugs and increased
bioavailability was also shown in delivery of tropicamide**%], Pre-corneal retention was measured
using gamma scintigraphy and bioavailability measured using the mydriatic activity (pupil dilation) of
tropicamide which showed significantly increased effects when delivered using liposomes compared
to an aqueous solution**!l, The same group evaluated pilocarpine delivery using mucoadhesive
liposomes and demonstrated that mucoadhesive polymer (Carbopol® 1342) coated liposomes delivered
drugs for a prolonged duration!*®!, The next year the delivery of FK506 in olive oil as a vehicle or
liposomes was compared; concentrations of drug in the aqueous humor was substantially higher for the
liposome (5-28ng/g) compared to the olive oil (0.1 — 2 ng/g) formulated drug™7.

Topical delivery of plasmid DNA to intraocular tissues was evaluated using liposomes and the
researchers found that topical delivered liposomes are capable of transfecting retinal ganglion cells!*!
and delivering fluorescent molecules to the retinal*®®l, Researchers also showed that liposome gels are
capable of delivering oligonucleotides to rabbit ocular tissues in higher concentrations than liposomes
alone**?. Topical drug delivery to the posterior segment was also achieved by Lajunen et al. using
liposomes with a diameter of less than 80nm which penetrated to the posterior layer of the retina; they

found that liposomes larger than 100nm ended up in the choroidal endothelium41,

In 1998 Srinivasan et al. incorporated penetration enhancer polyoxyethylene-9-lauryl ether with
liposomes to deliver insulin¥?, They demonstrated prolonged drug action when delivered topically
using liposomes (more than 5 hours) compared to administration subcutaneously and intravenously (2
hours)™42. Insulin delivery was also investigated by Jain et al. in 2007 using liposomes coated with
chitosan and Carbopol®; they found increased bioavailability as their liposome formulation showed a
30% reduction of blood glucose levels up to 24 hours whereas control formulations show no effect after

approximately 10 hours®#l. Chitosan-coated liposomes were used to deliver coenzyme Q10, the
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liposomes prolonged the retention time by 4.8-fold compared to control™4, to deliver ciprofloxacin
which showed 1.737-fold permeability compared to free drug solution**! and a 2.76-fold increase in
drug residence time compared to the commercially available drug!#®l, Chitosan-coated liposomes were
further used to deliver vitamin A palmitate where the bioavailability increased by 16.6-fold compared
to  Oculotect® gels®.  Other mucoadhesive polymers (sodium hyaluronate and

carboxymethylcellulose) have been incorporated into liposomes to increase efficacy[*4®l,

Acyclovir delivery using liposomes was investigated by three different groups which found liposome
encapsulated acyclovir to significantly increase drug levels in the aqueous humor (88.95 pg/mL)
compared to free drug solution (2 — 3 pg/mL), increased pre-corneal residence time!**! and
increased bioavailability™5!, Cortesi et al. delivered anti-herpetic peptides in rabbits and found that
when vaccinated using their liposomal formulation before the herpes-simplex virus (HSV) infection
rabbits were protected from this lethal infection™?, For the treatment of acyclovir resistant HSV,
distamycin A is used; liposome delivered distamycin A reached IC50 values without any transcorneal
penetration, decreasing cytotoxicity as well as doubling precorneal retention compared to free drug

solution[%3l,

Hathout et al. demonstrated that positive multilamellar acetazolamide liposomes increased
bioavailability by measuring reduction in 10P for a prolonged duration in rabbits™>4, Diltiazem
hydrochloride is also used to decrease 10P and liposome delivered drug had a significantly prolonged
period of activity (24 hours) compared to free drug solution (5 hours)®*!, In ganciclovir delivery, Shen
et al. found that there was no difference in pre-corneal elimination rate between the liposome
formulation and free drug solution™®l, But, the ocular distribution of drug via liposomes was 2 — 10
fold higher in the sclera, cornea, iris, lens and vitreous humor when compared to free drug
administration!** suggesting that uncoated liposomes increase corneal penetration rather than pre-
corneal retention. Interestingly, a group evaluated the use of a liposome topical spray in increasing the
lipid layer thickness and were successful in improving the lipid layer significantly at 30 and 60mins

post treatment!*57],

Another class of drugs delivered using liposomes are the antifungals, Habib et al. evaluated
fluconazole delivery in rabbits and found that 86.4% of rabbits showed complete recovery with the
liposomal formulation compared to only 50% of rabbits delivered free drug solution[*58. VVoriconazole,

another antifungal drug, was successfully delivered in porcine cornea to a concentration higher than the
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minimal inhibitory concentration of several fungi species which cause clinical cases of corneal
keratitis™®l, Liposome delivered substances can furthermore prevent light induced retinal damage**%.
As shown by Shimazaki et al. in 2011 where edaravone delivered in liposomes prevented increase of
cells with DNA marked by fragmentation signals in micel*®, Shafaa et al. showed a noteworthy
increase in bioavailability of timolol maleate when they tested efficacy in glaucomatous rabbits;
liposome delivered drug decrease intraocular pressure for 160 hours whereas the free drug showed no
activity after 5 hours[*¢2l. Hyaluronan modified liposomes delivering doxorubicin exhibited more than
4-fold increased retention time as well as a 1.7-fold increased area under the curve for aqueous humor

concentrationt162],

Liposomes have high precorneal clearance rates due low viscosity. Yu et al. employed the interaction
between gellan gum and the cations in tears for in situ gelling. Higher retention times on the ocular
surface, and a decrease in IOP for a longer duration than the bare solution was reported. Release profiles
can be tuned by controlling the extent of gelation™3, A formulation of liposomes encapsulated with
montomorillonite intercalated with betaxolol hydrochloride was used by Huang et al. and which
maintained the drug concentrated on the ocular surface and resulted in prolonged reduction in I0P641,
Nasir and colleagues concluded that liposomes are more effective for delivery for lipophilic substances.
Compared to topical suspensions of hydrophilic molecules, liposomes resulted in a lower precorneal

concentration(t62],

2.7.3 Nanoemulsions

Oil/water nanoemulsions are capable of solubilizing hydrophobic drugs and may act as penetration
enhancers for corneal drug delivery. They are capable of distributing more uniformly on the corneal
epithelium but suffer from extensive precorneal loss. To overcome this challenge, Morsi et al. have
demonstrated sustained drug release using a mucoadhesive gellan/xanthum gum capable of ion induced
in situ gelling by incorporating a nanoemulsion[*%®l, The dispersed peanut oil was stabilized with a
surfactant and cosurfactant mixture of Tween® 80, Cremophor EL®, and Transcutol® P was used to
encapsulate acetazolamide. The mucoadhesion prevents rapid drainage and extends the precorneal

residence timel18],
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2.7.4 Dendrimers

Dendrimers are nanosized, highly branched, star shaped polymeric systems. The branched structure of
dendrimers allows both hydrophobic and hydrophilic drugs to be incorporated into the structure.
Furthermore, the highly branched structures provide many terminal end functional groups which can

be utilized to conjugate targeting moieties!*®7],

Vandamme et al. investigated drug delivery using poly(amidoamine) (PAMAM) dendrimers to
deliver plocarpine nitrate and tropicamidel*®®l. Pre-corneal residence time was evaluated using 2 w/v%
fluorescein and an increase from 30 minutes to 4 — 5 hours was observed with incorporation of
dendrimers. Furthermore, the miotic and mydriatic activity of pilocarpine nitrate and tropicamide were
increased and prolonged when combined with dendrimers[*®l, In 2010 Durairaj et al. reported a
dendrimeric polyguanidilyated translocator system for the delivery of gatifloxacin!*®®l, The dendrimeric
gatifloxacin system increased the areas under the curve for concentration by ~13-fold in the conjunctiva
and ~2-fold in the cornea when compared with free gatifloxacin after a single instillation in vivo.
Furthermore, a single dose of the drug-dendrimer system made drugs detectable in the cornea for up to
6 hours in the cornea whereas the control showed drug in the cornea for up to 2 hourst®!, Also in 2010,
researchers developed puerarin and PAMAM dendrimers which prolonged the residence time
compared to puerarin eye drops. The dendrimer solution half life was approximately 1.8 hours
compared to the control eye drops 0.8 hourst™. The delivery of acetazolamide using
poly(propyleneimine) dendrimers was evaluated and ocular residence time was found to increase by
more than 10-fold compared to the free drug solution; a reduction in intra ocular pressure with the
dendrimer solution persisted for twice as long as the free drug solution®"t, Romanowski et al. utilized
polyanionic dendrimers to inhibit adenovirus related ocular infections. The charged dendrimer was
shown to adhere to the virus and inhibit penetration into potential host cells in New Zealand White

rabbitst’2,

Bravo-Osuna et al. developed acetazolamide eyedrop formulations utilizing anionic and cationic
carbosilane dendrimers. Formulations containing a small fraction of cationic carbosilane dendrimer led
to a rapid and extended hypotensive effect. Anionic dendrimers exhibited non-permanent adhesion,
likely due to electrostatic repulsion with the negatively charged mucinf*”3l. Work by the same group on
surface plasmon resonance to investigate interactions between mucin and dendrimers reveals that

dendritic structures such as PAMAM display strong permanent interactions with transmembrane ocular
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mucinst*. Liu et al. explored PAMAM dendrimer formulations containing a penetratin and red
fluorescent protein plasmid for intraocular gene delivery to the posterior segment of the eye via a non-
corneal pathway as a substitute for intravitreal injections. The formulations were instilled in the
conjunctival sac of rats, and evaluations revealed expression of the fluorescent protein in the posterior

segment of the eyel*™®],

2.7.5 Nanomicelles

Nanomicelles are composed of fatty acid molecules which arrange themselves into a spherical form in
aqueous solutions, with the hydrophilic heads of the lipids facing outward and hydrophobic chains in
the inside of the structure. The beginnings of nanomicelle in vivo testing for bioavailability began with
Gupta et al. in 2000 who evaluated nanomicelles made of copolymer N-isopropylacrylamide, vinyl
pyrrolidone, and acrylic acid for ketorolac delivery!’®, Albino rabbits with induced inflammation were
used as the animal model. The free drug solution did not show any inhibition of lid closure or
polymorphonuclear (PMN) migration but, the nanomicelle formulation inhibited lid closure for 3 hours

and PMN migration for 5 hours*7¢l,

In 2001, Liaw and colleagues used nanomicelles to deliver genes*’”l. Plasmids with the lacZ gene
were administered topically three times a day for two days onto rabbit eyes and showed expression
around the iris, sclera, conjunctiva, and lateral rectus muscles for 48 hours (detected using X-gal
staining). This is significant because no expression was detected in the ocular tissues of eyes in which
naked DNA plasmids were delivered, the negative control group®’”l. Tong et al. also investigated gene
delivery with nanomicelles; they specifically looked at gene delivery with cornea-specific
promoters*’8l, The enzymatic activity of the gene delivered significantly increased in both mouse and
rabbit corneas!*’®l. The same authors investigated delivery of anti-apoptotic genes in rabbits with model
epithelial injury induced by epithelial debridement. The mRNA of the anti-apoptotic gene was

significantly increased (2.2-fold) at 48 hours after administration compared to non-treated rabbits*"l.

In 2010 two groups studied dexamethasone delivery using nanomicelles™®l, Pepic et al. found a
prolonged decrease in intraocular pressure as well as a 2.4-fold increase in area under the curve for the
concentration of drug delivered with chitosan nanomicelles compared with a standard dexamethasone
suspension*®, Rafie et al. applied the nanomicelle formulation to rabbits with endotoxin-induced
uveitis and measured inflammation using Hogan's classification. Both the nanomicelle formulation and

free dexamethasone solution reduced symptoms of uveitis for 48 hours after endotoxin injection, but
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there was a significant difference between the two formulations after 24 hours!*#. Nanomicelles used
to deliver diclofenac showed a 2-fold increase in area under the curve for 24 hours compared to the
drug in phosphate buffered saline solution*®, Chitosan is often incorporated into ocular drug
formulations as it is mucoadhesive. For example, pluronic-chitosan micelles were shown to be superior
to commercial eyedrops delivering metipranolol %1, Permeation is also increased with nanomicelles
as shown by Salama et al. who used tri-tetra-block co-polymeric nanomicelles to deliver lornoxicam
[1841 Beack et al. contrasted a topical suspension of FIt1 peptide- hyaluronate conjugate micelles with a
subconjunctival injection in a murine model. The topically administered micelles demonstrated an
increased residence time on the corneal epithelia. Furthermore, the topical suspension administered
BID for two weeks resulted in a comparable therapeutic effect subconjunctival injection administered

once for 2 weeks [185],

In 2015, Li et al. demonstrated deep corneal penetration of fluorescein dye loaded micelles composed
of poly(ethylene glycol)-poly(e-caprolactone)-g-polyethyleneimine triblock copolymer. Within 30
minutes of administration, a fluorescent signal corresponding to the fluorescein was observed in the
stromal layers of the corneal*®®l, Shi et al. formulated a nanosuspension of Nile red encapsulated within
chitosan grafted chitosan grafted methoxy poly(ethylene glycol)-b-poly(e-caprolactone) micelles.
Compared to the aqueous solution of the dye, the micellar formulation demonstrated enhanced pre-
corneal retention and penetration. The same system used for the delivery of encapsulated diclofenac

resulted in the 2.3 times higher aqueous humour concentration compared to commercial eye drops&7,

Liu et al. investigated Cyclosporine A encapsulated micellar nanoparticles for the treatment of dry
eye. The suspension, administered once or twice a week, resulted in a slight increase of tear production
7 days after induction of dry eye in rabbit models. Furthermore, clearance of inflammatory infiltrates
and complete restoration of the ocular surface was observed. In contrast, Restasis, a commercial
formulation of Cyclosporine A, was topically administered t.i.d and did not show improvement in tear

production 7 days after induction of dry eyel*&],
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2.7.6 Niosomes

Niosomes are vesicles made of non-ionic surfactants and are biodegradable. Studies have shown that
niosomes are more stable than liposomes[*®l, offering greater chemical stability at a lower cost as
compared to liposomes!*®®l, They can entrap both hydrophobic and hydrophilic drugs. Some non-ionic
surfactants commonly used for ocular delivery are Solulan™, chitosan, Carbopol® and
dicetylphosphate. Researchers have also shown that minimal side effects occur and no irritation was

seen when niosomes are administered topically™,

Timolol maleate delivery using niosomes coated with chitosan or carbopol showed an effect for up
to 8hrs compared to the control solution's effect of 2 hours!*®2. The same group showed a decrease in
drug entering the systemic circulation as the intraocular pressure of the contralateral eye (untreated)
decreased by 20 — 40% (of treated eye) with niosomal formulations and 100% with the marketed gel
formulation[2, Acetazolamide delivery using niosomes was investigated by two groups who found an
increase in efficacy as well as duration of effect™®¥ and a comparable efficacy to Dorzox® with a 4-
fold lower concentration in the niosomal formulation™. Flurbiprofen (FBP) is a nonsteroidal anti-
inflammatory drug prescribed for ocular inflammatory diseases and following procedures such as
cataract surgeries. Span® 60 niosomes in a gel formulation loaded maintained FBP concentrations in

the aqueous humour for almost 12 hours, thereby contributing to higher useful absorption™®,

Carbopol® is a bio-adhesive commonly use in topical preparations to improve residence time. A
carbopol hydrogel containing Span® 60 niosomes encapsulated with atenolol resulted in greater
reduction in IOP as compared to the hydrogel or noisome alonel*®®!, Zubairu et al. also prepared bio-
adhesive Span® 60 niosomes (surfactant:cholesterol = 50:50) with chitosan. The formulation was
retained on the ocular surface for more than 12 hours®®l. Lomefloxacin is an antibacterial requiring
frequent administration (up to 8 times a day). This motivated Khalil et al. to develop a niosomal
formulation which demonstrated a biphasic release behaviour®®”l, Two key factors to consider niosomal

vehicles are the properties of the surfactant, and surfactant:cholesterol ratio®7.
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2.7.7 Nanocapsule

Nanocapsules are made of a thin polymer membrane which encapsulates an oily or agueous core.
Researchers have investigated the use of nanocapsules for delivering metipranolol, a beta-blocker.
Using a colloidal suspension of poly-g-caprolactone nanocapsules with an oil core, Losa et al. showed
comparable efficacy to commercial eye drops Betamann® and a reduction of cardiovascular side effects
measured directly and indirectly with their nanocapsule formulation of metipranolol!*®l. Compared to
the commercial product, the duration of bradycardia was greatly reduced when metipranolol was
delivered using nanocapsulest*®®l, The same group further evaluated metipranolol delivery using the
same nanocapsules incorporating polyisobutylcyanoacrylate by measuring the ability of a beta-
adrenergic agonist (isoprenaline) to increase heart rate, an indirect measure of systemic levels of
metipranolol. Again, systemic effects were drastically lowered while the pharmacologic response was
unaffected®, Another beta-blocker carteolol was delivered using poly-e-caprolactone nanocapsules
and compared to Carteol eye drops; the researchers found a decline of cardiovascular side effects,
measured indirectly using isoprenaline, in comparison with the agueous eye drops which suggests

reduced undesirable non-corneal absorption2°l,

Calvo et al. investigated indomethacin delivery using poly-g-caprolactone?®! and chitosan-coated
and poly-L-lysine-coated poly-e-caprolactonel®®? nanocapsules. These nanocapsule formulations
increased drug concentrations in the cornea, aqueous humor, iris-ciliary body more than 3-fold
compared to the commercial solution as well as increased ocular penetration2°+2°2 The same group
evaluated polyester nanocapsules with an oily core of Migliol 840 for cyclosporine A delivery?®l; drug
levels in the cornea increased up to 5-fold with the encapsulated cyclosporine A compared to an oily
solution of the same drug®l. Reimondez-Troitino et al. synthesized arginine-rich polyarginine and
protamine nanocapsules for the delivery of cyclosprin-A and vitamin A. The positive domains

contribute to the interaction and adhesion of the nanocapsules to corneal epithelial cells?2%41,

In 2000, Desai et al. used a Pluronic® F127-based gel system with polyisobutylcyanoacrylate
nanocapsules to deliver pilocarpine, they found that the nanocapsule and gel together increase contact
time of pilocarpine with the surface of the eye and therefore increased ocular bioavailability®!, Lastly,
De Campos investigated the interaction of chitosan coated and PEG coated nanocapsules with the eye’s

surfacel®l, They found that chitosan coated systems especially enhanced penetration of the
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encapsulated dye through the cornea, furthermore, the coating of the nanocapsules affects bio-
distribution which can be used as a targeting strategy!2°¢l.

Carbone et al. developed dioctadecylammonium bromide (DDAB) coated, positive nanocapsules for
ocular delivery of hydrophilic compounds without significant energy input making them eco-
friendly®”l, An aqueous phase containing a combination of Brij® 98 with Span® 60 or Span® 80 was
introduced into the oily phase containing PLA or capric triglyceride (CTC)®?%1, To modulate surface
properties and to impart a positive charge, the nanocapsule was coated with DDAB. The positive charge
is capable of adhereing to the negatively charged ocular surface, and complexing with negatively

charged cargo, for example DNA or ribonucleic acid (RNA) for gene therapy.

2.8 Block Copolymers

Block copolymers are polymers consisting of two or more monomer units in an arrangement such that
distinct chains (blocks) for each monomer are grafted together as shown in Figure 2.4. They may be
synthesized through a variety of polymerization techniques such as anionic polymerization, ring-
opening polymerization, or radical polymerization?®l. In these techniques the reactive terminus is
“living” meaning it may still react in the presence of a monomer. Once the monomers for the first block
have been consumed, the monomeric units for the second block can be introduced in the system[2%I,
Alternatively, two blocks may be synthesized separately and combined create the final block
copolymerf®l, This can occur by combining two polymers with unterminated chains from the polymer
synthesis itself, or modification and combination of two pre-synthesized blocks®l, The selected

application is based on the latterf2°%¢],

......M AB Diblock
.......N...... ABA Triblock
......M.. ABC Triblock

Figure 2.4: Arrangements of common linear block copolymers. A, B, and C represent different

monomer units which constitute the chains of the block copolymer.
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2.8.1 Polymer Micelle Self-Assembly

Each block exhibits the physical and chemical properties of the monomer subunits. In the case of
amphiphilic block copolymers in an aqueous solution, hydrophobic interactions between the
apolar/lipophilic polymer chains result in the spontaneous formation of micelles®?®l. The self-assembly
of block copolymers into micelles and other structures is driven by intermolecular forces!?®l, These
include electrostatic interactions, metal complexation, and hydrophobic forces; the latter are
responsible for self-assembly of PLA-b-Dex and PLA-b-Dex-APBA polymer micelles utilized in the
experimental work for this thesis. The withdrawal of the hydrophobic block from the aqueous

environment results in a net entropy gain making this process spontaneous.

Drug loading and self-assembly of polymer micelles can occur simultaneously or as independent
steps as described by Gaucher et al.[?%], The simplest technique involves block copolymer composed
of two hydrophilic chains where one has slightly greater hydrophobicity, which drives the self
assembly. The drug molecules introduced following the synthesis of the particles and diffuse into the
particlesi?®l, This is suitable only for “moderately hydrophobic”?%! species such as poloxamers

otherwise the polymer will precipitate without the presence of an organic phase in the initial phase.

Another technique is to dialyze a solution of block copolymer and drug dissolved in an organic
solvent such as acetone, acetonitrile or dimethyl sulfoxide (DMSO)[%1. The dialysis media is aqueous
and, and the organic phase is slowly exchanged. The hydrophobic blocks and drug molecules withdraw
from the aqueous phase, associating with the remaining organic phase and other hydrophobic
blocks?%!, Third, an oil-in-water emulsion technique can be utilized where droplets of the polymer and
drug solution in an organic solvent are added to an excess of aqueous medial?®®l. Generally, the organic
phase is immiscible in water and requires high energy input®l, Agitation may be required to create
small droplets of the organic phase with which the hydrophobic blocks can associate. These techniques
are best performed with copolymers with blocks that are insoluble in water such as poly(lactic acid)
2081 The mucoadhesive platform investigated in this thesis is synthesis using the oil-in-water emulsion
approach with DMSO as the organic phase. DMSQ is polar and miscible in water resulting in smaller
droplets and therefore nanoparticles instead of microparticles. Fourth, the evaporation of the organic
phase from the solution results in a condensed polymer film which produces drug-loaded micelles upon
rehydration?°l, This method does not require the introduction of an organic phase. Instead the removal

of solvent drives association of the blocks.
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The freeze-drying process generates stress at various stages which can destabilize colloidal
suspensions. Typically, this process is utilized for extraction of solutes from aqueous media for
preservation. Gaucher et al. report a method of utilizing freeze-drying to synthesize micelles. The
synthesis technique utilizes the stresses to synthesize particles from a mixture of water, polymer, drug,
and an organic phase. The result is a dried porous “cake” which is an aggregate of particles which
disperse upon rehydration@®l, This is a novel method and has much to be explored, especially the
behaviour co-solvent and interactions with water during lyophilization[?%l. The freeze-drying process

and the stresses are further described in Section 2.9.

2.9 Freeze-Drying

Colloidal systems have demonstrated utility as carriers for drugs, especially water-insoluble, sensitive,
or toxic molecules. Brownian motion opposes gravitational forces allowing the molecules to remain
suspended in solution?®l, However, these systems are physically unstable resulting in aggregation and
precipitation over time, and chemically unstable especially in the case of biodegradable carriers?%,
The addition of excipients such as polymers in ophthalmic preparations may induce bridging and
subsequent aggregation (flocculation)®®, Upon storage of aqueous nanoparticle suspensions for
prolonged periods, drug leaching and particle breakdown has been observed. Water is believed to be

the primary cause of particle instability.

Particle breakdown and drug leaching returns the formulation back to the conventional state of
preparation today (free drug suspended in an aqueous solution). Drug leaching over time may result in
inconsistent doses with a potential for reduced efficacy or adverse side effects. In some instances,
nanocarriers are utilized to encapsulated drug molecules susceptible to degradation in agueous
environment®1, Furthermore, aggregates may cause irritation and foreign body experience on the
resulting in elimination of the formulation via nasolacrimal drainage on the ocular surface for example.
Poor shelf-life of these colloidal systems has been recognized as a barrier to the commercialization of

nanosystems for drug delivery.

A shorter shelf-life drives the cost up for both manufacturers and payers as the shelf-life is reduced.
Pharmacies will be incapable of storing the suspensions for prolonged periods of time. Formulation
would be produced in smaller batches or upon request to minimize waste. The utility time would be

further reduced by the lag time before the patient receives the formulation. Therefore, for nanoparticle
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formulations to be commercially viable, the issue of nanoparticle instability must be addressed in the
context of increasing shelf-life.

A common technique to remove water from pharmaceuticals is freeze-drying, also known as
Iyophilization. Aqueous samples are frozen, and the dehydration occurs via sublimation of ice under
low pressure. The performance of the dried formulation must be identical or indistinguishable over time
upon reconstitution (rehydration of the dried nanoparticle system). Despite being effective for small
molecules, the processes of freezing and drying creates stresses which can destabilize nanoparticulate
systems. To alleviate these stresses, protectants (most commonly carbohydrate monomer or oligomer

units containing diols) are utilized.

The three keys to the success of this process are the constituents of the formulation, the freeze-drying
process, and storage of the dried formulation. The constituents of the formulation determine the physio-
chemical properties of the suspensions. These protectants however are used in significant quantities in
literature, sometimes upwards of 20 wt%[?%l, In some instances, even higher concentrations have been
unsuccessful in stabilizing the formulation®®l, Examples in literature suggests that the protectant,
mechanism of action, and concentration have to be optimized for each individual formulation.
Formulations for topical ocular drug delivery for example, have stringent guidelines on the osmolality
and concentrations of excipients to prevent irritation and damage to the eye? . Hence, the ideal
protectant candidate would result in stable dried formulation which can be reconstituted to generate

statistically

Excipients used in the pharmaceutical industry fall into five broad categories. During the freezing
process and formation of the pH of the cryo-condensed suspension relative to the starting solution. The
salts also result in a buffered solution upon reconstitution?®®l, Bulking agents are when freeze-drying
low concentration solutions to yield an “elegant cake” effectively adding bulk to the dried
formulation?21. Tonicity adjusters are used to control the final concentration to yield isotonic
formulations if required for optimal administration?®2*11 and help control osmotic pressure%,

Tonicity adjusters may be added to diluent instead of the freeze-dried cake.

The collapse or eutectic temperature of a formulation establishes the maximum temperature at which
the primary sublimation can occur without melting or collapsing?l. A viscous cryo-condensed state
inhibits further ice crystal formation and finally freezes?®l. The resulting frozen product has a

crystalline (well defined collapse temperature) as well as amorphous and semi-crystalline phases (have
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a glass transition temperature)?!2. The collapse temperature tends to be 1 — 3°C higher than the glass
transition temperaturel?®l. The second phase of drying removes water from the amorphous
component(?® and takes longer[2%®2122131 hence should always be performed at a temperature lower than
the glass transition temperature?®. Collapse temperature modifiers are added to formulations to
increase the maximum allowable drying temperature®®, This addition is critical when the desired result

is a porous cake as the collapse temperature can alter the size of the pore and resulting properties?4],

The final type of protectants are stabilizers which protect the drug molecules or colloidal particles
from freezing stress (cryoprotectant) and drying stress (lyoprotectant)?®®l, As the water freezes the
remaining liquid becomes increasingly concentrated with the dissolved or suspended molecules and is
referred to as cryo-concentrated solution. The cryo-condensed state destabilizes colloids via induced
aggregation as a result of the concentration and viscosity increase, and due to the mechanical stress
generated during ice crystallization. The drying process occurs in two stages. The first removes ice
through sublimation yielding a porous cake or brittle film. The second phase involves the removal of
adsorbed or bound water which does not freeze and remains in the liquid state and hence does not
sublime!?®l, Examples of common protectants include sucrose, trehalose, mannitol, polyethylene glycol

and dextran(29],

2.10 Commercialization of Nanotechnology Enabled Medicine

Nanotechnology is a multidisciplinary field expected to have a substantial effect in the field of
medicine, improving the conventional therapies or replacing them altogether. Due to the poor efficacy
conventional drug delivery techniques, the bioavailability of the drug in the target tissue is limited.
Furthermore, the risk of adverse side effects and non-target organ toxicity are increased. The
applications of nanotechnology in medicine can be divided into three categories: i) diagnostics, ii)
regenerative medicine/tissue engineering, and iii) pharmaceuticals/drug delivery[?'521€1 At present, the
most relevant application of nanotechnology is pharmaceuticals(?>2%l with over 200 companies!?*],
over 1,500 filed patentsf?'”l, and approximately 100 applications of nanomedicine have been approved
by the FDAI[?®l. Some examples include Doxil® (doxorubicin encapsulated in liposomes)@?t7:218
Estrasorb® (estradiol encapsulated within a micellar emulsion)?®l, and Zilrettea® (triamcinolone
acetonide embedded in PLGA hydrogel)?*8l, However, it is also necessary to recognize that the field of

B

nanomedicine has fallen prey to “the current trend of overclaiming in science,” as described by
Boisseau et al.[26l,
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To address the challenges of conventional formulations, various nanostructures as vehicles for drug
delivery are being explored as discussed in Section 2.6 and Section 2.7. Figure 2.5 illustrates the
increase in publications exploring various nanocarriers every year. Unfortunately, the commercial
viability for the vast majority of the reported nanocarriers has thus far been limited[?'%l. The data was
collected from Web of Science maintained by Clarivate Analytics. These works have demonstrated

several advantages compared to conventional therapies.

Compared to the number of publications, there are few nanocarriers currently undergoing clinical
trials. Data was collected from the clinicaltrials.gov database provided by the U.S. National Library of
Medicine. Liposomes have an overwhelming majority of clinical trials with 223 active trials, 73 of
which are in phase 11, and 388 studies currently recruiting. This iss not surprising as they are also the
oldest, most well understood, and biocompatible system. The next largest segment was nanoparticles
with 38 active trials, five of which are in phase Ill, and 74 recruiting. Only nanoparticles, liposomes,
and hydrogels (not shown in the figure) were found to have reached this stage while the other structures
have thus far not reached this milestone. The total of global clinical trials for these structures was 3,156
with approximately 100 approved for marketing!?®l. This illustrates the high-risk investment in
pharmaceuticals and the importance of pharmacoecono mics for biotechnology and pharmaceutical
industries.

43



40009

—i - Niosomes
30004 i. Nanocapsules

- Nanomicelles

- Nanoemulsions
Dendrimers
- Liposomes

- Nanoparticles

2000

Publications

10004

Figure 2.5: Number of publications per year for various nanocarriers illustrating the increase

in the research interest in nanomedicine.

Clinical translation is an expensive and time-consuming process but is also compounded with greater
complexity and uncertainty when nanomedicine is concerned. The behaviour of materials at the
nanoscale is different than bulk due to the greater surface area to volume ratio and high energy of the
particles. Furthermore, due to their size nanostructures have the ability to enter cells, bioaccumulate in
organs, or cross physiological barriers conventional drug molecules cannot. Furthermore, the varied
nature of the particles requires unique validation methods. These factors increase the risk associated
with regulatory approval. The large-scale manufacturing of nanomaterials is also more complex and
generally more expensive than conventional forms. Therefore, the overall cost-effectiveness must be
greater than conventional therapies in direct competition for there to be a return on investment (ROI).
These concepts are further explored in Section 0 and Section 2.10.2.
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2.10.1 Regulatory Approval of Nanomaterials

Materials and devices behave differently at the nanoscale compared to bulk, and their properties as well
as interactions with biological systems change with size and shape. Nanotoxicology is a major concern
with the advancements in the field. In the context of medicine, the pharmacokinetics of these novel
materials and drug carriers must be well characterized. Due to the small size, these particles are often
able to cross cell membranes and have been shown in literature to bioaccumulate. With novel
nanomaterials still being developed, regulatory bodies have found it challenging to create a uniform
portfolio of evaluations with which to characterize the safety and efficacy of nanomaterials and devices.
Consequently, more stringent and thorough analyses need to be performed on these candidates on a
case-by-case basis.

Preclinical testing involves four key steps: i) in vitro and in vivo primary pharmacological studies,
ii) pharmacological studies on major organ systems, iii) pharmacokinetic studies, and iv) toxicological
testing!??°l, The two primary goals are to i) to validate therapeutic effect, and ii) demonstrate satisfactory
pharmacokinetics and clearance (toxicological) effects??!l. Due to the significant cost of these and
subsequent studies, the results are periodically evaluated to determine the likelihood of success?%. The
cost of toxicological studies has been increasing over the years, and the practice of animal testing is a

serious ethical issue.

Similarly, clinical trials take place in four stages, each with their own goals?!l, Phase | evaluates the
toxicological effects of the drug candidate on healthy humans as well as pharamocokinetics and
pharmacodynamics[??Yl. Phase 1l establishes the dose-response relationship and efficacy of the drug at
treating the diseasel??!. This is also the stage at which most drug candidates fail. The most expensive
stage is phase Il which is carried out at a larger scale to establish validity of the effects. Upon
completion of phase 111 and FDA approval, the drug can be marketed and may even be prescribed or
available over the counter. Typically, clinical outcome data used for pharmacoeconomic analysis is
collected during phase I11. However, significant resources have typically by invested by this stage, and
the goal is to validate safety and efficacy of the candidate. Phase IV validate the long-term safety and
efficacy of the drug. During this time the company may also start to expand the application to alternate

diseases or formulations.

The value of a drug candidate increases as it progresses through the stages of development??ll, As
an invention progresses through these stages, the value and the cost of failures increases. On average
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the drug development process can take 12 -16 years with an average cost of USD 802 million[??!]
(including the cost of failures)??t, Approximately one of 5,000 — 10,000 candidates proceed to
preclinical trial, only one third of new molecules are evaluated in clinical trials, and half of the clinical
trials fail in phase 11%2%, Furthermore, Miller reports that a significant proportion of drugs are unable
to pass through phase Il clinical trials due to economic reasons. Mehta reports that only 1% of the
compounds which enter preclinical trials become successful in the market[??!. Majority of failures occur

as a result of poor efficacy and toxicity (animal and/or human)?2%,

The FDA categorizes nanomedicine into three broad categories: drugs, devices, and in vitro
diagnostics. The compatibility and toxicity are assessed under the same regulations as conventional
forms. Each category has its unique requirements however, standard protocols for the assessment of
toxic potential of the nanomedicine is a limitation for researchers®?*l, The FDA has established a
commission to regulate nanomaterials, but this is has still proven to be a challenge due to the varying
properties and biological behavior of nanomaterials. The FDA’s review period after phase Il clinical
trials can take up to two years, but due to the nature of the industry and variance in the interventions
especially nanotechnology, each has to be assessed case-by-case. In 2006, the FDA formed the FDA
Nanotechnology Task Force to develop regulatory approaches for nanotechnology by identifying and
proposing recommendations for knowledge or policy gaps. Patra et al. recommend cooperation between
regulatory agencies in order to achieve a simplified process and shorter time for approvalf?*],

As reported by Boisseau et al. in 2011, the European Medicines Agency recognizes the need for
greater understanding of nanomedicine and additional methods to complement the existing regulatory
guidelinest?€l, Nanotechnology enabled pharmaceuticals were evaluated with the same benefit/risk
management and environmental protection framework as conventional pharmaceuticals!?*®!. Agence
francaise de sécurité sanitaire et des produits de santé also used the existing guidelines for evaluation
of toxicology, however some methods have been identified as inadequate for evaluation of

nanomedicinel?l,

Intellectual property rights can influence the development plan and access to segments of the highly
regulated healthcare market!??!. Patients are generally not the primary payers or decision makers[??!l,
Physicians make the decision on the best intervention, while the government or insurance companies

reimburse the cost to the patient and are the true payers??!l. For this reason, manufacturers must
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quantify and demonstrate value to the payers and prescribers??tl, Monitoring legislators is crucial as
policy changes may alter product development processes(?2,

With an aging population and increasing prices, there is a pressure to reduce prices or introduce
generics in markets such as the US[??2, Despite patent protection, several drugs offer the same benefits,
thus strong competition exists in the market???, The high prices of drugs are a consequence of the
financial investment and high risk required to bring the product to the market[??2, Pricing is challenging
as it must be low enough for adequate reimbursement and provide patients with the care they need,

while also ensuring the company has a ROI??21,

The negotiation power of payers can significantly impact the price a manufacturer is able to
chargel??!l. More recently, there has been a demand for lower-cost generics in economics with public-
aided health care, but also the US[??Y. With rising development costs, pharmaceutical companies must

compare the probability of ROI before moving forward with a candidate?,

The drug discovery and development process are costly and risky. Changes in legislation during
later phases could be detrimental or result in additional financial burden. Patents for blockbuster patents
are about to expire, and generics will soon take over the market!??!, The global biotech market continues
to increase at an exponential rate despite the high costs??!l, Consequently, manufacturers continue to
develop the portfolio of their approved products to maximize the ROI on their invention. In literature,
nanotechnology has demonstrated improvements in effectiveness of existing products and thus have

generated significant interest.

2.10.2 Pharmacoeconomics

Pharmacoeconomics is a multidisciplinary field combing clinical, economic and humanistic
outcomes?1, The analysis combines the cost of treatment in its entirety (therapeutics, services, and
other products) with the outcomes!??®l, Clinicians are concerned with the care a new therapeutic can
provide, but payers must manage the cost of carel??], The analysis can be applied on a higher level or

patient-to-patient basis when evaluating the best treatment option?%l,

Pharmacoeconomics in drug discovery influences decision making and the development of
projects??4, Drug discovery is an expensive endeavor financially and in terms of time. An estimate
from 2000 suggests that the average cost of developing a new drug is USD 802 million including the

cost of failures??Yl. The cost increases as a drug candidate moves through the development phases,
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making early pharmacoeconomic evaluations extremely valuable as they may help to eliminate

unattractive projects early and to maximize the return on investment (ROI).

Novel interventions do not always provide a significant improvement over the incumbent, and in
some cases are less effective, but at a higher cost[??%l. At the external level pharmacoeconomic analyses
are utilized to communicate the benefits of an intervention to payers, clinicians (prescribers) and to
decision makers. The studies are key to achieving regulatory approval, reimbursement from the payer
(i.e. insurance or social health care in Canada)?®. At the internal level, PE influences decisions on
research and development (R&D) resource allocation during drug discovery, development, and clinical
pathways to market. Hence, PE is critical throughout the drug delivery cycle, and contributes to

commercial success

The simplest analysis is cost-minimization analysis (CMA) which assumes equivalent outcomes and
only considers the cost of intervention[??l, This technique is only used for comparison of two equivalent
outcomes i.e. if two therapeutics are determined to be equivalent by the FDA, the only difference which
remains is costl??%l. When comparing two therapeutics with varying efficacy based on cost would be

incorrect!?2!,

Cost-effectiveness analysis (CEA) relates the costs to easily quantified clinical outcomes collected
in clinical trials and general practice!??l, Comparisons can only be made when the clinical outcomes
being monitored are the samel??®l. Differences such as adverse effects and their magnitude may not be
correctly represented in this analysis??®l. CEA measures the cost for additional years of life gained as
aresult of the intervention[??®l, Cost-utility analysis (CUA) is considered a subset of CEA as it measures
the utility or quality of the additional years gained (measured in CEA)?2%l. However, the measure of
utility is not standard and is only a rough estimate[??®], In cost-benefit analysis (CBA) costs and benefits
are measured monetarily??®l. This allows for the comparison of interventions with similar and unrelated
outcomes??l, The values associated with the costs and benefits are estimates which can be drawn from
narrow or broad population distributions??3l, Furthermore, putting a monetary value on life and health
outcomes can be difficult???l, Different measurement of utilities has been proposed, and CBA can

change depending on the method used®,

Economic studies are limited to the country in which they are performed[?. It is important to
consider demographics of the market as some populations have a higher prevalence of diseases, or the

pathophysiology may differ rendering some therapies ineffective??!l. An example is glaucoma which
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has a higher prevalence in East-Asian countries but is a result of narrowing of the trabecular meshwork
which restricts aqueous humour drainage. Interest and investment in biotechnology continues to grow,
and areas such as nanotechnology are even receiving government funding!??. Interventions for specific

diseases and outbreaks are prioritized and streamlined through the approval process[?2,

Expanding the market for a therapeutic is met with several challenges such as differences in diseases
and incidence rates, availability and laws around generics, and policies®??®l. In countries with
government funded health care have, the government has leverage during price negotiations and
reimbursement decisions??l, A pharmacoeconomic portfolio must be presented demonstrating the
added and return for the value a manufacturer wants to charge?l, However, not all interventions are
equally compensated, and in some cases the generic is favored over the branded equivalent®l, Filing
and maintaining a patent is also an expense which a company may have to bear in domestic and
international markets??!l, As patents expire, lower-cost generics are able to penetrate the market,
significantly affecting revenues of the inventors??l, Furthermore, generics have entered the market

prior to patent expiration legally in some cases[??!],

Despite the potential benefits of many inventions, achieving commercial success is not possible
without market research and economic analysis. Market research develops an understanding of the
current state of the market, the demand, competition, and opportunities for new products. Determining
the scope and size of the market, and the potential for profit stream is imperative before investing time

and money into developing an invention.

Negotiations with health-care payers are highly dependent on the pharmacoeconomic portfoliof2?4],
The FDA only considers efficacy since countries such USA give manufacturers to charge what the
market is willing to pay[??4. This has resulted in therapeutics for rare diseases costing hundreds of
thousands of dollars®??l. In countries with a public health care system such as Canada, a strong
pharmacoeconomic evaluation is even more important as the manufacturer must justify the efficacy
and cost for reimbursement(??4l, Pharmacoeconomics is starting to become part of manufacturers’ due
diligence as it encourages better understanding of the clinical pathways for drug use (often resulting in
discovery of alternate applications) and a good market research tool?*. The higher cost of the
therapeutic may be offset by decreasing hospital admissions, cost of services such as paramedics???],
and therefore would result in an overall cost savings to the payer. Expenditure on health in the United

States alone was $2.7 trillion in 2010 with only 12% accounting for medications!??l,
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Furthermore, each country and every province/state in that country may have its own policy on
coverage and recommendations for manufacturers??®l, The United States lacks standardization of
pharmacoeconomic evaluation as it is both privately and publicly funded[??], The citizens may be the
primary payers and thus it is important for them to be able to evaluate the intervention options[??l,
Thus, a complete pharmacoeconomic analysis is critical for the success of therapeutics??®l. The
evaluation is dynamic and evolves over time with the development life cycle, market, and policies???l,
The approval processes for new drugs is strenuous and extremely expensive, and pharmacoeconomic
analyses are important in determining which drugs to invest in?%l, Researchers and larger
pharmaceutical agglomerates alike must understand the competition and market environment for

successful development?3l,
2.11 Mucoadhesive Nanoparticles for Treatment of Chronic Dry Eye

2.11.1 Dry Eye

Dry eye syndrome (DES) is a consequence of tear film instability or abnormal composition resulting in
symptoms including discomfort, visual discomfort, and in some cases eye damage[*31:2?1, Alterations
may occur as a result of dysfunction or pre-existing disease. The stress in the ocular environment

triggers an inflammatory response which may become chronic if left untreated.

2.11.2 Cyclosprine A

Cyclosporine A (CsA) is an immunosuppressant approved by the FDA in 2003 for use as an ophthalmic
emulsion for the treatment of DES. Restasis® is a 0.05% ophthalmic emulsion of CsA administered
twice daily at high doses as previously described increasing the prevalence of side effectsts,
Inflammation in DES is a response associated with the proliferation of the CD4 T cells[?2622"1 which are
central to autoimmune response initiated upon detection of foreign antibodies??. Calcineurin
phosphatase is involved in the transcription of the pro-inflammatory cytokine IL-2 which signals
activation of T-cellsf??622°1, Upon entering the cell, CsA binds to cyclophilins which inhibit calcineurin
phosphatase, thus inhibiting the inflammatory response??l. However, this pathway for T-cell activation

exists in several cell types and may result in serious side effects especially in the kidneys and liver(??°],
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Approximately 25% of the phase Il clinical trial subjects reported adverse side effects and ocular
discomfort*32%], Due to the hydrophobicity, the therapeutically active fraction of the dose, or
bioavailability, on the eye is reduced. Incorporating a small volume of organic solvent may improve
dispersibility and concentration, but this results in ocular discomfort[??l, Treatment of DES requires
long-term intervention, and a low dose must be maintained to reduce the adverse side effects**!l at a
cost of reduced efficacy. However, due to the poor bioavailability and retention of the drug on the

ocular surface, the therapeutic benefit for the patient is not optimized!31.2%%,

2.11.3 Phenylboronic Acid Modified Mucoadhesive Polymer Micelles

Liu etal. have developed a self-assembled block copolymer micelle composed of a hydrophobic PLA
core and dextran corona. The corona is functionalized with APBA which forms covalent bonds with
diols of sialic acid residues on mucin fibers of the ocular mucosa. The particle structure and this
interaction is visualized in Illustration 2.1. In vivo ocular retention studies were performed on male
New Zealand White rabbits with dextran functionalized with APBA and cyanine 7.5 hydrazide (a
fluorescent label). Dextran functionalized with only cyanine was used as the control. APBA modified
dextran was retained for up to 6 h whereas unmodified dextran was negligible on the ocular surface
after 3 h??1, Additionally, a near infrared dye (indocyanine green) was encapsulated within the MNPs
and free dye was used as control. Fluorescent ocular imaging revealed free dye was removed from the
ocular surface within 3 hours, while the labelled MNPs were observed beyond 24 h. Additionally,

indocyanine green loaded nanoparticles??l,

This drug delivery platform was used to investigate the improvement in CsA efficacy in rats with
induced dry eye. In vivo studies were performed on female C57BL/6 mice. CsA loaded MNPs (CsA-
MNPs) were administered once a week with concentrations ranging from 0.005 and 0.01 wt% CsA and
compared with Restasis® thrice daily. Both CsA-MNP formulations resulted in recovery of the ocular
surface and elimination of inflammation. Restasis® only eliminated inflammation, and goblet cell
recovery was not observed. Liu et al. reported this to be equivalent to 50- to 100-fold reduction in
dosage compared to Restasis® which would greatly reduce the potential for adverse side effects. Tear
production and histopathology analysis revealed that recovery of the ocular tear film and goblet cells,
whereas the control revealed changes in epithelium and lamina propria which are consistent with the

diseasel?®],
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This mucoadhesive drug carrier is a promising platform to improve the bioavailability of
encapsulated therapeutics on the ocular surface. The reduced dosing frequency is also expected to
improve the patient compliance and quality of life due by alleviating discomfort and adverse side
effects. Nanomedicine has been predicted to enable the market entry of therapeutic agents which have
thus far suffered in conventional formulations?®°l. As previously mentioned, the majority of drugs are

lipophilic in nature, and this platform has the potential for improving their efficacy.
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Illustration 2.1: Schematic illustrating the phenylboronic acid functionalized block copolymer,
micelle structure, and mode of action (binding to sialic acid residues of the mucus

membrane)*3,
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Chapter 3
Optimization of APBA Conjugation onto PLA-b-Dex Nanoparticles

for Ophthalmic Preparations

3.1 Summary

Mucosal drug delivery platforms facilitate targeted drug delivery in several regions of the body and
improve bioavailability of therapeutics at the target site. The regeneration rate of mucosa varies
between the different regions in the body; hence, the optimal mucosal drug delivery platform is flexible
to facilitate adequate residence time for the encapsulated therapeutic. Phenylboronic acid functionalized
polymer associates with the sialic acid residues of mucin fibers. Herein, the reductive amination
mechanism through which APBA is conjugated onto the backbone of dextran is investigated to develop
regression models which allows for the targeted conjugation.

3.2 Introduction

PBAs are Lewis acids with pKa ranging between 8.2 — 8.86 which can be further reduced via the
conjugation of electronegative groups and exists in equilibrium with the charged (hydrophilic) and
uncharged (hydrophobic) forms[?ll, Both forms have demonstrated ability to interact with 1,2-cis-diols,
with the charged form being more stable!?®!l, This property has been used for the synthesis of PBA-

polymer derivatives, cross-linked PBA-based hydrogels and glucose-responsive materials(?3232,

As discussed in Section 2.5, mucin is the primary component of mucus membranes protecting soft
tissue and organs. About 25% of the amino acids are glycosylated with the carbohydrate chains
terminated in fucose or sialic acid (N-acetylneuraminic acid)®**%2, PBA has been found to have
unusually high affinity and selectivity towards the sialic acid groups®?®l. Under physiological
conditions covalent bonds can form between the cis-diol groups of PBAs with the diol groups found in

sialic acid[23],

Mucosal drug delivery is a proven approach to increase the retention time of novel drug carriers at
the target site thereby improving the bioavailability of the drug at the site of action. In the context of
ocular drug delivery, free drugs are cleared within minutes of administration resulting in only 5% of
the administered dose reaching the target tissue. The refresh time of the ocular mucosa is significantly
longer than that of the aqueous layer. Hence, using PBA functionalized polymer micelle nanoparticles
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as drug carriers to target the ocular mucosa improves retention on the ocular surface and improves drug

bioavailability.

The composition and properties of mucus membranes vary between the various regions. Areas with
faster mucus turnover would require a higher density of mucoadhesive ligands, and regions of low
turnover or those with fewer barriers would require lower ligands. This polymer micelle nanoparticle
has demonstrated application as a drug carrier for the management of ophthalmic diseases. However,
the technology’s portfolio may be further expanded to other regions of the body which contain mucus
membranes. This is an important consideration in the pharmacoeconomic evaluation of this technology
as a commercially viable product. The ability to fine tune the drug carriers to target different mucus
membranes and within different populations can allow these particles to improve several existing

therapies.

PLA-b-Dex nanoparticles are composed of biodegradable polymer blocks of PLA and dextran. Both
polymers have been previously approved by the FDA for applications in pharmaceuticals.
Phenylboronic acid and its many derivatives have not yet been approved for consumer application and
require further pharmacokinetic and toxicity data. Upon further investigation in the toxicology and
pharmacokinetics of the PBA derivatives, the FDA may propose limitations on the conjugated ligand.

Furthermore, since free mucoadhesive polymer has been explored as a lubricant, for example for
chronic dry syndrome, the study on mucoadhesive dextran alone provides insights into product
development into this field. To address these three opportunities, control over conjugation of the
phenylboronic acid ligands onto dextran is critical. In this study, we aimed to functionalize 3-
aminophenylboronic acid to dextran via reductive amination while varying the two major factors, ligand
and reducing agent concentration. Firstly, the conjugation of the ligand onto free dextran is explored
and the conclusions of this study are used to develop the second study which investigates the

conjugation of PBA onto the block copolymer.

54



3.3 Experimental Section

3.3.1 Materials

Acid-terminated poly(D,L-lactide) (PLA; Mw ~ 20 kDa), dextran from Leuconostoc mesenteroides (M
=9-11 kDa), boric acid, sodium chloride (NaCl), sodium hydroxide (NaOH), hydrochloric acid (HCI),
sodium periodate (NalOg), ethylenediamine (EDA), sodium cyanoborohydride (NaCNBHz), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide,
sodium salt (NHS), 3-Aminophenylboronic acid monohydrate (APBA), glycerol, deuterium oxide
(D20), methanol and dimethyl sulfoxide (DMSO) were purchased from Millipore Sigma. Liquid
nitrogen was dispensed from the University of Waterloo Chem Stores.

3.3.2 Oxidation of Dextran

Dextran was dissolved in a 0.03 M solution of NalO4 prepared with deionized water (DI; >15 MQ) at
a concentration of 25 mg/ml. The reaction vessel was sealed and covered with aluminum foil due to the
light sensitivity of NalOa. After 24 hours, the sample was transferred to regenerated cellulose dialysis
tubing (MWCO: 3.5 kDa) and dialyzed against 10 times excess of DI water to remove dextran
monomers and NalO. from the solution. The media was changed eight times during the dialysis period
of 48 hours. The oxidized dextran (Dex-Ox) was frozen with liquid nitrogen and freeze-dried to remove

water and extract the dry polymer which was stored at -20 °C and thawed prior to use.

3.3.3 Conjugation of APBA onto Dextran

In methods previously described in literature by our group, the oxidized and dialyzed dextran is used
directly for conjugation. However, the concentration can vary with the influx of medium into the tubing
during dialysis. To control the concentration of dextran, and to ensure consistency between the trials

by removing error resulting from inaccuracies in the concentration.

Dex-Ox was thawed at room temperature and dissolved in 0.1 M borate buffer (adjusted with 0.1 M
NaOH and 1M HCI) at a concentration of 25 mg/ml. Solutions of APBA were prepared in DMSO and
NaCNBHz in 1N NaOH as per Table 3.1. Following the dissolution of Dex-Ox, 0.3 ml of the APBA
solution. The solution was stirred for two hours (previously determined as a sufficient duration for
maximal Schiff base formation) and 53 pl of the NaCNBH; were added and the reaction proceeded for

another four hours. The solution was transferred to regenerated cellulose dialysis tubing (MWCO:
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3.5kDa) and dialyzed against 100 times excess of DI water to remove unreacted reagents from the
solution. The media was changed four times during a dialysis period of 24 hours, and the modified
dextran was frozen with liquid nitrogen and lyophilized to remove water and isolate the dry polymer.

3.3.3.1 Two Factor, Three Level, Factorial Design

A factorial study was performed on the reductive amination method of APBA with three replicates.
The center point values represent the existing ratio of NaCNBH3z and APBA to dextran in the reaction
mixture and was also synthesized in triplicate. The corner points were selected at equal distance from
the center for both factors. This allowed for the use of an orthogonal design in the analysis with Minitab.

Table 3.1: Factors and levels for APBA conjugation optimization

Levels
Low Center High
Factors (-1) (0)] @
NaCNBH;:Dextran (mol/mol%b) 0.200 0.356 0.512
APBA:Dextran (mol/mol%) 0.040 0.065 0.090

3.3.4 Synthesis of Amine Terminated Dextran

Borate buffer was prepared by dissolving boric acid (3.1 g/L) in DI water (>15 MQ) and adjusted to pH
8.2 with 1 N NaOH. Dextran was dissolved in the borate buffer at a concentration of 0.2 g/ml. The
terminal dextran monomer exists in equilibrium as a open or ring structure. The alkaline conditions
favor the open conformation which improves the reaction efficiency. EDA was added to the reaction
mixture in 20 times excess of dextran (6 mmol) and allowed to react for 24 hours in a vessel shielded
from light. After the first 24 hours, 300 pl of 5M NaCNBH3 dissolved in 1IN NaOH was added to the
solution per day for 48 hours (total of two additions).

The aminated dextran (Dex-NH) was purified via methanol wash. Aliquots of the aqueous solution
were topped with eight times excess of methanol in 50 ml conical centrifuge tubes. The mixture was

vortexed to disperse the dextran and break apart any aggregated precipitates, and then centrifuged at
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3,000 rpm, and the supernatant was discarded. The wash was repeated once more and air dried in a

fume hood for 30 minutes prior to drying in a vacuum desiccator to remove residual methanol.

The dried polymer was analyzed for verification and quantification of amination via *H-NMR. The
polymer was dissolved in D,O at a concentration of 20 mg/ml. The dextran carbon 1 (C1) peak
corresponds to the peak between 4.7 to 5 ppm. The (CH>), of the conjugated EDA has a chemical shift
between 2.5 to 2.7 ppm. The ratio of the peaks is used to quantify the conjugation. Only Dex-NH; with

conjugation efficiency greater than 80% was used for subsequent reactions.

3.3.5 Purification of Acid Terminated Poly (lactic acid)

Acid terminated PLA was dissolved in DCM at a concentration of 0.24 g/ml and washed with 8 times
excess methanol to remove monomers and small chains. The mixture was centrifuged, and the
supernatant was decanted. The remaining PLA gel was purged with air prior to vacuum desiccation for
24 hours. The weight averaged molecular weight was determined by end group analysis via *H-NMR;
the PLA-end CH had a shift at 4.13 ppm and was compared to the PLA CH in the backbone at 5.18

ppm.

3.3.6 Synthesis of Block Copolymer of Poly (lactic acid) and Dextran

The block copolymer was synthesized via carbodiimide chemistry. Dex-NH. and purified PLA were
dissolved separately in DMSO at a concentration of 0.1 g/ml separately. The acid-terminated PLA was
activated by adding Sulfo-NHS (0.46 mmol) and EDC (0.209 mmol) to the PLA. The dissolved dextran
was added to the PLA mixture after dissolution of the EDC. The reaction mixture was purged with
nitrogen and remained shielded from light for the duration of the experiment. The polymer was purified
via dialysis using regenerated cellulose dialysis tubing (MWCO: 12 to 14 kDa) against 200 times the
volume DI water for 48 hours with at least six media changes. The unconjugated Dex-NH; (Mn ~ 9 —
11 kDa) was removed into the dialysis media and discarded leaving only the conjugated block
copolymer within the dialysis tubing. The polymer solution was frozen with liquid nitrogen and

lyophilized to remove water and isolate the dry polymer.

The dry polymer was analyzed via *H-NMR for verification and quantification of block copolymer
synthesis. The ratio of the PLA (CH) peak between 5 to 5.3 ppm was compared to the reference peak
of dextran (C1) at 4.6 ppm. Only lock copolymer samples with conjugation greater than 90% were used
for the studies.
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3.3.7 APBA Modification of PLA-b-Dex

The dried PLA-b-Dex block copolymer was dissolved in anhydrous DMSO at a concentration of 30
mg/ml. Nine ml of the polymer solution was nanoprecipitated into 30 ml of DI water (>15 MQ). The
suspension was continuously agitated for 30 minutes to allow the nanoparticles to complete forming.
The reaction vessel was then shielded from light and 8.50 ml of a NalO4solution (10 mg/ml) was added
to the suspension to oxidize the dextran corona of the nanoparticles. After 20 minutes, 1 g of glycerol
was added to react with the residual NalO, as oxidation of glycerol would be favored over dextran.
This was done to ensure the minimize the side reactions and consumption of the reducing agents. 120
mg of APBA was added, followed by 600 1 of a5 M NaCNBH?3 solution prepared in 1 N NaOH. After
2 hours, the reaction mixture was dialyzed against 10 times excess DI water for 24 hours and lyophilized
for 24 hours after being frozen with liquid nitrogen.

3.3.7.1 Two Factor, Two Level, Factorial Design

A factorial study was performed on the reductive amination method of Table 3.2 with three replicates.
Deviations from the standard synthesis procedure outlined in Section 3.3.7 were used to reduce the
variance between samples and replicates. APBA was first dissolved in DMSO at the concentrations
specified in Table 3.2. This eliminated errors associated with the addition of dry APBA which can occur
from i) accuracy limit of the balance, ii) human error in weighing out the material and adding slightly
varied amounts allowing the study to remain orthogonal, and iii) eliminates potential for sample loss

during addition (i.e dry powder sticking to the neck or walls of the reaction vessel).

Table 3.2: Factors and levels for APBA conjugation optimization

Levels
Factors
Low High
[NaCNBHjs] (M) 2.5 5
[APBA] in DMSO (mg/ml) 40 60
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3.3.8 Characterization of APBA Conjugation

The analysis of APBA conjugation was performed by reconstituting the dried Dex-APBA and PLA-b-
Dex-APBA polymer in DMSO at a concentration of 1.25 mg/ml. Dex-Ox in DMSO at the same
concentration was used the baseline. The absorbance was measured from 240 — 320 nm with a 1 nm
step size using Tecan Infinite Pro 200 MPlex Multimode plate reader. The UV spectra from 210 — 500
nm is shown in (Figure 3.1) illustrating the high absorbance characteristic of DMSO prior to 240 nm.
At 240 nm an increase in absorbance intensity is observed following the oxidation of dextran. The
optimal wavelength for quantification of the phenylboronic acid derivative was 287 nm. Currently, the
quality control protocol requires APBA conjugation between 5 to 20 mol/mol% (APBA/dextran
monomer) for PLA-b-Dex polymer micelle nanoparticles.

== Dextran

== Dex-Ox

= Dex-APBA

Absorbance

300 400 500

Wavelength (nm)

Figure 3.1: UV/Vis spectra for dextran, oxidized dextran (Dex-Ox), and phenylboronic acid
functionalized dextran (Dex-APBA).

3.3.9 Characterization of Particle Size Following APBA Modification

The modified PLA-b-Dex-APBA polymer was dissolved in DMSO at a concentration of 6.818 mg/ml
and nanoprecipitated into ten times excess of DI water (>15 MQ). The suspension was stirred for 30
minutes. The suspension was transferred to regenerated cellulose dialysis tubing (MWCO: 3.5 kDa)
and dialyzed against 1L of DI water for 3 hours to remove the excess DMSO. The dialyzed solution
was then filtered with a 200 nm syringe filter. The particle was determined via DLS measurements

using Brookhaven 90 Plus.
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3.4 Results and Discussion

3.4.1 Conjugation of APBA onto Free Dextran

Dextran was used as the model for the purposes of the first study to investigate the effects of ligand
(APBA) and reducing agent (NaCNBHSs) concentrations on the reductive amination pathway. This
study was intended to develop the hypotheses for the study on APBA conjugation onto PLA-b-Dex
block copolymer. Additionally, this study presents a strategy which may be utilized for the
improvement of ocular lubricants. Suspensions of free dextran are commercially utilized but may be
improved through the conjugation of APBA to yield a mucoadhesive, or long-lasting lubricant requiring
a lower administration frequency. The reductive amination pathway for the conjugation of APBA onto
the dextran backbone is depicted in Illustration 3.1.

1. Periodate oxidation of dextran.

NalO,

Ilustration 3.1: Schematic of the reductive amination pathway for the conjugation of APBA

onto the dextran backbone. Dextran is oxidized with sodium periodate yielding aldehydes on
carbon 2 and 3 and opening of the ring. A Schiff base forms between the aldehydes and
aminated phenyl boronic acid derivative. The reducing agent increases the reaction rate and

stabilizes the structure to yield Dex-APBA.
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Typical reductive amination reactions with imines reported in literature are carried out under slightly
acidic conditions (pH 6 — 7). In this range, the imine (such as the Schiff base) is protonated to form the
iminium ion which may be reduced to form the amide bond. However, the acidic conditions result in
degradation of dextran. Dextran is first oxidized with NalO4 to which yields DexOx; the aldehyde
groups of DexOx are more reactive in slightly basic conditions hence the reaction is carried out in
borate buffer which is alkaline (pH 8 — 10). The buffer also helps to maintain the solution pH throughout
the reaction especially since different concentrations of NaCNBHj; (base) and APBA (acid) were added.
The temperature was maintained at room temperature for this study because the goal is to optimization
of APBA onto the dextran corona of the nanoparticles. Increased Kinetic energy has been shown to
destabilize colloidal systems. Furthermore, since the primary goal was to study the effect of the

concentration and interaction between the reagents, additional heat could skew this interaction.

Results of the study are illustrated in Figure 3.2 which shows an increase in the conjugation of APBA
to dextran monomers with an increase in APBA concentration. NaCNBH; however, appears to not have
a significant effect on the conjugation. At the lower APBA level, a decrease in conjugation was
observed as the NaCNBH3 concentration was increased. This can be attributed to the side reactions
associated with NaCNBHs which become more prevalent at higher concentrations. The rate of
reduction for iminium ions is much faster than the rate of reduction for ketones and aldehydes. The
current reaction mechanism depends on the adjacent hydroxyl groups of the glucopyranose ring being
oxidized to generate two aldehyde groups. At higher NaCNBH; concentrations for a given reaction
time, it is proposed that the carbonyl groups were preferentially reduced reducing the number of sites

available for APBA conjugation.

Furthermore, the Schiff base is stabilized via chemical reduction with NaCNBHs. In literature, Schiff
bases have been reportedly used for the detection of cyanide. In the reaction vessel, the interaction with
the Schiff base and cyanide is expected to reduce the conjugation. In aqueous environments, NaCNBH3
produces cyanide as a byproduct under aqueous conditions®4. This is also a potential reason for the

reduction in the conjugation efficiency as the concentration NaCNBH3 is increased.
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Conjugation Efficiency
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Figure 3.2: Results of APBA conjugation onto dextran via reductive amination.

It was hypothesized that increasing the concentration of the reducing agent would have a greater
impact on the resulting conjugation efficient. An increase in ligand concentration was expected to
increase the conjugation, but then plateau. These hypotheses were based on the low solubility of the
APBA in aqueous environments. Thus, after reaching the maximum solubility limit, the ligand
precipitates and the conjugation efficiency is no longer proportional to the ligand concentration in
solution. From the results of this study, the converse was found to be true as shown in Figure 3.3.
Increasing the APBA concentration has a significant effect on the conjugation efficiency. This
conclusion, which is in contradiction to the hypothesis, may be a result of the concentration at the higher

level not exceeding the solubility limit of APBA in the solution.

Moreover in Figure 3.3 curvature can be observed due to the placement of the center point in relation
to the upper and lower levels used in the study. As previously mentioned, the primary interest of this
study was the effect of NaCNBH3 and APBA concentration. Factors such as pH have been controlled,
reaction volume, concentration and oxidation of dextran have been controlled. The curvature observed
indicates the effect of other nuisance factors such as agitation rate, humidity, and exposure to light.

Though the study was randomized and performed in triplicate, the inconsistencies between the stir
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plates, and fluctuations in temperature in the laboratory environment may have been an influencing

factor. The buffer used for this study was prepared every day and adjusted prior to use.
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Figure 3.3: Main effects of design variables based on the fitted means of APBA/dextran
monomer conjugation efficiency. APBA concentration in the reaction mixture has a more
significant effect on the APBA/dextran monomer conjugation and has a positive correlation.
NaCNBH; concentration is negatively correlated and has a less pronounced effect on the

APBA/dextran monomer conjugation.

The interaction plot between the two main effects, shown in Figure 3.4, reveals that there is an effect
of the interaction between the two concentrations. However, the interaction is not significant and
outside of the working range. Investigation of the conjugation efficiency at significantly lower reducing
agents may be explored in the future where the interaction will have a stronger influence on the
conjugation efficiency. Hence, it can be concluded the APBA concentration is the major factor

controlling the APBA conjugation onto dextran via reductive amination in the working range studied.
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Figure 3.4: Interaction of design variables based on the fitted means of APBA/Dextran
conjugation. There is no effect of the interaction between these two reagents in this working

range.

To ensure consistency within the sample batches, the run order was randomized, and reagent
solutions were prepared to eliminate error associated with the addition of dry mass. Figure 3.5 a) shows
that the error follows the normal distribution, and Figure 3.5 b) confirmed there was no periodicity in
the error resulting from the run order (i.e. the error is random). The eliminate the effect of nuisance

variables, and to limit their contribution to the error the reaction was controlled as follows.
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Figure 3.5: Residual plots indicating the error is normal. a) Normal probability plot for the

APBA conjugation optimization study suggests that the errors in the response do indeed come

from a normal distribution. b) Residuals versus run order for the APBA conjugation

optimization study indicating that the study was indeed random as no distinct periodic pattern

is visible.
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3.4.1.1 Regression Model for APBA Conjugation onto Dextran

The model determined in this study (Equation 3.1) can be used to target a specific conjugation
efficiency. C is the APBA/dextran monomer conjugation efficiency (mol/mol%), R is the molar
concentration of the reducing agent solution (add 53 pl to reaction), and L is the molar concentration
of the ligand solution (add 0.3 ml to reaction).

C = 0.3197 — 0.060R + 0.0588L + 0.0072RL Equation 3.1

3.4.2 Conjugation of APBA onto PLA-b-Dex Block Copolymer

This study focused on the same factors studied for the conjugation of APBA onto free dextran. The
conclusions from the previous study were used to optimize this experiment and reduce the number of
runs required due to the financial and time cost for the synthesis of PLA-b-Dex block copolymer. For
the application of these mucoadhesive nanoparticles, it was important to prevent hydrolysis of the
dextran backbone during the conjugation reaction. In the case of APBA conjugation onto free dextran,
a buffered solution was used. However, the reduction amination of polymeric micelles is typically
performed in DI water (>15 MQ) (i.e. unbuffered aqueous environment) because salts, especially those

of multivalent elements, destabilize the particles causing them to precipitate.

From the results of this study, shown in Figure 3.6, it can be concluded that an increase in the APBA
concentration increases the conjugation efficiency. This agrees with the findings on APBA conjugation
onto free dextran. However, in this study the effect of NaCNBHjs is more significant. At the lower
reducing agent level of 2.5 M, an increase in APBA concentration resulted in a reduction in conjugation.
At the higher reducing agent level of 5 M and increase in APBA concentration resulted in an increase
in the conjugation. This observation is attributed to the poor solubility of APBA in the reaction media
(water). Upon addition of the concentrated 60 mg/ml stock of APBA in DMSO to the aqueous reaction
media, aggregates are observed. The PLA-b-Dex block copolymer is insoluble in water, hence micelles
are first created allowing the polymer to remain suspended in the reaction media and exposing the
dextran corona to be available for reaction. Unlike the case with free dextran, fewer sites are available
for conjugation due to the micelle structure which has a collapsed dextran corona. Furthermore, there
is increased steric hinderance as the APBA conjugates to the dextran making the corona more

hydrophobic and causing it to contract further.
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Figure 3.6: Effect of APBA and NaCNBH; concentrations on the APBA/Dextran conjugation

onto PLA-b-Dex polymer micelle nanoparticles.

Upon addition of the 60 mg/ml APBA in DMSO solution to the reaction with 5M NaCNBH; the
conjugation efficiency was the highest of all the samples. This environment is also more basic than the
2.5M solution, and the pH may have an impact on conjugation as this reaction was unbuffered. The
conjugation efficiency of APBA/dextran monomer reached 42.3 (mol/mol%) as shown in Figure 3.6.
This suggests that there is an interaction effect between the APBA and NaCNBH; during the
conjugation of APBA onto PLA-b-Dex.

From the slope of the main effects in Figure 3.7 we can determine that the NaCNBH3 concentration
had a more significant impact on the conjugation efficiency. Furthermore, it can be concluded that the
conjugation efficiency increases with reducing agent concentration. An increase in the ligand
concentration resulted in decreased conjugation. Unlike in the case of APBA conjugation to free
dextran, Figure 3.8 confirms that there is an interaction between the APBA and NaCNBHs in the
operating region for conjugation to PLA-b-Dex. This interaction may be a direct consequence of the

steric hinderance to the reaction which is not present with free dextran.
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Figure 3.7: Plot of the main effects for APBA conjugation onto PLA-b-Dex polymer micelle
nanoparticles showing the fitted means (mol/mol. The reducing agent has a more significant
effect and is positively correlated with the conjugation efficiency. APBA is negatively correlated
and has a less pronounced effect on the APBA/dextran conjugation.
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Figure 3.8: Interaction plot between the main effects in the conjugation of APBA to PLA-b-Dex

block copolymer showing the fitted means and significant interaction in the operating region.
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The pareto chart for the main effects and interactions (Figure 3.9) reveals that the APBA
concentration was not a statistically significant factor at the 95% confidence level. The pareto chart
also reveals that the concentration of reducing agent is a significant factor. More importantly the
interaction between the concentration of NaCNBH3 and APBA is concluded to have a statistically
significant effect on the conjugation of APBA to the PLA-b-Dex block copolymer.

Term 2.571
Factor MName
A [NaCNBH,] (M)
B [APBA] (ug/ml)
A
AB
B

0 1 2 3 4 5 6
Standardized Effect

Figure 3.9: Pareto chart of the standardized effects. The response is APBA/dextran monomer
conjugation (mol/mol%) with @ = 0.05. The significant factors in the conjugation of APBA to
dextran onto the backbone of PLA-b-Dex were determined to be the reducing agent

concentration and the interaction between the reducing agent and ligand.

The analyses shown in Figure 3.10 was conducted to ensure the error in the data followed a normal
distribution. From Figure 3.10 a) and Figure 3.10 b) it can be concluded that the error follows the
normal distribution at the 95% confidence interval. Figure 3.10 c) illustrates that the distribution follows
a bell curve. Figure 3.10 d) reveals a random pattern indicating that the run order did not have an impact
on the results. Since the samples were randomized and synthesized in batches over the course of a week,
this suggests that nuisance factors were not significant factors between the randomized runs and
batches.
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Figure 3.10: Residual plots for APBA/dextran monomer conjugation (mol/mol%o)
demonstrating the error follows a normal distribution. a) Normal probability plot of the
residuals b) plot of residuals vs. response variable (APBA/dextran conjugation), ¢) a histogram

of the residuals revealing a bell curve distribution, and d) a plot of residuals vs. run order.

3.4.2.1 Regression Model for APBA Conjugation onto PLA-b-Dex Polymer Micelles

Analysis of variance performed with Minitab’s statistical package yielded a regression model with an
R? value of 90.95%. This indicates a good fit but suggests that there are other factors which may
influence the results, and this require further control. As shown in Figure 3.10 d) the run order and
nuisance environmental factors such as humidity and temperature did not have a significant impact on
the error.

This error is attributed to the oxidation stage of the reaction. The standard procedure for the
conjugation involves the nanoprecipitation of PLA-b-Dex into aqueous media and is then followed by
oxidation of the dextran backbone. Variance in the oxidation between runs and replicates would be a
major contributor to the error in this model. This error can be eliminated via synthesis of PLA-b-DexOx

block copolymer and subsequent purification to allow for consistent oxidation between runs. However,
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the effect on stability and properties would need to be examined. Furthermore, PLA-b-Dex-Ox can be
expected to have different solubility when nanoprecipitates due to a more hydrophobic corona. Lastly,
there is need for a method for the accurate detection of oxidized monomers. *H-NMR analysis is unable
to resolve the difference in the structure as the aldehyde groups of Dex-Ox and hydroxyl groups of

dextran have the same relative chemical shift.

Nevertheless, the model determined in this study (Equation 3.2) has good correlation and may be
used to approximately target a desired APBA/Dex conjugation as required by the application. C is the
APBA/dextran monomer conjugation in units of mol/mol%, R is the molar concentration of the
reducing agent stock solution (assuming 300 ul are added to the same reaction volume), and L is the

concentration of the ligand stock.

C=10.890-0.1449R - 0.01860L + 0.00458RL Equation 3.2

3.5 Conclusions

The utility of mucoadhesive platforms for drug delivery vehicles is well demonstrated in literature.
Based on pharmacoeconomic analysis, the optimal mucoadhesive platform is one which may be easily
customized for the different mucosal environments in the body. This study demonstrates that the
conjugation of the mucoadhesive ligand can be modified by controlling the ligand and reducing agent
concentrations. Two regression models were developed as a result of these studies to target APBA
conjugation onto free dextran and PLA-b-Dex block copolymer micelles. The analyses presented
provided insight into the reaction mechanism, interactions, and possible side reactions influencing the
overall conjugation efficiency. The current quality control protocol calls for 5 — 20 mol/mol %
conjugation of APBA onto dextran or PLA-b-Dex block copolymer. This wide range represents the
variability in the reductive amination pathway. Through this work, sources of variance have been
identified and thus can be controlled for improved reproducibility. Moreover, conjugation efficiencies
as high as 42.3 mol/mol% have been achieved. Free dextran is currently utilized as an ocular lubricant;
the mucoadhesive Dex-APBA explored in this chapter may be explored for the treatment of chronic
dry eye as an ocular lubricant. These models may be utilized to diversify treatment regimens for varying
severity as the mucoadhesive strength and retention time are related to the ligand conjugation.
Optimization of this mucoadhesive platform can improve delivery and bioavailability of commercial

therapeutics and enable market entry of molecules limited by their poor bioavailability.
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Chapter 4
Co-Solvent Dehydration of BPBA onto Dextran Via Williamson
Ether Synthesis Reaction Pathway

4.1 Summary

Carbohydrates are ubiquitous in drug delivery applications due to their biocompatibility and yield
functional biomacromolecules upon modification. The complex and time-consuming chemistry often
requires the use of solvents unsuitable for application in pharmaceuticals. Herein a reaction mechanism
for the functionalization of dextran with a phenylboronic acid derivative is explored and the optimized.
A conjugation efficiency of BPBA/dextran monomer of 42.6 mol/mol% was achieved with reaction
conditions of 10 minutes and 110°C (significantly lower than conventional solid-state chemistry). By
controlling the melt mixture in this third-order diffusion limited reaction and via the addition of water
as a plasticizer the conjugation can be tuned. The resulting product is analogous to Dex-APBA explored

in Chapter 3 and this process provides significant improvement over conventional reactions in solvent.

4.2 Introduction

Nanocarriers for drug delivery must be biocompatible, stable in physiological conditions, and be
cleared from the body without toxic degradation products. Carbohydrates are the ideal materials for
this application and they have already been utilized for numerous applications in medicine including
tissue engineering and drug delivery[?526], Carbohydrates also have the added advantage of numerous
functional groups present the backbone which allows for functionalization with various targeting
moieties?®l. However, the long reaction times and multiple purification steps to remove organic
solvents can be a significant drawback. Moreover, the stability of the nanoparticle, and loaded drug in

some applications, may need to be considered when designing the process.

Solid-state chemistry presents a solvent-free and rapid reaction pathway alternative to conventional
reactions performed in solvent. Conventional solid-state reactions are performed by combining
powdered reagents and accelerated with heat (often 1000°C or above) to allow the reaction to proceed
in an appreciable rate. The resulting viscous state is referred to as the melt. Typical reaction conditions
such as the elevated temperature would result in irreversible degradation of the carbohydrate (or

caramelization) yielding an unusable product.
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Herein, a co-solvent dehydration method is utilized to modify dextran with 4-(bromomethyl)-
phenylboronic acid (BPBA) to yield a functional carbohydrate (Dex-BPBA) similar to Dex-APBA
explored in Chapter 3. The reaction scheme is based on Williamson ether synthesis, in the absence of
organic solvent and thus a simplified purification process. Instead a small fraction of water is added to
the reagent powders to improve homogeneity of the reactants in the mix. Unlike organic solvents such
as acetone which are sometimes utilized during the mixing process, the water does not volatize. During
the reaction, the water acts as a plasticizer improving the diffusion in the melt, and reduces the effective
temperature thereby preventing degradation of the dextran. To further mitigate the degradation of the
carbohydrate, the co-solvent dehydration method discussed herein is performed at much lower
temperatures. This work investigates the melt composition, temperature and reaction time and their

effects on the conjugation efficiency and kinetics.

This chapter contains co-authored material with Dr. Shengyan (Sandy) Liu. His thesis entitled
‘Development of a topical ocular drug delivery system using polymeric nanoparticles’ presents findings
on the reaction conditions for this co-solvent dehydration mechanism. This thesis expands on the effect
of the reaction conditions with a full factorial study and analysis on the reactant concentrations, as well
as the reaction kinetics.

4.3 Experimental Section

4.3.1 Materials

Dextran from Leuconostoc mesenteroides (Dex; My, = 9-11 kDa), sodium tert-butoxide (tBuONa), 4-
(bromomethyl)phenylboronic acid (BPBA), N-Hydroxysulfosuccinimide (Sulfo-NHS), sodium
hydroxide (NaOH), dimethyl sulfoxide (DMSO), deuterium oxide (D;O) were purchased from
Millipore Sigma. Liquid nitrogen was dispensed from the University of Waterloo Chem Stores.

4.3.2 Co-Solvent Dehydration of BPBA onto Dextran

Dextran, tBuONa, and BPBA were combined in a mortar and mixed with a pestle to uniformly
distribute the powders. Water was then added dropwise at a 1.25:1 ratio of water:dextran on a mass
basis while mixing to create a paste. The mixture was then transferred to a borosilicate scintillation vial
with a sealed cap and placed inside a pre-heated oven at varied temperatures and durations. After the

reaction time had elapsed, the vial was removed from the oven and purged with cool air to terminate
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the reaction. Once at room temperature, the product dissolved in DI water (>15 MQ) and dialyzed for
24 hours to remove any unreacted reagents or degraded product. The dialyzed solution was freeze-dried
by freezing the solution with liquid nitrogen and dried using Labconco Freezone 2.5L at -54°C at 0.013
mPa for 24 hours or until the water had been removed. The modified dextran was characterized via *H-
NMR; the characterization sample was prepared in DO at a concentration of 20 mg/ml. This procedure

is visualized in lllustration 4.1..
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Ilustration 4.1: Procedure for co-solvent dehydration of BPBA onto dextran. A) the reagents
are combined, and B) water is added dropwise and mixed to create a paste which is C)
transferred to a borosilicate vial. D) the vial is placed into a preheated oven for 10 minutes, and
E) the product is dialyzed and freeze-dried to yield the final product F) Dex-BPBA.

4.3.3 Williamson Ether Synthesis for Modification of Dextran with BPBA in Solvent

Dextran was acclimated at room temperature, and 500 mg were dissolved in 10 ml of a solution
comprising of DI water (> 15 MQ) and DMSO with a mix ratio of 2:8. The mixture was vortexed until
the dextran had dissolved, then stirred in a water bath at 45°C to raise the temperature of the solution.

1 ml of NaOH (30 w/v% in water) was added dropwise to the solution and the solution was equilibrated
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for 30 minutes. BPBA (one molar equivalent) was added to the solution, the reaction vessel was sealed
and shielded from light with aluminum foil, and the reaction proceeded for six hours. The product was
purified via dialysis against DI water and freeze-dried. The modified dextran was characterized via *H-
NMR; the characterization sample was prepared in DO at a concentration of 20 mg/ml.

4.4 Results and Discussion

4.4.1 Semi Solid-State Modification of Dextran with BPBA

The semi solid-state reaction performed was a co-solvent dehydration reaction based on the Williamson
ether synthesis mechanism shown in Illustration 4.2. The conjugation efficiency was determined as a
ratio of BPBA to dextran monomers via *H-NMR (Figure 4.1) after removing the unreacted BPBA
from the mixture. Chemical shifts corresponding to carbon 1 (C1) of the dextran monomer were
observed near 4.8 ppm, and shifts corresponding to the phenyl ring of BPBA were observed near 7.25
ppm (C2 and C6) and 7.6 ppm (C3 and C5).

1. Deprotonation of dextran with tBuONa.

HO.

HaC CH,

CHs

2 Oﬁ\ tBuONa
H OH H

n

Dextran Dehydrated Dextran

2. Nucleophilic attack onto BPBA.

HO

CHy

R=Hor

Ho" oM

B
HO” Son Dex-BPBA

Ilustration 4.2: Williamson ether synthesis mechanism for the conjugation of BPBA to dextran.

Effect of reaction conditions on BPBA/dextran conjugation efficiency
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Figure 4.1: *H-NMR spectra confirming conjugation of BPBA to dextran.

To study the effects of the solid-state reaction process on the co-solvent dehydration of BPBA onto
dextran, the reaction was performed at various temperatures and times. The reaction mixtures were
prepared in a 1:1:1 ratio of dextran:tBuONa:BPBA on a molar basis with 1.25:1 ratio of water:dextran
on a mass basis. Water is added as a plasticizer and to reduce effective reaction temperature the mixture
was placed in an oven held at 70, 90, 110, or 130°C for 10, 30, 60, and 120 minutes. As seen in Figure
4.2, the study at 130°C was terminated after 30 minutes as the product had caramelized indicating
degradation of the dextran. As reported in literature, the conjugation efficiency of BPBA onto dextran
increased with reaction temperature(?, An increase in time however did not significantly increase the
efficiency of the conjugation (student t-test: p < 0.05). After just 10 minutes at 110°C the conjugation
of the phenylboronic acid derivative onto dextran was similar to the desired conjugation of APBA onto
PLA-b-Dex nanoparticles utilized for ophthalmic drug delivery. Thus it was concluded that 110°C was
the optimal temperature for this process of co-solvent dehydration.
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Figure 4.2: Effect of temperature and time on the BPBA/dextran conjugation efficiency

4.4.2 Effect of the Mix Ratio of Reagents on the BPBA/Dextran Conjugation Efficiency

To study the effects of reactants in the mix on the resulting conjugation efficiency a factorial study was
performed in triplicate by varying the concentration of BPBA and tBuONa; these are represented as
molar ratios to dextran. The reaction conditions of 10 minutes at 110°C, determined to be optimal in

Section 4.4.1, were used.

As seen in Figure 4.3 increasing the concentration of tBuONa (catalyst) resulted in an increase in the
conjugation efficiency for all BPBA ratios. This is attributed to increased deprotonation of the dextran
C2, C3, and C4 hydroxyls enabling the formation of ether linkages with BPBA. When the tBuONa
fraction was held constant and BPBA was increased, the increase in conjugation efficiency was not
significant. Conversely when holding the tBuONa:dextran ratio constant at 2:1 an increase in BPBA
conjugation was observed with increasing BPBA fraction. We attribute this to the high reactivity of
tBuONa with water; at low tBuONa concentrations the side reactions with water are favoured
decreasing the fraction of tBuONa available to deprotonate dextran. Furthermore, the dextran used for

a linear macromolecule with M, = 9 — 11 kDa and the steric hinderance and poor melt diffusion may
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contribute to lower conjugation efficiencies at low tBuONa concentrations. When tBuONa is present
in sufficient excess, the BPBA:dextran ratio becomes the limiting factor.

Increasing the concentration of BPBA in the reaction mixture did increase the conjugation efficiency
however, the effect was not as significant as that of tBuONa. BPBA may undergo reactions with
themselves and form trimeric anhydrides, boroxines, especially under dehydrated conditions*, such
as those used in this reaction mechanism. Excess BPBA can promote these side reactions over ether

linkage formation with hydroxyl groups of dextran due to reduced steric hindrance.

The fraction of water added was constant throughout, but mixtures with low tBuONa:dextran and
BPBA:dextran ratios formed softer pastes as a result of less dry material whereas mixtures with high
ratios were stiff and dry. This difference in consistency is likely to have an effect on the melt and
diffusion of the reactants during the reaction. This may have contributed to the results observed for this
study. Furthermore, excess water may reduce the conjugation efficiency due to side reactions. This is
also an important consideration for reactions at low temperatures where the water may not have
evaporated. This would have resulted in greater side reactions with the tBuONa (preferential
deprotonation of water instead of dextran) and therefore a reduced conjugation efficiency.

With a ratio of tBuONa:dextran of 2:1, we achieved a conjugation efficiency of 42.6 mol/mol%. In
comparison, the Williamson ether synthesis mechanism in solvent conditions (7-hour process) yielded
an efficiency in the range of 1-3 mol/mol%. Thus, this method of carbohydrate modification results in
faster reaction times, may be performed at lower temperatures than conventional solid-state reactions,
and yields higher conjugation efficiencies than reactions in solution. Furthermore, the results from the
factorial study provide us with flexibility in tuning the conjugation of the ligand for various

applications.
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4.4.3 Co-Solvent Dehydration Reaction Kinetics

Reaction kinetics of typical solid-state reactions are determined via thermogravimetric analysis (TGA)
or differential scanning calorimetry (DSC). Both techniques may be used to generate conversion curves
as the dry mix is exposed to high temperatures and analyzed in situ. However, in the co-solvent
dehydration reaction, a small fraction of water is added to as a plasticizer to prevent the degradation of
the dextran polymer. The addition of water to the reactant mixture generates heat and initiates the
reaction with tBuOna even prior to placing the mixture into the oven. Differences in time required to
sample the mixture for measurement would be a source of variance in these methods. Additionally, the
small mass required for TGA and DSC measurements impose additional restraints due to the precision
of instruments available as well as the inability to mix the reagents. Consequently, TGA and DSC

measurements could not be utilized in the determination of conversion and reaction kinetics as the study
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would have significant variability. For the abovementioned reasons, *H-NMR measurements were used

to determine the conversion fraction and draw conclusions on the reaction kinetics.

Solid-state kinetics are generally non-homogenous and vary in their rate limiting steps: nucleation,
geometric contraction, diffusion, and rate order?*%2*ll, Several mathematical models have been
proposed to determine the rate limiting step and corresponding the rate constants. Samples were
prepared at constant temperatures with reactions times varying between 10 and 120 minutes to yield
data on isothermal conversion with a constant BPBA:tBuONa:dextan ratio of 1:1:1. isothermal model
fitting as described by Khawam et al. to determine the governing mechanism and rate constant 2%, The
conversion data (conjugation efficiency) was used with various models in literature to determine the
best fit. A linear plot of g(a) vs. the reaction time is used to determine the appropriate model for the
reaction. In Equation 4.1 g(a) is the general integral form of the model, « is the conversion, k is the
reaction constant with units of min, and t is the reaction time in minutes. Models for 1D, 2D, and 3D
diffusion in integral form are given by Equation 4.2, Equation 4.3, and Equation 4.4 respectively. After
comparing the conversion fractions to these models, we propose that this semi solid-state reaction is
3D diffusion limited as shown in Figure 4.4. The largest contributing factor is likely the limited
diffusion of BPBA and tBuONa in the viscous melt and the collapsed confirmation of dextran in this
state restricting availability of conjugation sites. Thus, we propose that this semi solid-state reaction
between dextran, tBuONa and BPBA is 3D diffusion limited, with a BPBA/dextran conjugation rate of

1.87 x 10-6 {Ro/mett)
min
g(a@) =kt Equation 4.1
g@) =a? =kt Equation 4.2
g@=((A-a)In(l-a))+a=kt Equation 4.3

1\2 Equation 4.4
g(a) = (1 — - a)§> — kt
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Figure 4.4: Diffusion models for semi solid-state conjugation reaction between BPBA and

dextran.

4.5 Conclusion

Carbohydrates have proven utility in biomedical applications and are ideal materials for nanocarriers
due their biocompatibility. They offer numerous functional groups for modification with targeting
moieties such as the case with mucoadhesive PLA-b-Dex-APBA block copolymer micelles. However,
the conventional modification processes require numerous complex steps and organic solvents which
are undesirable for biomedical applications. A co-solvent dehydration method borrowing from
principles of solid-state chemistry was utilized to functionalize dextran with a phenylboronic acid
derivative. A small volume of water was used to prevent degradation of the carbohydrate and act as a
plasticizer. The optimal reaction temperature was determined to be 110°C which is significantly lower
than the temperatures typical in literature for solid-state chemistry. Reaction time was determined not
to be a significant factor, and 10 minutes was sufficient in order to achieve a conjugation efficiency of
42.6 mol/mol% by modifying the concentration of reactants in the melt. The optimal ratio for
dextran:tBuONa:BPBA was determined to be 1:2:1, yielding a conjugation similar to the reductive
amination of APBA onto PLA-b-Dex block copolymer micelles. This conjugation can be achieved
within 10 minutes as compared to the 24-hour reaction period for dextran, or nine hours for PLA-b-

Dex micelles.

81



Chapter 5
Optimizing Stability and Long-Term Nanoparticle Storage

5.1 Summary

Colloidal drug delivery platforms have proven utility in overcoming the physical and chemical
challenges to drug delivery. A major hurdle to commercialization to many of these systems is the short
shelf-life due to long-term instability in their aqueous environments. Cryogenic and freeze-dried (or
lyophilized) states have long been utilized by the pharmaceutical industry to isolate therapeutics and
extend their shelf life. These techniques can also be utilized to extend the shelf-life of colloidal
suspensions, such as the PLA-b-Dex-APBA polymer micelle nanoparticles, making them viable for
commercialization. Herein, factors affecting the particle stability are discussed and optimal formulation
design are discussed. A suspension containing 2 wt% of trehalose as a protectant was found to be the
optimal formulation for freeze-drying and resuspension of MNPs. A self-cryopreservation property was

also identified, and the components of the formulation were studied to determine the underlying cause.

5.2 Introduction

Colloidal systems have low stability and will aggregate or degrade overtime rendering the functional
properties void?®, This is one of the key challenges which must be addressed before formulations
comprised of nanoparticles for drug delivery may become commercially viable?®. The PLA-b-Dex
block-copolymer is a biodegradable macromolecule designed to breakdown in the physiological
conditions without toxic degradation products. As such, the intermolecular bonds are susceptible to
hydrolysis. The resulting self-assembled micelles continue to release drug in agueous media if a
diffusion gradient exists, but also as they breakdown. This results in a short shelf-life as compared to

other ophthalmic preparations in the market.

The purification of many pharmaceutical active ingredients is performed via freeze-drying. The
stresses produced during this process can destabilize the colloidal suspension. However, once optimized
for the formulation this technigue does not damage the nanoparticle and results in effective removal of
water from the system. In the dried form, the APl has prolonged stability are not susceptible to
deactivation in aqueous environments. This approach can be utilized to remove the drug loaded

nanoparticles from their aqueous life, thus extending their shelf-life and commercial viability2%,
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The ideal solution would encompass a facile and rapid preservation and reconstitution process which
preserves the physiochemical properties of the suspension. In the interest of PLA-b-Dex-APBA
nanoparticles as mucoadhesive drug carriers for ophthalmic drug delivery, the properties of interest are
the particle size and drug entrapment. This work investigates properties of the nanoparticles under the
stress of cryogenic conditions and lyophilization and proposes recommendations for formulation
design. The freeze-drying process and the effect on the particles in suspension is shown in Illustration
5.1.

Free Suspension

Secondary Drying

0,

©

Frozen Suspension

Illustration 5.1: Freeze-drying process and the effect of protectants on the particle stability.
During the freezing process A) the free micelle in suspension B) concentrates into a ‘cryo-
condensed state’ as the bulk of the water freezes. Micelles may aggregate or be disrupted due to
the formation of large ice crystals. The presence of cryoprotectant C) results in the formation of
smaller crystals less likely to disrupt the particles. During the primary drying D) bulk of the
water is sublimed, and during E) secondary drying ‘bound water’ or molecules associated with

the particles are sublimed. This process may drive aggregation of the micelles.
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Trehalose had been previously determined to be effective in preserving the size and properties of the
PLA-b-Dex and PLA-b-Dex-APBA polymer micelle nanoparticles. However, in literature, they are
often used in concentrations which are unacceptable for ophthalmic preparations due to the osmolarity
limit imposed by the regulatory bodies and as described in the USP. The first phase of this study
investigated the effect of trehalose concentration on the stability of the preserved formulations. It has
been shown in literature that the stabilization is proportional to the concentration of sugars when used
in this role?®. For the formulation to be commercially viable in accordance to the guidelines
established by the regulatory bodies for ophthalmic preparations, it is critical to reduce the

concentration of protectant required.

Alternate cryoprotectants were also investigated and compared to trehalose to determine if another
molecule could provide better protection, particularly at comparable or lower concentrations. The
protectants were selected based on excipients commonly used for commercially available ophthalmic
preparations. This would result in faster regulatory approval for the nanoparticle formulation as the

pharmacokinetics of the excipients would not have to be further investigated.

Lastly, trehalose has been successful as both a cryoprotectant and a lyoprotectant in literature.
However, the efficacy of a protectant has be investigated for each formulation on the basis of trial and
error. Furthermore, some therapeutics are frozen instead of being stored in liquid media or dried as a
powder. As freezing is a much more cost effective than freeze-drying, this method and the role of

protectants was also explored.
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5.3 Experimental Section

5.3.1 Materials

Acid-terminated poly(D,L-lactide) (PLA; Mw ~ 20 kDa), dextran from Leuconostoc mesenteroides (M
= 9-11 kDa), poly(ethylene glycol) methyl ether-block-poly(L-lactide-co-glycolide) (PLGA-b-PEG);
Mnpec 5,000; Mapa 25,000; lactide:glycolide 50:50), sodium periodate (NalOas), ethylenediamine
(EDA), sodium cyanoborohydride (NaCNBHa), N-(3-Dimethylaminopropyl)-N’'-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysulfosuccinimide, sodium salt (NHS), 3-Aminophenylboronic acid
monohydrate (APBA), glycerol, deuterium oxide (D-0), and D20 with 1 w/w % 3-(Trimethylsilyl)-1-
propanesulfonic acid-d6 (D,O with DSS-Ds), methanol and dimethyl sulfoxide (DMSO) were
purchased from Millipore Sigma. Liquid nitrogen was dispensed from the University of Waterloo Chem

Stores.

5.3.2 Synthesis of Amine Terminated Dextran

Borate buffer was prepared by dissolving boric acid (3.1 g/L) in pure water (>15 MQ) and adjusted to
pH 8.2 with 1 N NaOH. Dextran was dissolved in the borate buffer at a concentration of 0.2 g/ml. The
terminal dextran monomer exists in equilibrium as a open or ring structure. The alkaline conditions
favor the open conformation which improves the reaction efficiency. EDA was added to the reaction
mixture in 20 times excess of dextran (6 mmol) and allowed to react for 24 hours in a vessel shielded
from light. After the first 24 hours, 300 pl of 5M NaCNBH?3 dissolved in 1IN NaOH was added to the
solution per day for an additional 48 hours (total of two additions).

The aminated dextran (Dex-NH,) was purified via methanol wash. The aqueous solution was topped
with eight times excess of methanol and vortexed to disperse the dextran and break apart any aggregated
precipitates. The mixture was centrifuged at 3,000 rpm, and the supernatant was discarded. The wash

was repeated one additional time prior to drying in a vacuum desiccator to remove residual methanol.

The dried polymer was analyzed for verification and quantification of amination via *H-NMR. The
polymer was dissolved in D,O at a concentration of 20 mg/ml. The dextran C1 peak corresponds to the
peak between 4.7 to 5 ppm. The (CH.). of the conjugated EDA has a chemical shift between 2.5 to 2.7
ppm. The ratio of the peaks is used to quantify the conjugation. Only Dex-NH, with conjugation

efficiency greater than 80% was used for subsequent reactions.
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5.3.3 Purification of Acid Terminated PLA

Acid terminated PLA was dissolved in DCM at a concentration of 0.24 g/ml and washed with 8 times
excess methanol to remove monomers and small chains. The mixture was centrifuged, and the
supernatant was decanted. The remaining PLA gel was purged with air prior to vacuum desiccation for
24 hours. The weight averaged molecular weight was determined by end group analysis via *H-NMR;
the PLA-end CH had a shift at 4.13 ppm and was compared to the PLA CH in the backbone at 5.18

ppm.

5.3.4 Synthesis of PLA-b-Dex

The block copolymer was synthesized via carbodiimide chemistry. Dex-NH; and purified PLA were
dissolved separately in DMSO at a concentration of 0.1 g/ml separately. The acid-terminated PLA was
activated by adding Sulfo-NHS (0.46 mmol) and EDC (0.209 mmol) to the PLA. The dissolved dextran
was added to the PLA mixture after dissolution of the EDC. The reaction mixture was purged with
nitrogen and remained shielded from light for the duration of the experiment. The polymer was purified
via dialysis using regenerated cellulose dialysis tubing (MWCO: 12 to 14 kDa) against 200 times the
volume DI water for 48 hours with at least six media changes. The unconjugated Dex-NH; (Mn ~ 9 —
11 kDa) was removed into the dialysis media and discarded leaving only the conjugated block
copolymer within the dialysis tubing. The polymer solution was frozen with liquid nitrogen and

lyophilized to remove water and isolate the dry polymer.

The dry polymer was analyzed via *H-NMR for verification and quantification of block copolymer
synthesis. The ratio of the PLA (CH) peak between 5 to 5.3 ppm was compared to the reference peak
of dextran (C1) at 4.6 ppm. Only lock copolymer samples with conjugation greater than 90% were used

for the studies.

5.3.5 Synthesis of PLA-b-DexOx

The dried PLA-b-Dex block copolymer was dissolved in anhydrous DMSO at a concentration of 30

mg/ml. Nine ml of the polymer solution was nanoprecipitated into 30 ml of pure water (>15 MQ). The

suspension was continuously agitated for 30 minutes to allow the nanoparticles to complete forming.

The reaction vessel was then shielded from light and 8.50 ml of a NalO4solution (10 mg/ml) was added

to the suspension to oxidize the dextran corona of the nanoparticles. After 20 minutes, 1 g of glycerol

was added to react with the residual NalO, as oxidation of glycerol would be favored over dextran. The
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reaction mixture was dialyzed against 10 times excess DI water for 24 hours and lyophilized for 24
hours after being frozen with liquid nitrogen.

5.3.6 APBA Modification of PLA-b-Dex

The dried PLA-b-Dex block copolymer was dissolved in anhydrous DMSO at a concentration of 30
mg/ml. Nine ml of the polymer solution was nanoprecipitated into 30 ml of pure water (>15 MQ). The
suspension was continuously agitated for 30 minutes to allow the nanoparticles to complete forming.
The reaction vessel was then shielded from light and 8.50 ml of a NalO4solution (10 mg/ml) was added
to the suspension to oxidize the dextran corona of the nanoparticles. After 20 minutes, 1 g of glycerol
was added to react with the residual NalO4 as oxidation of glycerol would be favored over dextran.
This was done to ensure the minimize the side reactions and consumption of the reducing agents. 120
mg of APBA was added, followed by 600 pL of a 5 M NaCNBHjs solution prepared in 1 N NaOH.
After 2 hours, the reaction mixture was dialyzed against 10 times excess DI water for 24 hours and
lyophilized for 24 hours after being frozen with liquid nitrogen.

5.3.7 Characterization of APBA Conjugation

The analysis of APBA conjugation was performed by reconstituting the dried PLA-b-Dex-APBA
copolymer in DMSO at a concentration of 1.25 mg/ml. Dex-Ox in DMSO at the same concentration
was used the baseline. The absorbance was measured from 240 — 320 nm with a 1 nm step size using
Tecan Infinite Pro 200 MPlex Multimode plate reader. The current protocol for quality control requires
APBA conjugation between 5 to 20 mol/mol% (APBA/dextran monomer) for PLA-b-Dex polymer

micelle nanoparticles.

5.3.8 Preservation of Polymer Micelles via Flash Freezing and Freeze-Drying

Polymer solutions were prepared in DMSO at concentrations of 6.818 mg/ml and nanoprecipitated into
10 times excess of DI water (>15 MQ). The polymers investigated included PLA-b-Dex, PLA-b-Dex-
APBA, and PLGA-b-PEG. The solution continuously agitated for 30 minutes. The nanoparticle
suspension was dialyzed against 1 L of DI water for 3 hours. The particles were then filtered through a
200 nm syringe filter and the initial DLS particle size measurement was recorded using a Brookhaven
90 Plus.
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The remaining solution was aliquoted into four vials each with a volume of 2 ml of the suspension.
Protectants were added to two of the four suspensions at 2 wt%, and the mixture was vortexed to
dissolve them. The vials without protectant were also vortexed to mimic the turbulence to ensure that
did not contribute any error. Herein, flash freezing refers to the process of freezing nanoparticle
suspensions in a bath of liquid nitrogen. The aliquots were frozen in liquid nitrogen by placing the
uncapped vial in a shallow pool of liquid nitrogen, and crackling noises indicative of the freezing
process was observed. The vials were removed when the cracking stopped. One vial with protectant
and one without were immediately placed into a freezer at -20°C for storage (flash frozen samples).
The remaining vials were freeze-dried in a Labconco® Freezone 4.5 L at -89°C abd 0.003 mPa until
the ice and moisture had been completely removed, approximately 24 hours (freeze-dried samples).

The samples were stored at -20°C until reconstitution for particle size measurements.

Particle size was measured after flash freezing and freeze-drying to determine the effects of the
protectants and formulation stability. Analysis was performed with Brookhaven 90 Plus in triplicate.
Flash frozen samples were thawed at room temperature and freeze-dried samples were reconstituted by
adding DI water (>15 MQ) equivalent to the original aliquot volume. Measurements were first
performed without filtering the thawed or reconstituted suspensions. The same samples were then
filtered and another DLS reading was recorded.

The studies with PLGA-b-PEG utilized trehalose, mannitol, and dextran (Mn ~ 10 kDa and 70 kDa)
as protectants. Studies with PLA-b-Dex and PLA-b-Dex-APBA block copolymers involved the use of
trehalose. Studies on the effects of PLA-b-Dex and PLA-b-Dex-APBA block copolymer concentration
in suspension were performed with initial polymer solutions of 30 mg/ml, 15 mg/ml, 7.5 mg/ml, and
3.25 mg/ml.

5.3.9 Determination of Protectant Size in DLS Measurements

A 2 wt% solution was prepared in DI water (>15 MQ) was prepared for each common
cryoprotectants/lyoprotectants to be tested. Aliquots of solution (2.5 ml) were added to DLS cuvettes

and a Brookhaven 90 Plus was used to determine the particle size.
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5.3.10 Investigation of Particle Corona and Effect on Suspension Stability

Polymer solutions of PLA-b-Dex, PLA-b-DexOX, PLA-b-Dex-APBA were prepared in DMSO at
concentrations of 6.818 mg/ml and nanoprecipitated into 10 times excess of DI water (>15 MQ). The
solution continuously agitated for 30 minutes. The nanoparticle suspension was dialyzed against 1 L of
DI water for 3 hours. The particles were then filtered through a 200 nm syringe filter and the initial
DLS particle size measurement was recorded using a Brookhaven 90 Plus.

The remaining solution was aliquoted into four vials each with a volume of 2 ml of the suspension.
Trehalose was added to two of the four suspensions at 2 wt%, and the mixture was vortexed to dissolve
them. The vials without trehalose were also vortexed to mimic the turbulence to ensure that did not
contribute any error. The aliquots were frozen in liquid nitrogen by placing the uncapped vial in a
shallow pool of liquid nitrogen, and crackling noises indicative of the freezing process was observed.
The vials were removed when the cracking stopped. One vial with protectant and one without were
immediately placed into a freezer at -20°C for storage (flash frozen samples). The remaining vials were
freeze-dried in a Labconco® Freezone 4.5 L until the ice and moisture had been completely removed,
approximately 24 hours (freeze-dried samples). The samples were stored at -20°C until reconstitution

for particle size measurements.

Particle size was measured after flash freezing and freeze-drying to determine the effects of the
protectants and formulation stability. Analysis was performed with Brookhaven 90 Plus in triplicate.
Flash frozen samples were thawed at room temperature and freeze-dried samples were reconstituted by
adding DI water (>15 MQ) equivalent to the original aliquot volume. Measurements were first
performed without filtering the thawed or reconstituted suspensions. The same samples were then

filtered and another DLS reading was recorded.

5.3.11 Preparation of TEM Samples

TEM samples were prepared on 300 mesh copper grids coated with 10 nm formvar and stabilized with
1 nm carbon. A 7.5 pl drop of the nanoparticle suspension was placed on top of the grid and allowed
to dry for 24 hours. The grid was then stained with a 20 mg/ml phosphotungstic acid (PTA) solution
for 15 seconds; the excess volume was absorbed from the bottom of the grid, and the grid was then
dried for 24 hours before imaging with a Philips CM10 TEM.
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5.3.12 Quantification of DMSO Content via *H-NMR

The method for quantification of DMSO via *H-NMR analysis was adapted from work by Lehr et al.
to suppress the peak corresponding to H,O in the sample?*?, One dimensional Nuclear Overhauser
Effect Spectroscopy (NOESY) was conducted on a Bruker Avance 600 MHz with 1024 acquisitions
per FID. All NMR samples contained a volume of 700 pL consisting of 90% of the nanoparticle
suspension and 10% D,O with DSS-Ds. Spectra were analyzed with the ACD software suite using the
methyl groups of DSS-Ds at a chemical shift at 0 ppm as the integration reference for determination of
DMSO concentration at 2.7 ppm.

5.4 Results and Discussion

5.4.1 Effect of Trehalose on PLA-b-Dex-APBA Polymer Micelle Nanoparticles

Freeze-dried samples under both conditions exhibited a significant increase in particle size. The sample
with trehalose however, is tolerable by the ocular surface. Furthermore, the filtered sample is not
significantly different than the unfiltered sample, suggesting the particles can simply be rehydrated and
administered as necessary. Freeze-drying without trehalose offered no advantage and resulted in
irrecoverable particles upon rehydration. Macroscopic aggregates were visible and are unacceptable for
drug delivery as they would immediately induce a foreign body experience, inflammation, and

increased nasolacrimal drainage.

Suspensions of MNP were preserved under different conditions with and without trehalose as a
protectant. The results are shown in Figure 5.1. Flash frozen samples without trehalose (filtered and
unfiltered) were statistically similar to the initial filtered sample. In the presence of trehalose there was
an increase in particle size in the unfiltered sample which is statistically different than the initial sample.
However, this size is well within the tolerable range of particle size for ocular drug delivery. The filtered
sample with trehalose however, was not significantly different than the initial. This suggests that the
MNP suspension can be frozen and thawed prior to administration as needed. The DLS technique

averages particle sizes, resulting in the slight decrease in effective diameter upon filtering of aggregates.

In literature, formulations destabilize upon freezing due to the formation of ice crystals and a cryo-
condensed state which induces aggregation. This behaviour is not observed for the PLA-b-Dex-APBA
polymer micelles. As shown in Figure 5.1 the protectant does not have a significant impact on the

stability of the solution. APBA is hydrophobic and thus it was hypothesized that this is a consequence
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of the APBA conjugation onto the dextran corona. This results in a more collapsed structure and fewer
water molecules would form hydrogen bonds with the corona and therefore the crystallization of ice
would not destabilize the particles. To verify this hypothesis, the same test was carried out with PLA-

b-Dex polymer micelles (Section 5.4.2).
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Figure 5.1: Effect of trehalose on flash frozen and freeze-dried PLA-b-Dex-APBA polymer

micelle nanoparticles
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TEM images were used to visualize the effects of the preservation techniques. The particles prior to
preservation treatments were imaged and show good correlation with the DLS size (Figure 5.2). Though
the flash frozen nanoparticles in the absence of trehalose were similar to the initial sample, the TEM
images revealed a higher degree of polydispersity (Figure 5.3a). The sample with 2 wt% trehalose
appears to be more monodisperse and the particles are well dispersed on the sample grid showing little
evidence of aggregation. The freeze-dried sample even without trehalose had some dispersed
nanoparticles comparable to the initially prepared sample prior to preservation treatments. However,
there is clear evidence of aggregation of the particles into clusters as shown in Figure 5.3¢) which gives
rise to the larger DLS effective diameter. This aggregation is not present in the same extent in the

sample freeze-dried with 2 wt% trehalose, Figure 5.3d).

Figure 5.2: TEM image of PLA-b-Dex-APBA nanoparticles prior to preservation treatments.
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Figure 5.3: TEM images of PLA-b-Dex-APBA nanoparticles after preservation treatment: a)
flash freezing without trehalose, b) flash freezing with 2 wt% trehalose, c) freeze-drying without

trehalose and d) freeze-drying with 2 wt% trehalose.
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In literature, the cryopreservation properties of trehalose are attributed to the formation of a glassy
matrix which prevents the aggregation and destabilization of the nanoparticles. The protectant acts as
an intercalator separating the particles and preventing them from coming into contact. This was evident
through TEM as suspensions with trehalose appear to have more distance between the nanoparticles
and also show a reduction in the size change. The increase in effective diameter appears to be a result
of an increased hydrodynamic radius. However, the nanoparticles forming the cluster appear to be

similar in size to the original sample.

5.4.2 Effect of Trehalose on PLA-b-Dex Polymer Micelle Nanoparticles

PLA-b-Dex nanoparticles were flash frozen and freeze-dried with and without trehalose. Flash frozen
samples with and without trehalose show an initial increase in the unfiltered size which than the initial
filtered sample (Figure 5.4). The filtered sample was not significantly different than the initial sample,
but a decrease in the particle size was observed.

Freeze-dried particles without trehalose had a significant increase in the particle size and had a large
polydispersity and aggregation in the filtered sample. It should be noted that the aggregation for these
particles was not as sever as what was observed for MNPs (Figure 5.1). In the presence of trehalose,
unfiltered freeze-dried sample was not significantly different than the flash frozen sample with
trehalose. The filtered sample with trehalose shows a small decrease from the unfiltered sample but is

still larger than the unfiltered sample.

The self-cryopreservation property observed for the PLA-b-Dex-APBA polymer micelles was also
observed for PLA-b-Dex micelles. Initially, it was hypothesized that the cause of this stability is the
presence of APBA which makes the particles more hydrophobic. However, from this study it evident

that APBA actually contributes to the destabilization as indicated by the severe aggregation.

The dextran conjugated with APBA is also oxidized which results in a loss of hydroxyl groups
capable of hydrogen bonding with water. This “bound water” is removed at a slower rate and is believed
to be the main cause of aggregation and damage to the nanoparticle structure. To determine if the Dex-
Ox may be contributing to the preservation property, PLA-b-Dex-Ox nanoparticles were synthesized,
and studied with the same preservation conditions (Section 5.4.3). Additionally, dextran is used as a

cryoprotectant in literature. A different particle composition had to be used to determine if the dextran
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did in fact impede formation of large ice crystals and improve stability. To further evaluate dextran,
PLGA-PEG particles were used in a study (Section 5.4.5) and dextran was added as a protectant.
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Figure 5.4: Effect of trehalose on flash frozen and freeze-dried PLA-b-Dex polymer micelle

nanoparticles

5.4.3 Effect of Polymer Micelle Corona on Preservation Techniques

From Figure 5.5 it was observed that upon oxidation the particle size decreased significantly from 70
nm to 48 nm and then 45 nm upon functionalization with APBA. This suggests that the oxidation stage
is more critical in imparting a hydrophobic character to the nanoparticles. However, upon flash freezing
the PLA-b-Dex-Ox nanoparticles had a significant increase in particle size whereas the PLA-b-Dex and
PLA-b-Dex-APBA nanoparticles remained relatively stable both with and without trehalose. The

oxidized corona did not improve stability. The recovery from this stage and return of the self-
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cryopresvation is a result of the APBA conjugation which results in a loss of the aldehydes. Thus, it
was concluded that oxidized dextran was not the cause of this property.
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Figure 5.5: Effect of oxidized dextran corona on the particle size and cryopreservation

5.4.4 Effect of Protectant Size on DLS Measurements for Effective Diameter (nm)

This study was conducted to determine if the particle size of the protectant would influence the resulting

particle size during measurement. The protectants selected for trehalose, mannitol, dextran polymer

with Mn ~ 10 and 70 kDa. Trehalose is the most successful cryoprotectant and lyoprotectant in literature

and has demonstrated efficacy for preservation of PLA-b-Dex and PLA-b-Dex-APBA polymer

micelles nanoparticles. Mannitol is a common excipient in ophthalmic formulations to control the

solution osmolarity, and hence would serve a dual purpose if shown to be effective as a protectant for
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our nanoparticles. To test the self-cryopreservation property, constituents of the block copolymer had
to be investigated. In literature, some dextran nanopartibles have exhibited this property, and dextran
as been used a commercial cryoprotectant. Hence, dextran of different molecular weights was
investigated.

As the length of the dextran chain increased (Figure 5.6) we observe an increase in particle size due
to a larger hydrodynamic diameter. Upon filtering the majority of dextran (Mn ~ 70 kDa) was removed
from. The disaccharides which are smaller than the macromolecular dextran appeared to have larger
particle size. This is an error and results from scattering of artifacts in or on the cuvette (dust or cracks),
as dissolved sugars of this size do not scatter light. The count rate observed for these samples was also
significantly low. This study was primarily conducted to conclude that high molecular weight dextran
would not skew the data if added to a suspension of hanoparticles to act as a protectant. Sugar monomers
dissolve and do not scatter light which can be detected by the detector. Polymers on the other hand may
if they are not solvated and take on a closed conformation. The only protectant which may be a factor
will be dextran (Mn ~ 70k) due to its size. Fortunately, the cryoprotectant can be filtered and this can
be used to protect the nanoparticles and easily filtered out.

4007

.Unfiltered
E Filtered
£ 3001
(O]
N
» 2001
o
et
© 1001
o
0- r v S,
o o > >
O O Q Q
> N N N
A o N A
A* Q’ o o
\) \)
4 4
e e
Q Q

Figure 5.6: DLS effective diameter (nm) evaluating the size of protectants in water.
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5.4.5 Effect of Various Protectants on PLGA-PEG Polymer Micelles

The freeze thawed samples were acclimated at room temperature prior to being transferred to a DLS
cuvette for measurement. freeze-dried samples were reconstituted with an equal volume of pure water
as the aliquot after acclimation at room temperature. The vessel was gently agitated to dislodge the
nanoparticle film from the walls of the vial. The particle size was first measured unfiltered, and then
passed through a 200 nm syringe filter and measured again. Freeze-dried samples without protectant
did not have usable results due to the aggregation and are omitted.

From Figure 5.7 it is evident that nanoparticle suspensions subjected to cryogenic and lyophilization
stress undergo some aggregation. The aggregation for the freeze-dried sample prior to filtering was too
large hindering measurement of the particle size. However, the flash frozen sample without the addition
of D-mannitol had a smaller increase in particle size or aggregation as compared to the sample freeze
thawed with protectant. Furthermore, upon filtering both the freeze-dried and thawed sample without
the presence of D-mannitol were comparable in particle size whereas the freeze thawed sample with

protectant had a statically significant increase in size.
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Figure 5.7: Effect of D-Mannitol as a cryoprotectant and lyoprotectant on PLGA-PEG polymer

micelle nanoparticles.
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Samples freeze-dried with trehalose show recovery to particle sizes statistically similar to the initial
sample. When the sample was freeze-dried without trehalose however, the aggregation of PLGA-b-
PEG micelles was severe. The aggregate could not be resuspended for measurement. Freeze drying the
particles without protectant also resulted in similar particles by size upon filtering. The results are

shown in Figure 5.8.
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Figure 5.8: Effect of trehalose as a cryoprotectant and lyoprotectant on PLGA-PEG polymer

micelle nanoparticles.
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With dextran (Mn 10 kDa) shown in Figure 5.9 the effect of the aggregation was even more
pronounced than the disaccharides especially for the freeze-dried sample. This is likely due to the free
polymer entangling during the cryo-condensed state formed during freeze-drying and further
contractions during the drying process. Both treatments with the dextran as a protectant appear to have

an increase in the particle size but are similar.
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Figure 5.9: Effect of dextran (Mn ~ 10 kDa) as a cryoprotectant and lyoprotectant on PLGA-

PEG polymer micelle nanopatrticles.
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In the case of (Mn ~ 70 kDa) shown in Figure 5.10 a similar trend is observed. The freeze thawed
sample resulted in a smaller particle size after filtering. This is attributed to significant loss of sample
and residual polymer and smaller particles in the suspension resulting in the decrease in particle size.
The freeze-dried sample is consistent in the particle size increase.
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Figure 5.10: Effect of dextran (Mn ~ 10 kDa) as a cryoprotectant and lyoprotectant on PLGA-

PEG polymer micelle nanoparticles.
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5.4.6 Effect of Polymer Concentration on the Preservation of Polymer Micelles

As shown in Figure 5.11 the particle size continues to increase with the polymer concentration, however
the effect is more pronounced the polymer functionalized with APBA. This could be a result of
increased hydrophobicity and therefore instability in agueous media causing the micelles which form

to become larger.
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Figure 5.11: Effect of polymer solution in suspension on micelle size

PLA-b-Dex polymer solutions were prepared DMSO at various concentrations. 1 ml of the polymer
solution was nanoprecipitated into 10 ml of pure water. As shown in Figure 5.12 the samples flash
frozen with and without trehalose retained their particle size without significant variance except for
0.62 mg/ml. This result may have been influenced by some error, as no significant trend can be
concluded of the polymer concentration. In the case of the freeze-dried sample, the unfiltered sample
have a decrease in aggregation with an increase in particle size. This effect is significant and may be
suggesting that and increasing in particle concentration correlates with an increase in cryopreservation.
The freeze-dried sample with trehalose shows similar particles and preservation for all samples except

for 0.31 mg/ml which also had the highest aggregation of the unfiltered sample.
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Figure 5.12: Effect of polymer concentration on the particle size and cryopreservation of PLA-

b-Dex micelle nanoparticle

The same study was conducted with PLA-b-Dex-APBA polymer micelles. As shown in Figure 5.13
an increase in the polymer concentration results in an increase of the initial particle size. This trend, for
the working range for this experiment was determined to be linear. Upon flash freezing the particle size
remained consistent and significantly similar except for the sample at 0.31 mg/ml which had a slight
increase in particle size. With trehalose, all of the flash frozen samples were statistically similar to their
respective initial samples. The freeze-dried samples revealed a trend similar to the PLA-b-Dex samples
which show a decrease in the aggregate size when freeze-dried without trehalose. With trehalose
however, the particle size is greater than the initial sample for all concentrations except for the most

concentrated sample at 2.73 mg/ml. This sample remained consistent for all treatments except when
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freeze-dried without trehalose. This result suggests that the polymer concentration does have an impact
on the particle size, but also on the preservation of the particles under cryogenic and lyophilization

stresses.
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Figure 5.13: Effect of polymer concentration on the particle size and cryopreservation of PLA-

b-Dex-APBA micelle nanoparticles
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5.4.7 Determination of Residual DMSO Content

The nanoparticles described are prepared via precipitation of the polymer dissolved in an oil phase
(DMSO) into an aqueous phase (water). The high solubility of DMSO in water makes it a difficult to
remove solvent. The current synthesis process involves dialysis to remove the DMSO however, residual
DMSO may still remain in the formulation. Previous animal studies have not shown signs of irritation
of histopathological change. Furthermore, DMSO is approved for use as an excipient in pharmaceutical

formulations, organic solvents can cause inflammation on the ocular surface.

In the context of preservation, DMSO is often used for cryopreservation of cells and biological
systems. The DMSO molecules disrupt the formation of ice crystals resulting in smaller domains which
are less likely cause cell death. After investigation of the particle corona, the DMSO was hypothesized
to the cause of the self-cryopreservation property. *H-NMR NOESY spectra (shown in Figure 5.14)
were used for quantification of trace quantities of DMSO in the nanoparticle suspension to determine
the residual fraction after purification of the suspension, and to determine if DMSO has an effect on
the preservation of the particles. Chromatography techniques were also investigated, however complete
isolation the DMSO signal could not be achieved. As shown in Figure 5.15 this method revealed a
strong linear correlation between the integrated area and the known DMSO concentrations in the

calibration solutions.
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Figure 5.14: *H-NMR NOESY spectra for the determination of trace DMSO content with DSS

as an internal reference.
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Figure 5.15: DMSO calibration curve generated from *H-NMR NOESY spectra for

determination of trace quantities in nanoparticle suspension.

To determine the effect of trehlose on DMSO retention, suspensions of PLA-b-Dex polymer micelles
were dialyzed for 3 hours and then freeze-dried with varying concentrations of trehalose. Upon
rehydration, the particles were then filtered using an Amicon® centrifuge filter. The free volume is
collected in the shaft of the centrifuge tube and was analyzed to determine the residual DMSO free in
suspension (Figure 5.16). This concentration may also be the result of disrupted micelles which released
the small fraction of encapsulated DMSO during freeze-drying. Figure 5.17 shows the residual DMSO
present in the particles. The retentate was resuspended in order to quantify this. As shown by these two

figures, an increase in the trehalose concentration restuled in an increase in DMSO retention.
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Figure 5.16: Residual concentration of DMSO in the Amicon® filtrate increases with the
concentration of trehalose added as a protectant for freeze-drying.
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Figure 5.17: Residual concentration of DMSO in the Amicon® retentate increases with the

concentration of trehalose added as a protectant for freeze-drying.
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To demonstrate removal of DMSO from the MNP via dialysis, the particles were dialyzed for 24
hours, and then freeze-dried. As shown in Figure 5.18 as the fraction of trehalose added to the solution
as a protectant resulted in an increase in the residual DMSO which remained after lyophilization.
However, after this extended period of dialysis, the DMSO had been largely removed from the system.
From the results of these studies, it was hypothesized that the trehalose is trapping the DMSO in the
glassy matrix. This residual fraction, upon rehydration of the sample, contributes to the recovery of the
particles. In flash frozen samples, the volume of DMSO remains unchanged, and thus we see that the
addition of trehalose has no impact on the cryopreservation as formulations without any trehalose are
statically comparable to the initial solution. To further confirm this, studies on 1% v/v solutions of

DMSO in water were freeze-dried with varying concentration of trehalose.

The results shown in Figure 5.19 again reveal that increasing the amount of trehalose added to the
formulation increases the retention of DMSO even in a solution void of particles. This can be attributed
to the glassy trehalose matrix which may be trapping this residual DMSO. This effect may be two-fold
because the trehalose and DMSO both acts to disrupt the ice crystal formation protecting the particles
during the freezing step. However, the stability of the dried formulation may be a consequence of the
trapped DMSO, which upon reconstitution can associate with the hydrophobic PLA and help to reduce
the aggregation which is otherwise observed.
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Figure 5.18 : Residual DMSO concentration in MNPs dialyzed for 24 hours. The DMSO
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Figure 5.19: Residual DMSO concentrations increase with fractions of trehalose added to
solutions of 1% v/v DMSO in water.

In order to conclude that the DMSO was the true cause of the self-cryopreservation property observed
during freeze-drying, the nanoparticles were dialyzed for extended periods of time to essentially
eliminate all detectable traces of DMSO. After about 3 hours (Figure 5.20), majority of the DMSO has
been removed from the system, we observe the loss of the self-cryopreservation property. This again
supports the hypothesis that the DMSO in solution acts as a cryoprotectant for the nanoparticles.
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In all cases shown in Figure 5.20, the timepoint of -1 hour represents the initial measurement
following nanoprecipitation and filtration through a 200 nm filter. The time point of 0 hours represents
samples flash frozen or freeze-drying without dialysis. The remaining time points indicate the duration
of dialysis with media changes every three hours.

Comparing Figure 5.20 a) and Figure 5.20 b) we find that there is no significant difference between
the initial DLS reading at timepoint -1 hour and the preserved formulations without dialysis. As the
dialysis time increased, the particle size increased dramatically for the flash frozen sample without
trehalose. In the absence of DMSO and trehalose, ice crystals are not easily disrupted causing instability
in the cryo-condensed state and aggregation. With the addition of 2 wt% trehalose the aggregation is
not as pronounced at any of the time point as compared to the sample without trehalose as shown in
Figure 5.20 b). The particle size under 200 nm is tolerable on the ocular surface and does not cause

visual aberrations or foreign body experience.

The freeze-dried sample without trehalose is shown in Figure 5.20 ¢) and the instability resulting
from the lack of protectant is evident. The formulation at the 0 hour timepoint resulted in average
effective DLS diameter of 443 nm compared to the initial 47.2 nm. As the sample was dialyzed
however, the stress of freezing and drying both resulted in significantly higher aggregation than all

other formulations.

The freeze-dried sample with trehalose shown in Figure 5.20 d) also showed an increase in particle
size with dialysis time. The increase from time point -1 hour to 0 hour was 47.2 nm to 114 nm which
is less significant than the freeze-dried sample without trehalose. Even after prolonged dialysis and
removal of DMSO, the freeze-dried formulation with trehalose remained more stable than the other

preservation conditions explored.

This study confirms the observation that the DMSO present in the suspension, whether it be free or
within the particles, contributes to the stability of the particles when frozen in order to increase the shelf
life. Upon dialysis and removal of the DMSO, the particle suspension became unstable without the
addition of a protectant, in this case trehalose. Freeze-drying with trehalose however appears to be a

more stable and attractive method of improving the shelf life of the particles for commercial use.
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Figure 5.20: Effect of dialysis time on MNP preservation a) flash frozen without trehalose, b)

flash frozen with 2 wt% trehalose, ¢) freeze-dried without trehalose, and d) freeze-dried with 2

wt% trehalose. The increased dialysis time results in destabilized particles.
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5.4.8 Cryopreservation of MNPs
A drug loaded nanoparticle system comprising of PLA-b-Dex-APBA polymer micelles may be stable

if frozen without the addition of protectant. This means that the overall osmolality of the solution may
be reduced and maintained in the range accepted by the USP. This is critical as the addition of the
protectant alone may exceed the allowable osmolarity. However, ophthalmic preparations typically
require the addition of salts which buffer the pH of the solution and help preserve the drug molecule.
This allows for more modifications and optimization of the commercial formulation. Furthermore, the
lack of added excipients reduces the cost of the overall formulation and an additional step in the
formation. Moreover, the exclusion of another excipient reduces the need for regulatory testing required
to determine any possible adverse effects of the interaction of trehalose and nanoparticles on the ocular

surface.

We also propose that the stabilization provided to PLA-b-Dex and PLA-b-Dex-APBA nanoparticles
by trehalose is in part a result of hydrogen bond formation with the dextran corona. Under cryogenic
conditions, destabilization is caused by the formation of large ice crystals which may penetrate the
nanoparticle. Protectants like trehalose disrupt the crystal formation resulting in smaller crystalline
domains. Secondly, the destabilization may occur via aggregation while the solution is in a
cryocondensed state.

During the drying process, the removal of bound water (water molecules which have formed weak
bonds with the nanoparticles) is the last step and likely to cause the most stress to the nanoparticles.
Trehalose possesses several hydroxyl groups capable of displacing the water and forming hydrogen
bonds with the Dextran corona of the nanoparticles. In literature, 20 wt% of cryo- or lyo-protectant is
typically added to nanoparticle formulation and has been shown to result in complete recovery of the
particles. However, this quantity of protectant is unacceptable for ophthalmic preparations due to the
increased osmolarity of the suspension. With only 2 wt% of the protectant added to the formulation,
we are able to achieve reproducible recovery and stabilization of the polymer micelles post freeze-

drying as shown in Figure 5.21 and Figure 5.22.

Paired t-tests at a 95% confidence interval were used to compare the samples subjected to cryogenic
and lyophilization stresses with the initial sample. It was concluded that both flash frozen samples were
not significantly different than the initial filtered sample. This suggests that the protectant is not

required to preserve the properties of the nanoparticle when freezing the particles for storage. However,
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the lyophilized sample without trehalose was significantly different and even produced visible
aggregates whereas with trehalose, the sample was similar to the initial. This suggests that the
nanoparticle suspension is not stable under the lyophilization stresses without the addition of a
cryoprotectant. Furthermore, the nanoparticles have displayed self-cryopreservation properties.
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Figure 5.21: DLS particle size of MNPs before and after flash freezing and freeze-drying. The
flash-frozen samples are statistically similar to the initial sample. Freeze-drying without
trehalose results in destabilization of the particles. Hence, 2 wt% trehalose must be added to the

suspension to preserve the particles.
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Figure 5.22: Residuals plot showing there is no trend or nuisance variable influencing the

results.

The preservation of PLA-b-Dex and PLA-b-Dex-APBA nanoparticles with a 10 times reduction in
the quantity of protectant can be attributed to two factors. First, the hydrogen bonding of trehalose with
the corona which forms a tighter protective layer than it would with nanoparticles without the presence
of such groups. Second, this self-preservation property is afforded to the MNPs due to the residual

DMSO fraction. Together, in an optimized ratio, trehalose and small fraction of DMSO which is still
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present after extended periods of dialysis, overcome the challenge of colloidal suspension preservation,
and limitations imposed by the guidelines for ophthalmic preparation.

5.5 Conclusions

In conclusion, we have concluded that trehalose is the best cryoprotectant and lyoprotectant to improve
the shelf-life of nanoparticles. A concentration of 2 wt% of trehalose provides adequate stability
without exceeding the osmolarity limit for ophthalmic preparations. A self-cryopreservation property
was observed as a result of these investigations. It was determined that the cause of this property was
residual DMSO remaining in the formulation and disrupting the formation of large ice crystal domains
similar to other protectants such as trehalose. Lastly, it was concluded that freeze-drying the
nanoparticle suspension with 2 wt% trehalose results in retention of a residual DMSO fraction.

Together these two preservation factors improve the shelf-life of the particles.
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Chapter 6
Synthesis of MNPs Under Lyophilization Stress

6.1 Summary

At present, the commercialization strategy for MNP requires the use of freeze-drying to isolate the
polymers micelles from aqueous media until required for administration. This is expected to drastically
improve the shelf-life of the product. However, this process synthesizes the nanoparticles via
nanoprecipitation, followed by freeze-drying to produce the final product. Herein, a method for the
direct synthesis of a dried polymer micelle form is described using the stress induced during freeze-
drying. This eliminates the need for a preliminary synthesis in agueous media resulting in reduction in

the synthesis time from 3.5 hours to about 10 minutes and reduction in synthesis complexity.

6.2 Introduction

A commercially viable pharmaceutical product must be stable in maintaining its potency, physical
characteristics and purity over the shelf-life. A shorter shelf-life results in higher cost of the therapy
and therefore affects the pharmacoeconomic evaluation. As described in Chapter 5 freeze-drying is a
used approach in the pharmaceutical industry to isolate drug molecules from agueous environments.
The use of freeze-drying to preserve the physical characteristics of the PLA-b-Dex and PLA-b-Dex-
APBA polymer micelles has also been demonstrated. Due to the biodegradable nature and being
susceptible to hydrolysis, removal of the excess aqueous media is expected to significantly improve the

shelf-life of the product.

At present, the self-assembly is first performed in agueous media via nanoprecipitation of the
polymer dissolved in an organic solvent into an excess of water. With agitation and energy input, an
oil-in-water (o/w) emulsion is formed and the hydrophobic chains associate with dispersed droplets of
the organic solvent, while the hydrophilic stabilizes the particle. The dispersion is then dialyzed, and
then freeze-dried.

Work proposed by Dufrense et al. has showed self-assembly of amphiphilic block-copolymers into
polymer micelles under the stress of lyophilization%241, The polymer, drug, and solvent mixture with
organic and aqueous fractions is combined and freeze-dried. The freezing step as described in the

Chapter 5 creates a cryo-condensed state bringing the chains together causing them to associate. As the
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formulation is dried, the removal of aqueous and organic solvent. This results in significant cost and
time savings, as the final nanoparticle formulation for commercial use can be prepared directly via
freeze-drying, bypassing the nanoprecipitation and dialysis steps. This, and the current process are
shown in Illustration 6.1. This chapter describes the process developed for direct synthesis of MNPs.

POLYMER AND DRUG
MIXTURE
IN DMSO AND WATER

10 minutes

e . 30 minutes \‘
® = . ,‘.‘
-r./.%\ = y ‘
¢ . 5
W FREE POLYMER
FREE POLYMER FREEZE-DRYING AND DRUG
AND DRUG
W~ PLA-b-Dex-APBA
L] Drug Molecule
DIALYSIS

NANOPRECIPITATION

Illustration 6.1: Self-assembly of PLA-b-Dex-APBA polymer via A) the current process of
nanoprecipitation and agitation for 30 minutes, followed by dialysis for 3 hours and freeze-
drying and B) combining the components of the formulation and directly freeze-drying.
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6.3 Experimental Section

6.3.1 Materials

Acid-terminated poly(D,L-lactide) (PLA; Mw ~ 20 kDa), dextran from Leuconostoc mesenteroides (M
= 0-11 kDa), sodium periodate (NalOg4), ethylenediamine (EDA), sodium cyanoborohydride
(NaCNBHs),  N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride  (EDC), N-
Hydroxysulfosuccinimide, sodium salt (NHS), 3-Aminophenylboronic acid monohydrate (APBA),
glycerol, deuterium oxide (D.0), methanol and dimethyl sulfoxide (DMSQO) were purchased from
Millipore Sigma. Liquid nitrogen was dispensed from the University of Waterloo Chem Stores.

6.3.2 Synthesis of Amine Terminated dextran

Borate buffer was prepared by dissolving boric acid (3.1 g/L) in pure water (>15 MQ) and adjusted to
pH 8.2 with 1 N NaOH. Dextran was dissolved in the borate buffer at a concentration of 0.2 g/ml. The
terminal dextran monomer exists in equilibrium as a open or ring structure. The alkaline conditions
favor the open conformation which improves the reaction efficiency. EDA was added to the reaction
mixture in 20 times excess of dextran (6 mmol) and allowed to react for 24 hours in a vessel shielded
from light. After the first 24 hours, 300 pl of 5M NaCNBH3 dissolved in 1IN NaOH was added to the
solution per day for an additional 48 hours (total of two additions).

The aminated dextran (Dex-NHz) was purified via methanol wash. The aqueous solution was topped
with eight times excess of methanol and vortexed to disperse the dextran and break apart any aggregated
precipitates. The mixture was centrifuged at 3,000 rpm, and the supernatant was discarded. The wash

was repeated one additional time prior to drying in a vacuum desiccator to remove residual methanol.

The dried polymer was analyzed for verification and quantification of amination via *H-NMR. The
polymer was dissolved in DO at a concentration of 20 mg/ml. The Dextran C1 peak corresponds to the
peak between 4.7 to 5 ppm. The (CH,), of the conjugated EDA has a chemical shift between 2.5 t0 2.7
ppm. The ratio of the peaks is used to quantify the conjugation. Only Dex-NH, with conjugation

efficiency greater than 80% was used for subsequent reactions.
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6.3.3 Purification of Acid Terminated PLA

Acid terminated PLA was dissolved in DCM at a concentration of 0.24 g/ml and washed with 8 times
excess methanol to remove monomers and small chains. The mixture was centrifuged, and the
supernatant was decanted. The remaining PLA gel was purged with air prior to vacuum desiccation for
24 hours. The weight averaged molecular weight was determined by end group analysis via *H-NMR;
the PLA-end CH had a shift at 4.13 ppm and was compared to the PLA CH in the backbone at 5.18

ppm.

6.3.4 Synthesis of PLA-b-Dex

The block copolymer was synthesized via carbodiimide chemistry. Dex-NH; and purified PLA were
dissolved separately in DMSO at a concentration of 0.1 g/ml separately. The acid-terminated PLA was
activated by adding Sulfo-NHS (0.46 mmol) and EDC (0.209 mmol) to the PLA. The dissolved dextran
was added to the PLA mixture after dissolution of the EDC. The reaction mixture was purged with
nitrogen and remained shielded from light for the duration of the experiment. The polymer was purified
via dialysis using regenerated cellulose dialysis tubing (MWCO: 12 to 14 kDa) against 200 times the
volume DI water for 48 hours with at least six media changes. The unconjugated Dex-NH; (Mn ~ 9 —
11 kDa) was removed into the dialysis media and discarded leaving only the conjugated block
copolymer within the dialysis tubing. The polymer solution was frozen with liquid nitrogen and
lyophilized to remove water and isolate the dry polymer.

The dry polymer was analyzed via *H-NMR for verification and quantification of block copolymer
synthesis. The ratio of the PLA (CH) peak between 5 to 5.3 ppm was compared to the reference peak
of Dextran (C1) at 4.6 ppm. Only lock copolymer samples with conjugation greater than 90% were
used for the studies.

6.3.5 APBA Modification of PLA-b-Dex

The dried PLA-b-Dex block copolymer was dissolved in anhydrous DMSO at a concentration of 30

mg/ml. Nine ml of the polymer solution was nanoprecipitated into 30 ml of pure water (>15 MQ). The

suspension was continuously agitated for 30 minutes to allow the nanoparticles to complete forming.

The reaction vessel was then shielded from light and 8.50 ml of a NalO4solution (10 mg/ml) was added

to the suspension to oxidize the dextran corona of the nanoparticles. After 20 minutes, 1 g of glycerol

was added to react with the residual NalO4 as oxidation of glycerol would be favored over dextran.
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This was done to ensure the minimize the side reactions and consumption of the reducing agents. 120
mg of APBA was added, followed by 600 1 of a5 M NaCNBH?3 solution prepared in 1 N NaOH. After
2 hours, the reaction mixture was dialyzed against 10 times excess DI water for 24 hours and lyophilized
for 24 hours after being frozen with liquid nitrogen.

6.3.6 Characterization of APBA Conjugation

The analysis of APBA conjugation was performed by reconstituting the dried Dex-APBA in Millipore
water at a concentration of 1.25 mg/ml. Dextran was used as the baseline for the measurement. The
absorbance was measured from 240 — 320 nm with a 1 nm step size using Tecan Infinite Pro 200 MPlex
Multimode plate reader. The current protocol for quality control requires APBA conjugation between
5 to 20 mol/mol% (APBA/Dextran monomer).

6.3.7 Synthesis of I-MNP

The synthesis of I-MNPs was studied the effect of the stress of lyophilization on the synthesis of
nanoparticles. As shown in earlier chapters, the presence of a protectant, namely trehalose was
important for the stability of the particles. The nanoparticles were prepared in pure water (>15 MQ)

and a solution of trehalose in pure water.

5.7 ml of pure water and trehalose solutions were aliquoted in 20 ml borosilicate vials. Solutions of
PLA-b-Dex-APBA were prepared in DMSO at various concentrations. 300 pul of the polymer solution
was added to the aqueous media and the vial was immediately sealed and vortexed for 30 seconds. 3
ml of the suspension was extracted for dynamic light scattering to determine if the agitation from the
vortex itself was enough for the synthesis of the nanoparticles. The remaining 3 ml of the suspension
was immediately transferred to a well of liquid nitrogen to immediately freeze the particles. The liquid
volume was sufficient to submerge the entire suspension; however, care was taken to ensure the
nitrogen did not enter the vial. The vials were kept in the nitrogen until the ice formation had stopped,;
crackling noises are indicative of the ice crystal formation and the vials remained in the well for an
additional 2 minutes after the noises stopped. The remaining samples were prepared in the same way.
The starting concentration of the trehalose solution was 21.05 mg/ml to result in a 2 wt% final solution
after the addition of the polymer. The initial samples aliquoted into DLS cuvettes were analyzed in

triplicate with dyanimic light scattering (DLS) with a Brookhaven 90 Plus.
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The frozen samples were dried using a Labconco Freezeone 4.5L freeze-drier at -89°C and 0.009
mPa for 24 hours to ensure all water was removed from the sample, and then stored at -20 °C. The
samples were thawed at room temperature and resuspended in 3 ml of pure water (restoring the original
volume of the sample). The film was fused to the walls of the vial and was slowly agitated for an hour
to ensure the entire film had broken away from the vial. The suspension was transferred to the a DLS
cuvette and the size was analyzed. The samples were then filtered with a 200 nm syringe filter to remove

any aggregates and then measured again.

6.4 Results and Discussion

6.4.1 Synthesis of I-MNP in Pure Water

DLS measurements on the initial aliquoted samples confirmed that nanoparticles did not form
immediately upon agitation of the synthesis mixture. Though precipitates were not observed, the
solution remained translucent. DLS measurements were not conclusive for many samples and indicated
particles greater than 300 nm for the rest. These results were attributed to the aggregation of polymer

and it was concluded that MNPs did not form as a result of this agitation.

I-MNP were synthesized by freeze-drying the remaining solutions and rehydrating the particles with
DI water (>15 MQ). The freeze-dried samples were thawed at room temperature and reconstitute with
the same amount of liquid was removed. DLS results are shown in Figure 6.1. The unfiltered freeze-
dried samples reveal significant aggregation. Large visible shard like aggregates (> 1 mm) were still
visible and not transferred to the cuvette for measurement. The DLS readings in this case however
showed that samples prepared with polymer concentrations above 0.038 mg/ml were statistically
similar. The lower concentration appeared to have significant aggregation upon freeze-drying. This

may have occurred due to one of two reasons.

First, the volume of DMSO in each case was kept the same while the concentration of the polymer
was varied. At the low polymer concentration, the excess DMSO may have been sufficient to stabilize
the polymer inhibiting the formation of the nanoparticles during the stages of the freeze-drying process.
Second, the polymer concentration may have been below the critical micelle concentration which would
mean that there was insufficient polymer for the micellar structure to start forming and the polymer
aggregated during freeze-drying instead. DLS measurements on the filtered I-MNP show that particles
with a size below 200 nm with low polydispersion could be synthesized. The concentration of polymer
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in the mixture did not appear to be a significant factor. Paired t-tests were conducted on measurements
for each formulation which revealed there was a statistically significant difference between the means
of the initial, freeze-dried unfiltered, and freeze-dried filtered samples. Unpaired t-tests between
samples of the different conditions revealed that the freeze-dried filtered samples are statistically
similar. There is no statistically significant trend for the initial unfiltered and freeze-dried unfiltered
sample. The freeze-dried system consistently reveals aggregates when the suspension is unfiltered but
are removed upon filtering. The count rate was maintained above 300 kcps suggesting that a significant

fraction of the small nanoparticles exist in the suspension.
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Figure 6.1: I-MNP Synthesized in Pure Water (>15 MQ) at varied concentration of polymer

stock solution.

The correlation and residual plots were the three treatment conditions were used to determine if there
was an effect of polymer concentration on the resulting nanoparticle size. The correlation for the freeze-
dried and unfiltered sample in Figure 6.2 ¢) was determined to not be significant. This is supported by
the residual plot shown in Figure 6.2 d) revealing an unbiased but heteroscedastic pattern; the variance
between the polymer concentrations is not equal. The heteroscedasticity is also observed for the initial
unfiltered sample in Figure 6.2 b) suggesting higher variability at higher concentrations for this

treatment condition. Though the correlation is poorly linear, the slope was determined to be non-zero
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at a significance of o = 0.05. Nevertheless, an increase in polymer concentration appears to correlate
with smaller particle size.This trend was observed for the freeze-dried samples after filtering as shown
in Figure 6.2 e). The residuals for this treatment show an unbiased and homoscedastic distribution
indicating uniform variance between the treatments after filtering as shown in Figure 6.2 f). From this
it can be concluded that the aggregates formed at lower concentrations were more polydisperse as

compared to the samples at higher concentrations.
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Figure 6.2: Correlation plots and residual plots for I-MNP synthesized in water: a) & b) initial

unfiltered sample, c¢) & d) freeze-dried unfiltered sample, and e) & f) freeze-dried filtered

sample.
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6.4.2 Synthesis of I-MNP in a 2 wt% Trehalose Solution

Similar to the I-MNPs synthesized in pure water, the initial aliquots of agitated mixtures show no
significant trend in particle size or aggregate formation. Upon freeze-drying however, the samples in
DI water (>15 MQ) show significant aggregation, whereas particles synthesized in the trehalose
solutions do not for samples with polymer concentrations less than 0.3 mg/ml. In fact, the unfiltered
freeze-dried particles synthesized in the trehalose solution were smaller than the freeze-dried filtered
samples synthesized in water. These unfiltered particles would be tolerated by the eye without foreign
body experience and acceptable according to the USP for ophthalmic preparations. The filtered freeze-
dried particles similarly resulted in a decrease in particle size upon filtered, less than 100 nm for all
concentrations less than 0.3 pg/ml. Furthermore, the filtered samples approach sizes typical of polymer
micelles synthesized via nanoprecipitation with PLA-b-Dex. Though they are not statistically similar,

there is no discernable trend as a function of concentration. These results are shown in Figure 6.3.
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Figure 6.3: DLS effective diameter of I-MNPs synthesized in 2 wt% trehalose solution.
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The presence of trehalose in the suspension has previously been shown to help preserve the properties
of the nanoparticles upon freeze-drying. This was attributed to the formation of the glassy matrix and
retention of DMSO as described in Chapter 5. I-MNPs synthesized in ultrapure water had a much larger
particle size than those synthesized in a solution of trehalose. The mechanism for stabilization and
production of smaller I-MNPs may also be a result of intercalation. Thus, it can be concluded that
synthesis of I-MNP in a solution of 2 wt% trehalose is the preferred route to exploit this process. The
optimal concentration for the polymer stock to be used in this method is 15 mg/ml. Resulting particles

were consistently smaller and stable, and more similar to the nanoprecipitated sample.
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Figure 6.4: Effect of Trehalose on MNPs Produced Under Lyophilization Stress

The correlation and residual plots were the three treatment conditions were used to determine if there
was an effect of polymer concentration on the resulting nanoparticle size. The initial unfiltered sample
had no correlation, shown in Figure 6.5 a), and the slope was not significantly different from zero at a
significance level of o = 0.05. The residual Figure 6.5 b) shows unbiased variances in the different

polymer concentrations.
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Both freeze-dried samples, unfiltered and filtered, had a slop significantly different than zero at a
significance level of a = 0.05. Converse to the samples produced in pure water, the samples produced
in 2 wt% trehalose solution were shown to have an increasing particle size with an increase in polymer
concentration as shown in Figure 6.5 ¢) and Figure 6.5 e). Both residual plots for these samples also
appear to have a parabolic distribution as shown in Figure 6.5 d) and Figure 6.5 f). This is generally an
indication that a non-linear model may be a better fit. A non-linear model in this case may suggest the
involvement of another factor other than polymer concentration also influencing the synthesis of the

particles.

This study suggests that the method proposed by Dufrense et al. to synthesize polymer micelles under
lyophilization stress is applicable for the synthesis of MNPs. This method can result in significant time
savings for the manufacture of the commercial ophthalmic suspension. Currently, the drug-loaded
nanoparticles would be synthesized via nanoprecipitation, dialyzed, and then freeze-dried and shipped
as a dry formulation to the patient. Trehalose would need to be added to the formulation in both
instances, and the study used an equal amount of trehalose in the solution to start. However, by adapting
the method presented in this study, the dry formulation may be readily produced under the stresses
produced via lyophilization. Overall this method would result in cost and time savings allowing for
higher throughput.

To commercialize nanoparticles using this method, a dual chamber would be utilized which separates
the dry nanoparticles and API from the aqueous vehicle for delivery. This method is currently utilized
and packaging for consumer application have been developed. The dried polymer film would be further
broken down to facilitate quick dissolution of the polymer in media. This was not performed for this
proof-of-concept study. However, the impact of the mechanical stress and a trade-off with the

reconstitution time may have to be reached.
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6.5 Conclusions

Freeze-drying polymer micelles is an attractive strategy to improve the shelf-life of the formulation and
commercial viability. At present, the formulation is prepared via nanoprecipitation followed by dialysis
prior to the freeze-drying. The commercial formulation will be reconstituted when needed and ready
for administration. An alternate synthesis route was explored which combines the constituents of the
formulations and by immediately freeze-drying the formulation yields a porous cake which forms
particles upon reconstitution. This bypasses the initial nanoprecipitation and dialysis steps resulting in
a reduction of manual work prior freeze-drying from 3.5 hours to 10 minutes producing the final
formulation intended for market. A 2 wt% solution and a polymer stock concentration of 15 mg/ml are
the ideal conditions for the synthesis of I-MNPs. The process of freeze-drying which has thus far been
limited to the extraction of solutes from aqueous media for preservation, can also be utilized for the

synthesis of block copolymer micelles.
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Chapter 7

Conclusions and Future Works

7.1 Summary

MNPs have proven utility in the area of ocular drug delivery by targeting the ocular mucosa to
overcome the physiological and anatomical challenges to conventional formulations. Many colloidal
systems and strategies discussed in earlier chapters are also able to improve upon the incumbent in their
niche application. However, these formulations face unique challenges of their own which have thus
far limited the widespread commercialization of nanotechnology enabled medicine in the market. This
work addresses some key challenges and opportunities for the MNP platform. The major conclusions

and recommendations for future work are presented below.

7.2 Conclusions

The following are major conclusions of the work presented in this thesis.

1. The conjugation of mucoadhesive ligand has been investigated to optimize and better control the
reaction. The current quality control standard for the synthesis of APBA functionalized dextran and
PLA-b-Dex block copolymer requires a conjugation efficiency of 5 — 20 mol/mol%. This broad
conjugation range cannot be tolerated for a commercial product as it would result in significant
batch-to-batch variation. The work presented in Chapter 3 resulted in better control and

understanding of the reaction.

a) Statistically significant interactions between the reducing agent and ligand have been identified
in the synthesis of PLA-b-Dex-APBA. It was also concluded that the reducing agent
concentration was statistically significant, whereas the ligand concentration was not allowing

for better synthesis planning.

b) The variance between batches has been reduced demonstrating stronger control of the reaction

conditions and reduced batch-to-batch variance.

c) When studying the conjugation of APBA onto dextran, there was lower variance than when

investigating the conjugation onto PLA-b-Dex polymer micelles.
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2. In Chapter 4 an alternate reaction scheme for the conjugation of the mucoadhesive ligand BPBA

borrowing principals of solid-state chemistry.

a)

b)

This synthesis procedures results in a reduction in reaction time from 30 hours (reaction
explored in Chapter 3) to 10 minutes. A maximum BPBA/dextran monomer conjugation
efficiency of 42.6 mol/mol% was achieved in 10 minutes by tuning the melt mixture and

at significantly reduced temperatures than conventional solid-state reactions.

This method of carbohydrate modification was free of organic solvents and did not result
in degradation of the macromolecule. The reaction chemistry is not specific to dextran and
BPBA and can be used for the modification of other carbohydrates used in pharmaceutical

applications.

3. The challenge of poor stability and shelf-life is a limiting factor in the commercialization of

colloidal systems is explored in Chapter 5 in the context of PLA-b-Dex-APBA polymer micelles.

a)

b)

Freeze-drying was determined to be an optimal solution to improve the shelf-life of the
polymer micelle nanoparticles. Removing them from the aqueous media reduces the
chances of particle aggregation as well as breakdown and hydrolysis of the biodegradable
polymer before administration. This is likely to ensure a consistent dose and performance
during batches.

Trehalose added at 2 wt% of the solution was determined to be the optimal concentration
of protectant in the system. This is a significant reduction from typical cryoprotectant and
lyoprotectant concentrations used in literature (up to 20 wt%) which would exceed the

osmolarity limit allowed for ophthalmic formulations as specified by regulatory bodies.

During the experimentation, a self-cryopreservation property was demonstrated, i.e.
suspensions frozen without cryoprotectant are statistically similar to the initial formulation.

The addition of cryoprotectant was not necessary for the recovery of the nanoparticles.
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4. As described in Chapter 5 freeze-drying is an attractive solution for improving the shelf-life of the
PLA-b-Dex-APBA polymer micelle nanoparticles. The commercial product can be contained
within a dual chamber package with the dried particle separated from aqueous media for
resuspension. The current synthesis project requires the nanoprecipitation of PLA-b-Dex-APBA
polymer into aqueous media and subsequent dialysis for the removal of DMSO and free drug. This

process is then followed by freeze-drying.

a) An alternate synthesis route was explored in which the freeze-dried formulation is prepared
directly bypassing the nanoprecipitation and dialysis steps. This results in a time saving
from 3.5 hours to 10 minutes prior to lyophilization resulting in time saving. The particles
synthesized with the alternate route were similar in size suggesting that this method can

directly produce the final desired product.

b) A 2 wt% solution of trehalose should be used as the medium for I-MNP synthesis instead
of water for the improved particle stability. A polymer stock concentration of 15 mg/ml in
DMSO should be utilized as this consistently resulted in the smallest particles, which are
most similar to those prepared via nanoprecipitation.

7.3 Recommendations for future work

The following are recommended tasks and avenues to explore based on the conclusions of this thesis.

1. The effect of reducing agent and ligand concentration on the conjugation efficiency of APBA on
dextran were explored in Chapter 3. It is proposed that the regression models derived from these
experiments be further validated by targeting arbitrary conjugation efficiencies within the working
region and verifying the model with experimental observations. It is possible for the current model
to have multiple solutions for a particular target, and this study will help to shift the weights

associated with the main factor and interaction terms.

2. Solutions of biocompatible polymers such as dextran are used as lubricants for the alleviation of
dry eye symptoms. Mucoadhesive dextran as described in Chapter 3 may provide prolonged relief
thereby reducing the administration frequency. This would improve patient compliance and quality
of life. Furthermore, the solution can be tuned by controlling the concentration of conjugated

mucoadhesive ligand onto the polymer for varying stages of the disease. This should be explored
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as an opportunity for commercialization especially since the investment into PBA
pharmacokinetics and toxicology will have to be carried out for the mucoadhesive nanoparticles.

Pharmacokinetic and toxicology studies must be carried out on PBA which is the only constituent
of the mucoadhesive block copolymer which is not yet approved by the FDA. Thus far, studies in
rabbit models have shown that there is no irritation or change to the tissue structure. Long term
studies should be performed on the eye as well as other organ systems to study their effects and
distribution and clearance in the body. The effect of PBA conjugation on retention time should be
analyzed in vivo to determine if the relationship is linear or if it plateaus to determine the optimal

useful ligand concentration.

Chapter 4 explores a co-solvent dehydration reaction mechanism for the modification of
carbohydrates. A reaction time of 10 minutes was determined to be optimal as the effect of time
was not a significant factor in the conjugation rate. Shorter time scales should be investigated to
determine the changes in composition up to 10 minutes. The effect of the water present should be
explored at this time scales to determine a) when it evaporates and is removed from the system,
and b) the impact of residual water on the conjugation efficiency.

Chapter 6 presents a proof-of-concept study demonstrating the direct synthesis of MNPs utilizing
the stress induced during the freeze-dried process. As the next step in this development, it is
recommended that drug molecules be incorporated into the nanoparticles. The effect of drug
concentration in the stock solution on the encapsulation efficiency should be investigated.
Lipophilic molecules are easily incorporated into the hydrophobic core of the PLA-b-Dex-APBA
polymer micelles, thought they vary in loading efficiency. This method should be explored for
potential improvements in the drug loading. Lastly, hydrophilic drug molecules are not well
encapsulated within the core since the preparation method utilizes nanoprecipitation which is an
o/w emulsion technique. This freeze-drying synthesis mechanism should also be explored for the
entrapment of hydrophilic molecules. Literature indicates small volumes of DMSO can be removed
via lyophilization, and the presence of water (which is the major component) allows the DMSO to
remain frozen during the drying process. The process for complete removal is lengthy.As a pre-
clinical study, the residual fraction of DMSO in the formulation after freeze-drying should be

determined.
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