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Abstract

Controlled drug delivery from contact lenses is an attractive method to treat ocular
disease, like glaucoma, as it overcomes the deficiencies of traditional eye drops, such as poor
patient adherence and low bioavailability. With controlled delivery from contact lenses, drug
molecules have a longer residence time in the post-lens tear film, which ultimately leads to a
higher drug flux through the cornea and a lowered possibility of toxic side effects. The goal of
this project is to design a novel contact lens device with integrated pH-responsive nanocomposite

particles that trigger drug release under physiological pH conditions.

Biocompatible drug carriers, with the ability to control delivery of therapeutic agents, are
a promising way to overcome the limitations of conventional therapies. Among all types of
carriers, silica-based nanocomposites have emerged as a promising candidate because of its
biocompatibility and high physical and chemical stability. Moreover, silica-based, pH-responsive
nanocomposite materials can be produced by encapsulation of natural or synthetic pH-responsive
polymers, such as alginate, chitosan, poly (methacrylic acid) and poly (acrylic acid). In this
work, silica-alginate composite materials were prepared with different structures, such as
alginate beads loaded with silica nanoparticles, silica-alginate monolithic gels, and silica-alginate
nanoparticles. All of them showed a pH-responsive release of rhodamine B, which was used as a

model drug.



In this dissertation, the focus was on pH-responsive silica-based composite nanoparticles
synthesizes using silica sol-gel chemistry and formed in a water-in-oil microemulsion system.
Different polymer (alginate, poly(methacrylic acid)) solutions were used as the water phase for
the formation of silica-polymer nanoparticles. Nano-sized particles between 20-80 nm were
detected by transmission electron microscopy. Silica-alginate composite nanoparticles showed
no significant pH-responsive release of timolol maleate, which is a commonly used drug for
glaucoma treatment. However, silica-PMAA nanoparticles displayed encouraging pH-responsive
release of timolol maleate with only a fraction of drug released at low pH and then continuous,
sustained release at physiological pH. These particles demonstrated the concept of ON/OFF
triggered release with < 15% drug released under pH 2.5 and a long, sustained release of drug in

simulated tear fluid.

The inclusion of nanoparticles did not adversely affect important properties of contact
lens like optical clarity and water content. Encouraging pH-responsive release profiles were also
observed for silica-PMAA nanoparticles incorporated contact lenses. Those lenses showed
limited release of timolol maleate in low pH buffer solution and much higher release of timolol
maleate in simulated tear fluid. This promising pH-responsive release performance of silica-
PMAA nanoparticles incorporated contact lens shows the potential of a good candidate for

commercial contact lens drug delivery vehicles.



Acknowledgments

First, I would first like to thank my advisor Dr. Allan E. David for his motivation and
mentorship throughout the culmination of my PhD project and in the preparation of this
dissertation. Dr. David has always been available when needed. | have learned a lot from him,
not only in scientific research skills but also in how to be a better person in life. Without his

encouragement and guidance, this dissertation would not have been possible.

| would like to acknowledge my committee members, Dr. W. Robert Ashurst, Dr.
Elizabeth Lipke, and Dr. Arthur Yang for their insightful comments and support. | would like to
thank Dr. Maria Soledad Peresin as my university reader. | would also like to thank Dr. Virginia
Davis, Dr. Maria Lujan Auad and Dr. Sushil Adhikari for the help of TGA characterization. |
would like to thank Dr. Christopher Roberts, Dr. Rui Xu, and David Roe for the help of BET. |

would like to thank Dr. Michael Miller for the help of TEM.

My sincere thanks also go to everyone at ISTN, Inc and Lynthera. Thanks for the
expertise and support from Jeff Yang, Dr. Arthur Yang, Dr. Roman Domszy, and Dr. Naiping

Hu.

| thank all the members of the David Lab, Dr. Young Suk Choi, Tareq Anani, Hunter
Rogers, Alex Kelly, Alan Hanley, Prachi Sangle, Richard Cullum, Ricky Whitener, Barry Yeh,
Camille Hanot, Chelsea Harris, Marjan Azadi. | would also like to thank Adam Milton, Evan

Miler, Colton Martinez, Kelsie Williams, and Jessica Pinkston for their assistance with many



aspects of this work. I would also like to thank my friends who help me adjust the life in here
and support me throughout this journey: Wenjian Guan, Peng Cheng, Shu Fang, Jingran Duan,
Pengfei Zhao, Zixiu Wang, Chen Zhou, Jie Zhong, Xinquan Cheng, Pengcheng Li, Yuling Han,
Nan Shi, Rong Zhao. | would also like to acknowledge the help from Dr. Mario Eden, Karen

Cochran and Elaine Manning from chemical engineering department.

Last but not the least, this would not have been possible without the support and
encouragement of my family. | would like to express the highest levels of gratitude to my parents

and sister, for their relentless love and support over this PhD journey and my life in general.



Table of Contents

AADSTIACT ... E bRt Rt i
ACKNOWIBAGMENES. ... .eiieciie ettt e e sra e te e e s te e teeneesreenteeneennes iv
TabIE OF CONENES ...ttt Vi
LESE OF TADIES ...ttt bbbt Xii
TS o T U =TSRSS Xiii
LiSt OF ADDIEVIALIONS ..ot Xvii
(@8 T o) 1 A [ 10 To [0 od 1 o] SRS 1
Chapter 2 BACKGIOUNG ........c.ciiiiiiieiieiee ettt 3
2.1 Silica-based nanocoMpPOSIte MALErIAlS..........ccciviiiiiiiice e 3
2.1.1 SIlICA SOI-QEI PrOCESS. ... .ottt bbb 4
2.1.2 Silica sol-gel encapsSUlAtioN............ccoiiiiiiiiiii e 11

2.2 pH-responsive polymers in drug delivery application ... 14
2.2.1 ALGINALE ... .ottt e et a e et e e e areereenee e 17
2.2.2 Poly (MethacryliC aCid) ........ccueiiiiiiii et 22

2.3 Silica-based composite nanoparticles prepared by microemulsion ............cccccovivveiiieinns 26
2.3.1 MicroemulSion FOrMALION .........ccoiiiiiiie i 28
2.3.2 Synthesis of silica-based nanoparticle in miceormulSion ..o 30

2.4 Contact lenses for ophthalmic drug deliVery ... 32

Vi



2.4.1 Contact lenses interactions With tear Film .........ooeeiivio oo 33

2.4.2 Contact lenses as drug delivery VENICIES ..........cccveviieiiiie e 36
2.5 Mathematical modeling of drug release............ccooiiiiiiiiiiir s 38
2.5.1 Empirical/semi-empirical mathematical models..............c.cociiiiniiiii 39
2.5.2 Mechanistic realistic models for diffusion controlled system ... 42
Chapter 3 Rhodamine B in vitro release study of silica-alginate composite materials ................ 44
3.1 Materials and METNOGS ........coouiiiiiiiiei s 45
L MALEITALS ...t 45
3.1.2 Preparation of phosphate BUFFEr...........cccviiiiiiii i 45
3.1.3 Preparation of rhodamine B loaded alginate beads.............ccccooeriiiiiiiiiiiinie 45
3.1.4 Rhodamine B in vitro release study from alginate beads ............c.ccoceveiininincnennnn 46
3.1.5 Preparation of silica NanopartiCleS..........cccvveiieiieii i 46
3.1.6 Preparation of silica nanoparticles incorporated alginate beads.............cccccccevevienee. 47

3.1.7 Rhodamine B in vitro release study from silica nanoparticles incorporated alginate

DBAAS ...t bbbttt bbbt 47
3.1.8 Preparation of silica-based monolithic gels ... 48
3.1.9 Rhodamine B in vitro release study from silica-based monolithic gels...................... 48
3.2 RESUILS AN QISCUSSTONS........eviiiiiiiieeiiee ettt bbb 49
3.2.1 Rhodamine B in vitro release study from alginate beads .............cccoovveieneicicnennnn 49

3.2.2 Rhodamine B in vitro release study from silica nanoparticle incorporated alginate
0=T: [0 PSP 54

vii



3.2.3 Rhodamine B in vitro release study from silica-based monolithic gels....................... 57

TR O] o 11 S]] o RSP RSSTPT U TPRTRPR 59
Chapter 4 Silica-alginate nanoparticles preparation by microemulSion ..........c.ccccoevvvienenieiennen. 60
4.1 Materials and MELNOAS ........coviiieiie e e 61
g I Y 1= 4 = LSRR 61
4.1.2 Stability of alginate in Silica SOI-gel PrOCESS........cccooeiiiiiiiiiiieeeee e 61
4.1.3 Synthesis of silica NANOPAITICIES ..........c.coveiiiece e 61
4.1.4 Synthesis of silica-alginate NANOPArtiCIES ...........cccvveiveiiieiice e 62
4.1.5 ThermogravimetriC analySIS.........ccciieiiiieieeie et 62
4.1.6 Silicomolybdic acid assay of silica concentration in aqueous solution....................... 63
4.1.7 Transmission eleCtron MICIOSCOPY ......coveruerierieieienienie ettt 63

4.2 RESUILS @N0 TISCUSSIONS.......euviieiiitiitietieiiesie ettt sttt sttt ne e s e e et sbe st sbeene e 65
4.2.1 Stability of alginate in silica SOI-gel PrOCESS.........covveiveiieiece e 65
4.2.2 Synthesis of silica-alginate NaNOPartiCleS ...........cccovevveiieie i 67
4.2.3 Encapsulation of alginate inside silica nanoparticle ............cccooiiiiiiiiiie 71
4.2.4 Size control of silica-based Nanoparticles............cooooeriiiiiiiii e 75

G O] o [1ES] o] ST 81
Chapter 5 In vitro release study of silica-alginate nanoparticles ...........ccccovveviiiiiiiie e 82
5.1 Materials and MEthOAS ...........oiiiiiii e 83
5,11 MALEITAIS .. ettt bbb a e 83

viii



5.1.2 Preparation of phosphate DUFFEr...........ccccveiiiieiicc e 83
5.1.3 Preparation of rhodamine B loaded silica-alginate nanoparticles in microemulsion .. 84
5.1.4 Rhodamine B in vitro release study from in situ loading silica-alginate nanoparticles84

5.1.5 Preparation of timolol maleate loaded silica-alginate nanoparticles in microemulsion

............................................................................................................................................... 85
5.1.6 Timolol maleate in vitro release study from in situ loading silica-alginate

NANOPANTICIES ... bbbttt b e bbb 85
5.1.7 Synthesis of silica-alginate NANOPArtiCIES ............ccevvevieie i 86
5.1.8 Timolol maleate freeze dry post loading for silica-alginate nanoparticles.................. 86

5.1.9 Timolol maleate in vitro release study from freeze dry post loading nanoparticles.... 87
5.1.10 Timolol maleate oven drying loading into silica-alginate nanoparticles................... 87

5.1.11 Timolol maleate in vitro release study from oven drying post loading nanoparticles88

5.1.12 Preparation of timolol maleate loaded alginate beads ............cccccevvevveieiic e, 88
5.1.13 Timolol maleate in vitro release study from alginate beads ..............ccccceevveivevieennene, 88
5.1.14 Preparation of silica-alginate monolithic gels..........c.cccevviiiiiiiiic i, 89
5.1.15 Timolol maleate in vitro release study from silica-alginate monolithic gel .............. 89
5.2 RESUILS ANU AISCUSSIONS ... .ecueeiierieeriesieesiesiesieeeesseesieeseesseeseeeseesseesseeneesseessaessesseesseeneesnessees 91

5.2.1 Rhodamine B in vitro release study from in situ loading silica-alginate nanoparticles91

5.2.2 Timolol maleate in vitro release study from in situ loading silica-alginate
NANOPANTICIES ... bbbt bbbt et e bbb bbb 95

5.2.3 Timolol maleate post loading and release study for silica-alginate nanoparticles....... 96

5.2.4 Timolol maleate in vitro release study from alginate beads ...........cccocevervnirnnnnnn. 106



5.2.5 Timolol maleate in vitro release study from monolithic gels .............cccooeiiniiinnne. 108

5.3 CONCIUSIONS ...ttt bt bbbttt b bbb nbenne s 111
Chapter 6 In vitro release studies of Silica-PMAA nanoparticles ..........c.ccoovevvvveviveiecieseennnns 112
6.1 Materials and METNOGS .........cooeriiiiiee e 113
B.1.1 MALEITAIS ... 113
6.1.2 Preparation Of DUFFEIS ........ooiiiicc e 113

6.1.3 Preparation of timolol maleate loaded silica-PMAA nanoparticles in microemulsion

............................................................................................................................................. 113
6.1.4 Timolol maleate in vitro release study from in situ loading silica-alginate

NANOPANTICIES ...ttt bbb e bbb b bt 114
6.1.5 Synthesis of silica-PMAA NanopartiCles ...........cccoovevvivieiieiecese e 114
6.1.6 Timolol maleate oven drying loading into silica-PMAA nanoparticles..................... 115

6.1.7 Timolol maleate in vitro release study from oven drying post loading nanoparticles115
6.2 RESUITS ANU AISCUSSIONS .....veeveiieeeiiieiieeieesieeiestee e eeesteesteeseesseestaeseesseesseeneesneesseeneeareesseensens 117

6.2.1 Timolol maleate in vitro release study from in situ loading silica-PMAA nanoparticles

............................................................................................................................................. 117
6.2.2 Timolol maleate loading and release study from silica-PMAA nanoparticles........... 118

LI 00 Tod [1ES] o] 1 1RSSR 124
Chapter 7 Contact lens loaded with NnanoPartiCles............ccoceviiiiiiiiiiiie e 125
7.1 Materials and MEthOAS ........cveiiiiiee e re e 127
0 Y 4 T SO STSPPSN 127
7.1.2 Preparation of SOft CONtACt I€NS........ccvviiieii e 127



7.1.3 Optical clarity of SOft CONtACT IBNS .......cc.oiviiiiiiiie s 128

7.1.4 Water content of SOft CONtACE 1ENS.........cooiiiiiiiiiice s 128
7.1.5 Synthesis of silica-PMAA NanopartiCles ...........cccovveveiieiieiice e 128
7.1.6 Timolol maleate loading process into nanoparticles...........ccccovvvveveiie i s 129
7.1.7 Preparation Of DUFFEIS ......cooiiie e 129

7.1.7 In vitro release study of timolol maleate loaded nanoparticle incorporated contact lens

............................................................................................................................................. 129

7.2 RESUILS aNd ISCUSSIONS.......cuvviieiiitisieieiest ettt bbb 131
7.2.1 Optical clarity of CONtACL IENS ........ccveeieiie e 131
7.2.2 Water content of CONTACT IENS..........oviiiiiiiiii s 133
7.2.3 In Vitro release Of CONTACT IENS .......c.ooviiiiiiiiiireee s 134

7.3 CONCIUSIONS. ...ttt bbbttt b bbbt 136
Chapter 8 SUMIMAIY ......cviiiieiti ettt ettt et st et e et esaeeste e e e e taesbeesbesseestaennesraenteeneen 137
RETEIENCES ...t 139

Xi



List of Tables

Table 2.1 External stimuli that induce various responses of stimuli-responsive polymers.......... 14
Table 2.2 Examples of pH-responsive synthetic POIYMErS...........ccceivieiiieie i 15
Table 2.3 Examples of pH-responsive natural POIYMErS ...........ccocveiiiieiieeie e 16
Table 2.4 Comparison of microemulsion with conventional emulsSion ............c.ccccoeveiieiieieennen, 27
Table 2.5 Release mechanisms based on release eXPONent 7m.........ccccvveevvevesieseese s 40
Table 2.6 Diffusion mathematical models for drug release..........cccevvveiivereciece e 43
Table 4.1 Experimental details for silica Nnanoparticles............ccocevvveiiiie i 75
Table 4.2 Experimental details for silica-alginate nanoparticles with different R values............. 78

Table 4.3 Experimental details for silica-alginate nanoparticles with different initial alginate

concentrations used iN MICTOBMUISION. .........iiiiiiiiiiiiii e 79
Table 5.1 Mathematical models used for kinetics drug release.............ccocvvviiiiieiencicniiee 93
Table 5.2 Loading efficiency by freeze drying method............cccoooveiiiie i 96
Table 5.3 Loading efficiency by oven drying method............ccocoviviieiiiisiece e 101
Table 6.1 Loading efficiency for silica-PMAA nanoparticles...........cccocvveviverenieiciene e 118
Table 7.1 Water content of contact lens and nanoparticle incorporated contact lens................. 133

xii



List of Figures

Figure 2.1 Illustration of the various stages of the sol-gel Process. ........cccccevvvievvevesiieseese e 5
Figure 2.2 Hydrolysis and condensation of silicon alkoxide under acidic condition.[17] ............. 9
Figure 2.3 Hydrolysis and condensation of silicon alkoxide under basic condition.[17]............. 10
Figure 2.4 Chemical structure of a repeating unit of alginate.............cccoceevveviiviiic i 17

Figure 2.5 Chemical structure of (A) poly (methacrylic acid) and (B) poly (methacrylic acid)
1010 |10 T4 E7 | OSSR 22

Figure 2.6 Illustration of pH-dependent swelling of PMAA hydrogel. ..........ccooeviiiiiiiiiinnne 23

Figure 2.7 Schematic representation of a water droplet form a four-component water-in-oil
MICTOEMUISION SYSTEIM. ..ottt te et e s e e s ba e teeseesbeebeaneesbeesteeneesneeneeas 30

Figure 2.8 The classical three-layer viewpoint for the pre-corneal tear film with typical
ENICKNIESSES. .ttt ettt e e e et e st e e st e ete e been e e ese e e aeeneeereenbeenteeneenreeneenee e 33

Figure 2.9 The central cornea with a PureVision lens after instillation of artificial tears.
Reproduced with permission from [113] ......cooveiiiiiiiciece e 34

Figure 3.1 Hllustration of the formation of rhodmine B loaded alginate beads in a calcium
chloride solution and the ‘‘Egg Box’’ crosslinking structure of alginate beads...............c.cccenee 49

Figure 3.2 Rhodamine B in vitro release profiles from alginate (5 %w/v) beads in phosphate
buffers with different pH values (pH 2.5 or pH 7.5). (A) Release profiles in first 2 hours. (B)
Release profiles in 48 hours. The pH 7.5 sample was initially started in pH 2.5 buffer for 1 hour
(no deviation observed from other pH 2.5 release profile) before change of buffer to pH 7.5 (at
which point the release deviates from the other Sample). ... 52

Figure 3.3 Alginate beads in different condition. (A) Wet beads after gelation. (B) Beads after air
dried overnight. (C) Beads after swelling in phosphate buffers for 3 hours, left vial in pH 2.5 and
right in pH 7.5. (D) Beads after swelling in phosphate buffers for 8 hours, left vial in pH 2.5 and

o oL ST TN o] 0 TSP PPPP 53

Xiii



Figure 3.4 Rhodamine B in vitro release profiles from silica nanoparticle incorporated alginate
beads in phosphate buffers with different pH values (pH 2.5 or pH 7.5). (A) Release profiles in
first 2 hours. (B) Release profiles in 48 NOUIS. ..........ccceiieiiiii i 55

Figure 3.5 Comparison of release rate (%/hour) from alginate beads (dash line) and silica
nanoparticle incorporated alginate beads (solid line) in phosphate buffers with different pH
ValUES (PH 2.5 08 PH 7.5) ittt ettt et e e ne e e 56

Figure 3.6 Rhodamine B in vitro release profiles from silica-based monolithic gels in phosphate
buffers with different pH values (pH 2.5 or pH 7.5). Silica monolithic gel (dash line); silica-
alginate monolithic gel (SOII 1INE) ......cveiieece s 58

Figure 4.1 Photographs of alginate (2 %w/v) solutions mixed with ethanol. Phase separation is
due to the insoluble alginate. (A)10 %v/v ethanol (9 mL alginate solution + 1 mL ethanol); (B)
20 %v/v ethanol (8 mL alginate solution + 2 mL ethanol); (C) 50 %v/v ethanol (5 mL alginate
solution + 5 mL ethanol); (D) 80 %v/v ethanol (2 mL alginate solution + 8 mL ethanol); E (10
ML algINALe SOIULION) .....vviieici et e st e s e s reesae e e e sneere s 66

Figure 4.2 Schematic illustration of silica sol-gel encapsulation process in water-in-oil
microemulsion. (A) Water phase droplet surrounded by surfactant and cosurfactant in water-in-
oil microemulsion. (B) Association of TEOS with water-in-oil microemulsion, at this stage, most
of the TEOS molecules are outside the water droplets due to the hydrophobicity of TEOS
molecules. (C) Hydrolysis of TEOS and formation of monomers due to the addition of NH4sOH,
hydrolyzed TEOS species become more hydrophilic and penetrate into the water droplets. (D)
Encapsulation process of alginate into silica nanoparticles in water phase droplets..................... 68

Figure 4.3 TEM images of silica-alginate nanocomposite nanoparticles obtained after different
reaction times, (A) 24 hours, (B) 48 hours, (C) 72 hours, (D) 96 hours and (E) 120 hours. (F)
Average size at different reaction time from TEM IMages.........ccccoveviiieiierecie e 70

Figure 4.4 TGA (solid) and DTG (dash) curves for (A) sodium alginate, (B) silica-alginate
nanoparticles, (C) silica NANOPAITICIES. ...........ccoiiiiiiiii e 72

Figure 4.5 (A) Standard curve of TEOS silica nanoparticles by silicomolybdic acid assay, (B)
Alginate weight ratio in silica-alginate nanoparticles measured by TGA and silicomolybdic acid
ASSAY. 1.ttt ruree ettt E L e g R e e e e e e o e e E oo e e e e e e e e e e nnn e 74

Figure 4.6 TEM images of silica nanoparticles. (A) TEOS silica nanoparticles, R = 6.40, particle
size: 81.6 + 7.2 nm; (B) TEOS silica nanoparticles, R = 11.20, particle size: 52.62+ 4.5 nm; (C)
TEQOS silica nanoparticles, R = 8.06, particle size: 79.6 £ 8.3 nm; (D) TMOS silica nanoparticles,
R = 8.06, partiCle Size: 26.6 2 3.7 NIM. ....cciiiiieiieccee et 76

Figure 4.7 TEM images of silica-alginate nanoparticles with different R values (Particle size 24.3

+ 2.4 nm at R=22.39, particle size 39.0 + 3.1 nm at R=16.79, particle size 49.3 £ 3.3 nm at
RIE0.50. ) ittt b bRt R £ bR R Rt Rk R et b et b e b ne 78

Xiv



Figure 4.8 TEM images of silica-alginate nanoparticles with different initial alginate
concentrations used in microemulsion. (Particle size 37.3 + 3.4 nm with alginate (1 %w/v),
particle size 42.0 + 2.9 nm with alginate (0.5 %w/v), particle 27.2 + 5.7 nm with alginate (0.05
1T/ AY) ) TSR 80

Figure 5.1 In suit loaded rhodamine B release study from silica-alginate nanoparticles in
phosphate buffer with different pH values (pH 2.5 and pH 7.5). ..o 92

Figure 5.2 Mathematical models used for kinetics drug release of in situ loaded rhodamine B
from silica-alginate nanoparticles. (A) Peppas equation modeling: pH 2.5 modeling (R%=
0.9868); pH 7.5 modeling (R?= 0.9954). (B) Monolithic solution modeling: pH 2.5 modeling
(R?=0.9786); pH 7.5 modeling (R?= 0.9470).........ccceeererereeeeeeeeseeeeeeeeree et neeen, 94

Figure 5.3 Timolol maleate in vitro release profiles from silica-alginate nanoparticles (A: ALG-
1; B: ALG-0.05) in phosphate buffer at pH 2.5 and pH 7.5. (Timolol maleate was loaded into
nanoparticles by freeze drying post loading method) ..o 99

Figure 5.4 Mathematical models used for drug release. (A) Peppas equation modeling for ALG-
1: pH 2.5 modeling (R?= 0.9189); pH 7.5 modeling (R?= 0.9872). (B) Peppas equation modeling
for ALG-0.05: pH 2.5 modeling (R?= 0.9714); pH 7.5 modeling (R?= 0.9697). ..........ccceevnc.... 100

Figure 5.5 Timolol maleate in vitro release profiles from silica-alginate nanoparticles (A: TEOS-
ALG-8, B: TMOS-ALG-8) in phosphate buffer at pH 2.5 and pH 7.5. (Timolol maleate was
loaded into nanoparticles by oven drying post loading method) ...........ccoceviviiiiiiiciniiee 104

Figure 5.6 Mathematical models used for drug release kinetics. (A) Peppas equation modeling
for TEOS-ALG-8: pH 2.5 modeling (R?= 0.7874); pH 7.5 modeling (R?= 0.8546). (B)
Monolithic solution modeling for TEOS-ALG-8: pH 2.5 modeling (R*= -1.662); pH 7.5
modeling (R?= -0.7890). (C) Peppas equation modeling for TMOS-ALG-8: pH 2.5 modeling
(R?=0.8116); pH 7.5 modeling (R?= 0.8960). (D) Monolithic solution modeling for TMOS-
ALG-8: pH 2.5 modeling (R?= 0.9214); pH 7.5 modeling (R?= 0.9731) .....cccccvvveriririreerennns 105

Figure 5.7 Timolol maleate in vitro release profiles from alginate beads in phosphate buffer with
different pH values (PH 2.5 aNd PH 7.5). ..c.ooiiiiiiiieeee e 107

Figure 5.8 Timolol maleate in vitro release profiles from silica monolithic gels (dash lines) and
silica-alginate monolithic gels (solid lines) in phosphate buffers with different pH values (pH 2.5
OF PH 7.5) . bbbttt b bbbttt b bt 110

Figure 6.1 Timolol maleate release from silica-PMAA nanoparticles in phosphate buffer (pH 2.5)
and simulated tear fluid (pH 7.5). (A) PMAA-3; (B) PMAA-L. ..ot 120

Figure 6.2 Mathematical models used for timolol maleate release from silica-PMAA
nanoparticles (A&B: PMAA-3), (C&D: PMAA-1) in phosphate buffer (pH 2.5) and simulated
tear fluid (pH 7.5). (A) Peppas equation modeling: pH 2.5 (R?= 0.9986); pH 7.5 (R?= 0.9910),
(B) Monolithic solutions modeling: pH 2.5 (R?= 0.7971); pH 7.5 (R?= 0.2917), (C) Peppas

XV



equation modeling: pH 2.5 (R?= 0.9294); pH 7.5 (R?= 0.9607). (D) Monolithic solutions
modeling: pH 2.5 (R?= -5.5240); pH 7.5 (R%=-1.2850) .......ccceeveverreeeereeeeeeee e eeeeee e, 121

Figure 6.3 Timolol maleate equilibrium to kinetic release study. First 26 days, equilibrium
release in phosphate buffer (pH 2.5), and then Kinetic release in simulated tear fluid (pH 7.5).
TMOS NP: silica nanoparticles (dash line); TMOS-PMAA NO: silica-PMAA nanoparticles
(0] 1T I 1T 1) PSSR 123

Figure 7.1 Transmittance of contact lens and nanoparticle incorporated contact lens. (Insert
photographic image shows the visual clarity of different contact 1enses) ..........cccecvvvviverirennnne 132

Figure 7.2 Timolol maleate in vitro equilibrium release from silica-PMAA nanoparticle
incorporated contact lenses. (First equilibrium release study: 0-8 days, one set of contacts lenses
were in phosphate buffer (pH 2.5)); the other set of contact lenses were in simulated tear fluid
(pH 7.5): second equilibrium release study: 8-15 days, both sets of contact lenses were in
simulated tear FIUId (PH 7.5).)..cuoiieiiieee e 135

XVi



TEOS

TMOS

THEOS

PMAA

AOT

NP-5

PLL

TEM

SEM

TGA

IPN

List of Abbreviations

Tetraethoxysilane

Tetramethoxysilane

Tetrakis(2-hydroxyethyl) orthosilicate

Poly (methacrylic acid)

Sulfosuccinic acid bis (2-ethylhexyl) ester sodium salt
Polyoxyethylene (5) nonylphenyl ether

Poly-L-lysine

Transmission electron microscopy

Scanning electron microscope

Thermogravimetric analysis

Interpenetrated polymer networks

XVii



Chapter 1 Introduction

Glaucoma is one of the leading causes of irreversible blindness worldwide. In 2010, there
were 60 million people had glaucoma, and this number may increase to 80 million by 2020.[1]
Glaucoma is a group of ocular disorders that can result in optic nerve degeneration, often
associated with increased intraocular pressure in the eye.[2] Even with proper treatment,
approximately 10 % of glaucoma patients still experience vision loss.[3] There are two main
types of glaucoma: open-angle and angle-closure. Open angle glaucoma is the most common

form, which affects approximately 2.2 million people in American.[4]

Currently, all treatments for glaucoma mainly focus on reducing intraocular pressure. The
most common method is the prescription of eye drops, which is required to be taken properly and
regularly.[5] However, eye drop treatment has poor patient adherence and is very inefficient. For
example, the persistence rates for glaucoma patients prescribed eye drops are generally lower
than 50 % after the first year, which is largely associated with the inconvenience of tedious
dosing regimen.[6] In addition, drug release from eye drops is characterized by a burst dosage
upon administration, followed by a relatively short period of effective therapeutic concentration,
and then a prolonged period of insufficient concentration. This profile results in poor drug
absorption of only 5-10 %, with the remainder lost due to canalicular drainage, epiphora dilution,

and poor patient technique.[7]

Developments in nanotechnology provide promising improvements for the drug delivery
to the eye. Ocular drug delivery research has increasingly focused on the encapsulation of drugs

into nanoparticles, liposomes, nanomicelles, nanosuspensions, and dendrimers that can target the



eye.[8] Drug loaded contact lens has also been an active area of research to develop an extended
ocular drug delivery platform. Delivered from contact lens, drug molecules have a longer
residence time in the post-lens tear film, which ultimately leads to higher drug flux through the
cornea. Incorporating transport barriers into contact lenses for further sustained elution of drugs
has been reported to give prolonged therapeutic levels of various drugs.[9] Storage stability is a
major reason why this technology has been limited to commercialization. More specifically,
while sustained release for up to a month has been demonstrated, all the lenses studied to date
continue to release encapsulated drugs even while in their packaging, which limits commercial
feasibility and provides unacceptable variability in efficacy. Drug loaded contact lens combined
with nanoparticle provide an alternative way for the glaucoma treatment. This nanoparticle
loaded contact lens can be used as a targeted, extended and controlled ocular drug delivery
platform. The nanoparticles inside the contact lens can be engineered to control release the drug

molecules base on different environment changing, such as temperature, pH, light, or enzyme.

The work presented in this dissertation focuses on the creation of a novel contact lens
device that integrates pH-responsive nanoparticles to overcome many of these limitations
mentioned above. First, in chapter 3, the pH-responsive control release ability of silica-alginate
materials was tested by rhodamine B as a drug model. Secondly, in chapter 4, the synthesis and
characterization of silica-alginate nanoparticles were studied. Next, in chapter 5, in vitro release
studies were performed for silica-alginate nanoparticles with rhodamine B and timolol maleate,
respectively. In chapter 6, silica-PMAA nanoparticles were also tested for in vitro release study
of timolol maleate. In the end, how silica-based nanoparticle affected the contact lens properties,

such as optical clarity and water content, was studied in chapter 7.



Chapter 2 Background

2.1 Silica-based nanocomposite materials

Nanocomposites are multiphase materials with one or more phases in nanosize dimension
to enhance properties, such as thermal, mechanical, electrical, optical, or catalytic, relative to
either of the single homogeneous constituents.[10] Among all types of nanocomposites, silica-
based nanocomposites have attracted immense attention due to their attractive physicochemical
properties. For example, silica material has been widely studied due to its high physical and
chemical stability, silica also shows acceptable biocompatibility for biomedical applications.[11]
Moreover, silica does not absorb light or interfere with magnetic fields, which retains original
optical or magnetic properties of combined components.[12] Finally, hydroxyl groups on silica
surface allow facile chemical modifications to other functional groups, including amines, thiols,
and carboxyls, to develop diverse structures.[13] In addition, composite materials could combine
the advantages of each single component and enhance their properties compared to that of
individual component. For example, with the addition of stimuli-responsive polymer, this type of
silica-polymer composite materials can be used as “smart” delivery vehicles. Silica provides
effective solid support, and stimuli-responsive polymer controls the release of bioactive
molecules. Silica sol-gel technique is a promising method to prepare silica-based

nanocomposites materials, especially for silica-based composite nanoparticles.



2.1.1 Silica sol-gel process

The term “sol-gel” was first used in 1864 from Graham’s study about silica gels.[14] Sol
is a stable liquid suspension of colloidal particles or polymers. Gel is a three-dimensional liquid
matrix, in which cross-linked rigid colloidal particles or polymers form the submicrometer pores
size network.[15] Silica sol-gel process refers to the transition from a colloidal silica sol
suspension to a continuous silica gel network of interconnected solid particles with a liquid phase
entrapped. This transition results from the hydrolysis and polycondensation of a silica sol-gel
precursor, usually a silicon alkoxide, such as tetraethoxysilane (TEOS) or tetramethoxysilane
(TMOS).[16] As shown in Figure 2.1, when most of the entrapped liquid is extracted as a gas
phase from gel network under hypercritical condition like supercritical drying, the silica network
does not collapse and a low density aerogel is produced. However, if most of the entrapped
liquid is removed at or near ambient pressure by thermal evaporation, shrinkage of the gel

network occurs, and xerogel is obtained in the end.[17]
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Figure 2.1 Illustration of the various stages of the sol-gel process.

There are three mainly studied silica sol-gel precursors. Silicic acid, sodium silicate, and

silicon alkoxides.

Silicic acid

Silicic acid, Si(OH)a, is the fully hydrolyzed product by silicon alkoxide. It can be made

through ion exchange method from sodium silicate. However, at room temperature silicic acid is

not stable, and it enters easily into polycondensation reactions to form a silica gel. Therefore,

silicic acid requires to be freshly prepared every time. This time-consuming process restricts its

use. [18]



Sodium silicate

Sodium silicate (Na2SiOgz), also known as water glass, is another type of silica sol-gel
precursor. Usually, hydrochloric acid is needed for the sol-gel processes of sodium silicate. A
sol-gel transition is observed when the pH drops below 7. The chemical reaction of this transition

is shown as below:

Na,SiO; + 2HCL + (x — 1)H,0 ——> Si0, - xH,0 + 2NaCl

However, this produced could cause some compatibility issue, especially for the sol-gel
encapsulation of some biomolecules, due to the addition of hydrochloric acid. Moreover, sodium
silicate has a high ionic strength, which may be problematic, and the gel must be extensively

washed to remove the considerable amount of salt.[19]

Silicon alkoxides

Silicon alkoxides, Si(OR)a, are silicon esters with the general formula of the silicon atom
linked to organic groups through an oxygen bridge. The most commercially used silicon alkoxide
is tetraethoxysilane (TEOS). However, there are still some limitations on the sol-gel process with
TEQOS. Especially in the application of entrapment for biopolymers. As ethanol, produced during
the sol-gel process, can affect the compatibility with biopolymers. For example, most
polysaccharides precipitate when the ethanol is present in their aqueous solution, proteins are
also sensitive to the presence of ethanol, which can cause unfolding and result in a denaturing

effect.[20]



Among all three main types of silica precursors, silicon alkoxides are the most used due
to their high purity and flexibility of the organic groups. Most of the silica nanoparticles are

made by silicon alkoxides via Stéber process or microemulsion method.

Most silicon alkoxides are not water soluble, therefore, a mutual solvent, generally
ethanol, is required for the hydrolysis reaction. For example, the sol-gel process of TEOS can be

described as follows:

Hydrolysis

Si(0C,Hs), + H,0 > Si(0C,Hs),(OH),_ + C,H;OH

Condensation

=Si—0C,Hs +=Si—0OH >=Si—0—Si =+ C,H;OH

=Si—0OH+=Si—-0H->=Si—0-Si=+H,0

This process can be divided into three stages: (1) Partial hydrolysis of TESO after mixing
with water, which leads to the formation of silanols; (2) condensation reactions between either
two silanols or a silanol and an ethoxy group to form a siloxane (Si-O-Si) network with releasing

water or ethanol; (3) sol nanoparticles transit to gel network by crosslinking.[17]

However, the overall sol-gel process is a slow reaction. This is due to the low polarity of
the Si-O bond in silicon alkoxides will inhibit hydrolysis and condensation rates. Therefore, a
catalyst is usually needed to increase the hydrolysis and condensation rates. Mineral acids or

ammonia are generally used as catalysts in silica sol-gel process, other known catalysts are acetic



acid, potassium hydroxide, amines, hydrofluoric acid, titanium alkoxides, and vanadium
alkoxides.[21] The hydrolysis and condensation reaction rates are also pH dependent. In acidic
conditions, the relative rate of hydrolysis reaction is faster than condensation reaction. At pH 5
the two reactions have the same relative rates and under basic conditions, the condensation

reaction is faster than the hydrolysis reaction.[22]

For the silica sol-gel mechanism under acidic condition as shown in Figure 2.2, for
hydrolysis reaction, an alkoxy group bonded to Si atom is rapidly protonated, which makes Si
atom more electrophilic and attractable to a water molecule, followed by formation of a
positively charged five-coordinate transition state which can transfer to inversion of the silicon
tetrahedron and release an alcohol. Then, condensation reaction proceeds via a rapid formation
of a charged intermediate by reaction with a proton, followed by a slow attack of a second
neutral silicon species on this intermediate. More specifically, in acidic condition the transition
state is positively charged and stabilized by electron donating alkoxy groups, therefore less
substituted (RO)3SiOH condense faster than (RO).Si(OH)2, which condenses faster than
ROSIi(OH)s and Si(OH)4. This means that for acid catalyzed reaction, the first step of hydrolysis
is the fastest, and the product of this first step undergoes the fastest condensation. Consequently,
an open network initially forms, followed by further hydrolysis and cross-condensation
reactions. In the end, silica gels with a texture closer to that of polymeric gels derived from

organic chemistry are obtained.[24]
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Figure 2.2 Hydrolysis and condensation of silicon alkoxide under acidic condition.[17]

In basic condition as shown in Figure 2.3, for hydrolysis reaction, water first rapidly
dissociates to produce nucleophilic hydroxyl anions. The hydroxyl anion then attacks the silicon
atom to form a negatively charged five-coordination transition state. In base catalyzed
condensation, the negatively charged transition state becomes more stable as more hydroxyl
groups replace the electron donating alkoxy groups. Thus, successive hydrolysis sept occurs
increasingly rapidly, and the most hydrolyzed species undergoes the fastest condensation
reactions. Therefore, the most substituted Si(OH)s condense faster than ROSi(OH)s, which

condenses faster than ROSi(OH)2 and (RO)sSiOH. As a consequence, in base catalyzed reactions



highly cross-linked large sol particles are interconnected particles, which favors the formation of

denser colloidal silica particles and colloidal gels.[24]
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Figure 2.3 Hydrolysis and condensation of silicon alkoxide under basic condition.[17]
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2.1.2 Silica sol-gel encapsulation

Besides of making pure silica materials, silica sol-gel method is also widely used to make
silica composites materials with encapsulating other organic or inorganic materials in silica
matrix. Dopant molecules can be entrapped in the inner porosity of a silica-based matrix by

simple adding the dopant molecules during the silica sol-gel process:[25]

Si(OR")4 + RSi(OR"); + dopant + H,0 cosolverns dopant@[RSiOnHm(OR’)q]p
A wide variety of biopolymers, including proteins, enzymes, and antibodies, have been
encapsulated within silica matrix by silica sol-gel method. In 1955, Dickey first studied the
possibility of enzyme stabilization by a silica matrix, but the experiments were unsuccessful.[26]
Johnson and Whateley first developed a silica sol-gel procedure for enzyme immobilization in
1971. The entrapped trypsin was not released from the silica matrix by washing, demonstrating
the sol-gel encapsulation can increase trypsin stability.[27] Later, Avinr et al. performed
successful sol-gel entrapment experiments with various enzymes, such as b-glucosidase, alkaline
phosphatase, chitinase, and aspartase.[28] Then the application of sol-gel encapsulation for
biopolymers has grown rapidly. Multiple biopolymers, such as arabinogalactan, alginate,
carboxymethyl cellulose, chitosan, cyclodextrin, starch, and albumin, have been used in silica

sol-gel encapsulation. [29-31]

One of the commonly used methods for silica sol-gel encapsulation of biopolymers is a
two-stage procedure.[18] The first stage is producing a stable sol solution of silica sol-gel
precursor, such as TEOS. At the second stage, first a buffer solution is used to change the pH to

neutral region. Then biopolymers are added for encapsulation by the condensation reactions. As
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a result, the biopolymers encapsulated into the three-dimensional network by cross-linked sol
nanoparticles. This two-stage procedure avoids the detrimental effect of acid, but it still produces
alcohol during the hydrolysis and condensation reactions. Alcohol can cause unfolding of the
biomacromolecules and denaturation of enzymes. To improve the biocompatibility of this
procedure, alcohol can be removed from the sol solution in the first stage by rotary evaporation
under vacuum. The other method for silica sol-gel encapsulation is a one-stage approach based
on an ethylene glycol-containing precursor, tetrakis(2-hydroxyethyl) orthosilicate (THEOS).[32]
This silica sol-gel precursor is water soluble, so there is no need to add any organic cosolvent.
Furthermore, THEOS produces ethylene glycol instead of alcohol during the hydrolysis and
condensation reactions. Moreover, ethylene glycol is a biocompatible organic solvent for
biopolymers. Therefore, the hydrolytically generated ethylene glycol would not cause stability

issues of biopolymers during the sol-gel process.

Silica sol-gel encapsulation can also be used for drug delivery application. It can provide
homogeneous encapsulation of drug molecules within silica materials. Magdalena Prokopowicz
et, al. encapsulated doxorubicin in base catalyzed mesoporous silica xerogel materials. They
investigated the effect of aging time on the physical and structural properties and sorption-
desorption of drug. The results revealed increasing aging time led to more drug sorption and less
release.[33] Barbe et al. combined sol-gel technology with emulsion chemistry to make silica
particle from 10 nm to 100 um. The release profile of small molecules, such as Orange II or
Rhodamine 6G, can be controlled by the internal structure of the particles, such as pore volume,
pore size, tortuosity and surface chemistry.[34] The limitation of silica materials for drug
delivery is that release rate is only controlled by diffusion. However, in biological applications,

stimuli-responsive property is more and more important for controlled release. Therefore, silica
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materials can be modified with stimuli-responsive polymers to enhance the release ability of
silica. Silica-based nanoparticles have several advantages than the bulk gels in drug delivery
application. As nanoparticles have much higher surface area for binding of active ingredient,
which can be used as multifunction targeting vehicles. Furthermore, silica-based nanoparticle is
good candidate for contact lens related application, as the low light absorbance and small size,

which can maintain the optical clarity of contact lens even with silica-based nanoparticles inside.
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2.2 pH-responsive polymers in drug delivery application

Stimuli-responsive polymers, also called smart, intelligent or environmentally responsive
polymers, are capable of changing their physical or chemical properties in exposure to a number
of external stimuli as shown in Table 2.1. These responsive property alternations include changes
in conformation, solubility, hydrophilic/hydrophobic balance, or a combination of responses at

the same time.[35]

Table 2.1 External stimuli that induce various responses of stimuli-responsive polymers

External Stimuli Example of changes Reference

Physical temperature, electric fields, light, [36-40]
pressure, sound, magnetic fields and

ultrasound irradiation

Chemical and biological pH, ionic strength, chemical agents, [41-45]
redox, glucose level, enzyme, and

DNA

pH-responsive polymers have gained great attention due to their various application
potentials, such as drug delivery, gene delivery, sensors, membranes, and chromatography.[41,
46, 47] Especially in biomedical field, different organs, tissues, and cellular compartments have
large variations of pH, which makes pH-responsive a suitable stimulus.[37] pH-responsive

polymers usually have weak acidic or basic groups, such as carboxyl, amines, sulfonic, and
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pyridine, either accept or release protons depends on the variation of pH. This leads to polymer

property changes, such as surface activity, chain conformation, solubility or configuration.[35]

Both synthetic and natural polymers have been widely studied as pH-responsive
polymers. Some of the examples are listed in Table 2.2 and Table 2.3. In general, synthetic
polymers can be made with high purity and easy to modify. Whereas natural polymers are more
biocompatible and biodegradable. In this chapter, alginate as a natural polymer and poly

(methacrylic acid) (PMAA) as a synthetic polymer are discussed.

Table 2.2 Examples of pH-responsive synthetic polymers

Synthetic polymers Functional groups Reference
Poly(acrylic acid)(PAA) Carboxylic groups [48]
Poly(methacrylic acid) Carboxylic groups [49]
(PMAA)

Poly[(2-dimethylamino)  Tertiary amine groups [50]
ethyl acrylate]

(PDMAEA)

Poly[(2-diethylamino) ~ Tertiary amine groups [51]
ethyl methacrylate]

(PDEA)

Poly(acryloymorpholine) Morpholino [52]
(PAM)

Poly(N-ethylpyrrolidine

methacrylate)(PEPyM) Pyrrolidine [53]
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Table 2.3 Examples of pH-responsive natural polymers

Synthetic polymers Functional groups Reference
Alginate Carboxylic groups [54]
Hyaluronic acid Carboxylic groups [55]
Guar gum Carboxylic groups [56]
Carboxymethyl cellulose Carboxylic groups [57]
Chitosan Primary amine groups [58]
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2.2.1 Alginate

Alginate, also named as algin or alginic acid, is an anionic polysaccharide extracted from
the cell wall of brown algae. It is also produced by two bacterial genera Pseudomonas and
Azotobacter, which played a major role in the unraveling of its biosynthesis pathway.[59]
Alginate is a copolymer composed of poly-p-1,4-Dmannuronic acid (M units) and a-1,4-L-
glucuronic acid (G units) in varying proportions as shown in Figure 2.4, and it is renewable,
water soluble, odorless, non-toxic and biodegradable.[60] Alginic acid has been widely used as
an additive in food products. In addition, it has been applied in biotechnology as support of
enzyme- and cell-based biocatalysts as well as bioreactors. Alginate hydrogels have also been
studied in wound healing applications, artificial organs, and drug delivery system due to its

biocompatible, biodegradable, and non-toxic properties.[61]

Figure 2.4 Chemical structure of a repeating unit of alginate.

Alginate aqueous solution can become to a hydrogel form with the presence of divalent
cations (except Mg?*"). So far, Ca?* is the most studied cross-linker due to its non-toxic property

for in vivo application. Alginate hydrogel can show pH-dependent swelling, the pKa of alginate
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is around 3.2, and it shrinks at acidic condition and swells in neutral or base condition. This pH-
responsive behavior is because of to the -COO- groups of the alginate convert to -COOH groups
in acidic solutions, which strengthens the hydrogen bonding interaction among hydrophilic
groups to limit the swelling of alginate hydrogel. However, in the biological condition (pH value
is around 7.4), the hydrogen bonding interaction among hydrophilic groups is broken, and the
electrostatic repulsion among polymer chains is increased, in the end alginate hydrogel show

further swell.[60, 62]

However, the alginate hydrogel formed by Ca®' has a low stability in a solution
containing monovalent ion such as Na* or K*. In this condition, an equilibrium exists between
the (Alg- Ca?")gel and (Alg-Na*)soiution Will lead to the redissolution of alginate hydrogel.[63] One
method to overcome this issue is to coat the alginate hydrogel with a cationic polymer, such as
poly-L-lysine (PLL) or chitosan.[64] In this case, a polyelectrolyte complex layer is formed on
the surface that stabilizes the alginate hydrogel in biological buffers with Na* or K*. In addition,
the development of sol-gel technology and hybrid material synthesis open a new route to use
inorganic materials to enhance the stability of alginate materials. By combining the flexibility of
silica sol-gel chemistry and the intrinsic chemical and physical properties of alginate, a wide

variety of composites materials have been synthesized and characterized.[61]

Alginate and silica are both negatively charged at neutral pH condition, so they can be
mixed in solution with no phase separation. There are mainly three methods of synthesizing
silica-alginate composite materials. (1) Hybrid materials by the formation of alginate gel coated
with silica source; (2) Interpenetrated polymer networks (IPN) structure materials by the gelation

of a mixture of alginate and silica source simultaneously; and (3) Composite hydrogel by adding
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silica particles into alginate solution then gelation by introducing Ca?*. The resulting composite

materials can be beads, bulk gels, films or fibers.

The composite approach

Fukushima et al. proposed the first example of silica-alginate composite materials in
1988.[65] This method was based on the preparation of a mixture of alginate and colloidal silica
solution following by dropping into a calcium chloride solution to form alginate-silica composite
beads. SEM characterizations revealed that colloidal silica particles were homogeneously
dispersed inside the alginate hydrogel. This method was later extended to the use of silica

nanotubes as well as mesoporous silica nanoparticles.[66, 67]

The hybrid approach

Heichal-Segal et al.[68] studied a hybrid approach for the silica-alginate composite
materials. In this method, alginate beads were first prepared and then immersed in a solution of
TMOS in hexane. TMOS hydrolysis occurred at the interface between the organic solvent and
the hydration water surface of alginate beads. These hydrolysis products diffused into the
alginate hydrogel with a certain extent. The condensation reactions that occurred at the same
time led to increasingly larger silica oligomers and particles. In the end, most of the silica was

coated on outer surface of the alginate beads, and some of the silica was stayed inside the beads.

The IPN approach

Interpenetrated polymer networks (IPN) approach is based on the gelation of a mixture of

the alginate solution and silica sol-gel precursor. This method can be used to overcome the
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limitation that silica polymerization mainly occurs on the surface of alginate material. Kawakami
et al.[69] first used this method to make silica-alginate composites. In this study, TMOS, as the
sol-gel precursor, was first hydrolyzed under acidic condition and then mixed with alginate
solution. In the following step, calcium chloride solution was added to the mixed solution to
form a composite hydrogel. However, there was phase separation between silica and alginate
under the SEM characterization. Another formation method without adding the calcium chloride
solution was studied using THEOS, a water-soluble silicon alkoxide, as silica sol-gel precursor.

In this method, there was no phase separation in the silica-alginate composites materials.[29]

Alginate is widely used for controlled drug release application due to is pH-responsive
ability. For example, Ya-Ni Dai et al.[70] investigated the swelling behavior and in vitro release
of nifedipine from alginate-chitosan hydrogel beads. Alginate-chitosan mixed beads and
alginate-chitosan coated beads were prepared by ionic gelation method. The swelling ability of
these beads and in vitro release of nifedipine were dependent on the pH as well as the presence
of the polyelectrolyte complex between chitosan and alginate. The results suggested that the
coated beads could hold drugs better at low pH than the mixed beads. Therefore, the alginate-
chitosan coated beads could be a suitable polymeric carrier for drug delivery in the intestinal
tract. A.M Rabasco et al. prepared alginate-chitosan particles by ionic gelation to test the release
of sodium diclofenac. pH-responsive release profiles were observed with limited release of
sodium diclofenac at acidic pH, while the release was complete in a few minutes when pH is
raised up to 6.4 and 7.2. The ratio of alginate and chitosan and the gelation condition of the

particles also controlled the release rate.[71]
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However, organic delivery systems suffer from limitations, such as poor thermal and
chemical stability, and rapid elimination by the immune system. Therefore, the combination of
silica and alginate will open a new door for the control release application. For example, Siling
Wang et al. used alginate coated mesoporous silica nanoparticles as drug carriers for
indomethacin, a poorly water-soluble drug. The results showed that sustained release of

indomethacin due to the blockage effect from the coated alginate.[72]
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2.2.2 Poly (methacrylic acid)

Poly (methacrylic acid) (PMAA) is an ionizable hydrophilic polymer made from
methacrylic acid. It is often used as its sodium salt, as shown in Figure 2.5 (B). PMAA is one of
the most commonly studied pH-responsive ionic polymers. Other well studied polymers include
poly(acrylamide) (PAAm), poly(acrylic acid) (PAA), poly(diethylaminoethyl methacrylate)

(PDEAEMA), and poly(dimethylaminoethyl methacrylate) (PDMAEMA).[73]

Figure 2.5 Chemical structure of (A) poly (methacrylic acid) and (B) poly (methacrylic acid)
sodium salt.

PMAA has shown promising application in cosmetics,[74] pharmaceutics,[75] drug
testing,[76] and biomedical technology,[77] due to its pH-induced conformational transition.
This conformational response to pH has been studied by different methods such as
viscosimetry,[78] Raman spectroscopy,[79] small angle X-ray scattering,[80] potentiometric
titration,[81] analytical ultracentrifugation,[82] fluorescence spectroscopy,[83] and dynamic light
scattering.[84] The results from these different techniques have shown that PMAA undergoes a

hypercoiling transition and collapses into a tight globule at pH < 4, because of the hydrophobic
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interaction of the methyl groups and the hydrogen bonding between carboxylic acid groups. At
pH 6, PMAA chain stretches to an open structure due to electrostatic repulsion between

carboxylate groups.[82, 84, 85]

Cross-linked PMAA hydrogel exhibits a great pH-dependent swelling behavior due to the
ionization/deionization transition of carboxylic acid groups as shown in Figure 2.6. At low pH,
usually lower than 5.5 (the pKa of PMAA) the carboxyl groups accept protons to an uncharged
state, hydrophobic interaction of the methyl groups and hydrogen bonding between carboxylic
acid groups keep hydrogel with compact structure. However, at high pH, carboxyl groups lose
protons to an ionized state, electrostatic repulsion between the charged carboxylate groups leads

to the further swelling of PMAA hydrogel.[86, 87]

-COOH
OH-

H+

pH<5.5

Figure 2.6 Illustration of pH-dependent swelling of PMAA hydrogel.
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PMAA based materials have been widely studied in pH-responsive controlled drug
delivery application due to the physiological pH variations in the body. For example, this system
can be designed to target delivery drug molecules to gastrointestinal tract as the inside pH
variation, and to tumor tissues as most solid tumors with a measured tumor extracellular pH
value range from 6.5 to 7.2, which is lower than the normal tissues.[88, 89] Most of the PMAA
based pH-responsive drug delivery vehicles have been developed by PMAA copolymer system

or PMAA:-silica hybrid system.

PMAA copolymer system

Xu group synthesized pH-response PMAA-b-PEG-b-PMAA triblock copolymers, which
can self-assemble into spherical nanolevel micelles with an average size range from 18 to 89 nm.
The results showed a 67.75 % encapsulation efficiency of prednisone in the micellar core and
implied a control drug release behavior for the small intestine of various hydrophobic drugs.[90]
Peppas group made pH- and temperature-sensitive PMAA/PNIPAAM interpenetrating polymer
networks by a sequential UV polymerization method. These hydrogels were shown to exhibit
relatively independent swelling transition at a temperature range of 31-32 °C, the LCST of the
PNIPAAmM network, and a pH value of approximately 5.5, the pKa of PMAA. Both pH and
temperature showed great influence on the model drug permeability. A hypothesis mechanism
had been proposed to explain the phenomena that the model drug has the highest permeability at
the physiological state of 37 °C and pH 7.4, which was desirable in the membrane and drug

delivery applications.[87]
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PMAA-silica hybrid system

Liu group developed PMAA-grafted hollow silica vesicles by grafting PMAA brushes on
the surface via atom-transfer radical polymerization. This PMAA surface brushes had a lower
ionization degree and a low solubility in pH 3.4, but a higher ionization degree and solubility
when the pH was higher than 7. This provided a pH-triggered release property renders PMAA-g-
hollow silica vesicles, in which either calcein blue or FITC-labelled dextran could be
encapsulated in the interiors of PMAA-g-hollow silica vesicles, and were released at pH 7.4.[91]
Sun group developed a “smart” mesoporous silica-PMAA hybrid nanoparticles drug delivery
system by coating PMAA onto amino-modified mesoporous silica nanoparticle surface.
Ibuprofen was used as a model drug to evaluate the performance of this system. The results
showed drug release from drug loaded silica-PMAA nanoparticles was pH-dependent with an

increasing tendency with the increase of pH value.[92]
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2.3 Silica-based composite nanoparticles prepared by microemulsion

Microemulsion is a system comprising a mixture of water, oil, and amphiphile
compounds, which is a macroscopically homogeneous, optically isotropic, and
thermodynamically stable liquid solution.[93] There are two types of microemulsion, dispersed
and bicontinuous. Dispersed microemulsion is further subdivided into water-in-oil (W/O) and
oil-in-water (O/W) structures. In W/O microemulsion, a low volume fraction of water results in
water droplets dispersed in continuous oil phase; while O/W microemulsion, with a low volume
fraction of oil, formed when oil droplets are dispersed in continuous aqueous phase. In system
where the amounts of water and oil are similar, a bicontinuous microemulsion may form. In all
those types of microemulsion, the interface is stabilized by an appropriate combination of

surfactant and sometimes cosurfactant.[94]

Microemulsion has numerous advantages compared to the conventional emulsion. The
key differences are shown in Table 2.4.[94] Microemulsion droplets can serve as nanoreactors
for the preparation of nanoparticles with different particle properties such as particle size,
geometry, morphology, and homogeneity.[96] Therefore, it is suitable to assist the silica sol-gel

technique to encapsulate other materials for making silica-based composites nanoparticles.
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Table 2.4 Comparison of microemulsion with conventional emulsion

Property Microemulsion Emulsion
Appearance Transparent (or translucent) Cloudy
Optical Isotropy Isotropic Anisotropic
Interfacial tension Ultra-low High
Microstructure Dynamic (interface is continuously Static
and spontaneously fluctuating)
Droplet size 20-200 nm >500 nm
Stability Thermodynamically stable, long Thermodynamically unstable
shelf-life (kinetically stable), will eventually
phase separate
Phase Monophasic Biphasic

Preparation

Facile preparation, relatively lower
cost for commercial production

Require a large input of energy,
higher cost
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2.3.1 Microemulsion formation

There have been several theories to explain the formation of microemulsion. Here lists

the interfacial or mixed film theory and thermodynamic theory as examples.

Mixed film theory

In 1955, Bowcott and Schulman[97] considered that there was an interfacial film in
equilibrium with both the oil and water phases in microemulsion, and this third phase had its

own spreading pressure (). The total droplet interfacial tension y, for microemulsion might be:

Yr =Yow — T

where y,y is the water and oil interfacial tension in the presence of a surfactant. According to
this equation, when m is equal or greater than yy, , yr becomes zero or negative. This results in

a spontaneous increase in the interfacial area that leads to the formation of microemulsion. [98]

When a cosurfactant presents in the microemulsion system, Prince modified the above

equation to:[99]

Yr = (VO/W)a -7

where (yo,w)q is the water and oil interfacial tension in the presence of a cosurfactant, this

cosurfactant can further reduce the interfacial tension. This leads to a more favorable situation of
7 value equal or greater than the water and oil interfacial tension. In the end, y; tends to be zero

or negative favoring formation of thermodynamically stable microemulsion.[100]
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Thermodynamic theory

The immiscibility of water and oil is due to the high interface tension, which
thermodynamically can be described as y = (6G/8A) at constant pressure and temperature.
Since y is always positive, so the Gibbs free energy change is also positive, therefore water and
oil could not be mixed homogeneously. The addition of surfactant and cosurfactant can change
the surface tension of the interface of oil and water to a very low value to make the free energy

change negative. The free energy of microemulsion formation can be considered as below,[101]

AGy = AH + yAA —TAS

where AGy is the Gibbs free energy change, AH is the enthalpy change, y is the surface tension of
the oil and water interface, AA is the change in interfacial area, AS is the change in entropy of the
system which is effectively the dispersion entropy, and T is the temperature. The enthalpy
change is negligible when immiscible oil and water are mixed. The change in AA is very large
due to the formation of numerous small droplets. For the change in entropy, one is the very large
dispersion entropy arising from the mixing of one phase in the other in the formation of small
droplets, the other one is arising from other dynamic processes such as surfactant diffusion into
the interfacial layer and monomer-micelle surfactant exchange. Thus, a negative free energy of
formation can be achieved when a large reduction in surface tension is achieved by adding
surfactant and cosurfactant. In such cases, microemulsion is spontaneous and thermodynamically

stable.
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2.3.2 Synthesis of silica-based nanoparticle in miceormulsion

Water-in-oil microemulsion is a colloidal nanodispersion of water droplets in oil phase
stabilized by surfactant and cosurfactant. These thermodynamically stable dispersions not only
can be considered as nanoreactors, which can be used for nanoparticle formation, but also as
steric barriers to prevent the aggregation of nanoparticles. For the synthesis of nanomaterials, the
reaction occurs in the water drop pool as shown in Figure 2.7. The radius of the droplet is
depended on the mole ratio of water and surfactant ([H2O]/[surfactant]). At a constant surfactant

amount, increases water amount leads to larger droplets.[102]

Surfactant
Free water

Bounded water

Cosurfactant

W/O Interface

Figure 2.7 Schematic representation of a water droplet form a four-component water-in-oil
microemulsion system.
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Water-in-oil microemuslion has been used to make silica nanoparticles from various
silica sol-gel processors. Several factors can affect the particle size and size distribution, such as
the type of surfactant molecules, the concentrations of precursors and catalysts, the water to
surfactant molar ratio, cosurfactant to surfactant molar ratio, even the different types of organic
solvent. [103] [104] Water-in-oil microemulsion method has also been used to make silica-based
nanocomposites particles. In 1994, Chang et al.[105] made silica-CdS nanocomposites with
different structures in reverse microemulsions by controlling the hydrolysis of TEOS and the
coprecipitation of CdS. Since then more and more studies have been focused on preparation and
application of silica-based nanocomposites by water-in-oil microemulsions. Such as silica
magnetic nanocomposites,[106] CdTe@SiO2 core-shell structured spheres,[107] dye doped
silica particles.[108] And those particles can be used as catalysts or biomedical imaging and
theranostic applications. However, little studies showed the silica-based nanocomposites
particles using for the controlled drug delivery area, especially for the silica-polymer

nanocomposites.
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2.4 Contact lenses for ophthalmic drug delivery

Effective treatment for eye diseases like glaucoma, cataract, age-related macular
degeneration has been a major challenge due to the unique anatomy and physiology of the eye.
Eye drops treatment accounts for 90% of all ophthalmic formulations, however, there are several
limitations for this treatment method. First, it is extremely inefficient. Almost 95% of the eye
drops administered mix with tears flows away from the target tissue and drain into the nasal
cavity, then flow through the blood stream to other organs, in the end cause undesirable side
effects. In addition, dosage through eye drops is inconsistent and usually needs high frequency of
administration, which leads to a lower patient compliance. Moreover, most of the drugs are
released in an initial burst of concentration and have a short residence time of about 2 min in the
tear film.[109] Current ophthalmic drug delivery methods are even more inconvenient for
animals such as cats, dogs, bovines and horses. To overcome these problems, researchers have
been studying the application of controlled release devices, such as conjunctival inserts, puncta
plugs, subconjunctival devices and contact lenses. Among all of these devices, contact lenses are
ideally suited for delivering drugs to the cornea due to the location of the contact lens in the

eye.[110]
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2.4.1 Contact lenses interactions with tear film

Tear film has a highly specialized structure, which covers the anterior conjunctiva and the
cornea. The total tear volume is around 7 upL, with a thickness about 6 to 10 um. The
composition of tear film is usually described as a three-layer film as shown in Figure 2.8. Tear
film plays a number of roles to maintain the health and function of the eye.[111] The lipid layer
is mainly composed of cholesterol esters and ester waxes, this layer can decrease the surface
tension of air to tear film interface, reduce water evaporation, and stabilize the tear film against
rupture. The aqueous layer contains water, electrolytes, and proteins, such as antibodies,
lipocalin, lactoferrin, lysozyme, and lacritin. This layer has the functions with bacteriostasis,
debris flushing, and maintenance of epithelial hydration. The mucin of the mucus layer comes
from the conjunctival goblet cells or glands of moll and krasse. This layer provides the

hydrophilic of the epithelial surface for aqueous to wet.

Aqueous layer
2.5-5.0 um

\

Cornea Air

Mucus layer Lipid layer
T 0.2-0.5 pm 2.5-5.0 um

Figure 2.8 The classical three-layer viewpoint for the pre-corneal tear film with typical
thicknesses.
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When contact lens is placed on the eye, it causes several changes to tear film due to the
interaction between the contact lens and tear film. This complex and dynamic interaction
influences several aspects of ocular physiology as well as patient safety, vision, and comfort.
Contact lens first divides the tear film into two layers: a pre-lens tear film and a post-lens tear
film as shown in Figure 2.9. The pre-lens tear film is more associated with wearing comfort
while the post-lens tear film more with lens fit and movement. Moreover, the pre-lens tear film
also needs to act like the pre-corneal film, in order to protect the lens surface from drying and

deposition.[112]

Pre-lens tear film (10 um)

Post-lens tear \,.,/f Epithelium

S

film (11 pm) ¢ = ; CERT)

Cell layem ———<2°7 we Faid : i, Membrane
y.- A ¢ 3 ..-‘ ° , .-.':.' Pl i . \“(16 pm)

BN

Endothelium

Figure 2.9 The central cornea with a PureVision lens after instillation of artificial tears.
Reproduced with permission from [113]
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Contact lens wearing can also change the tear production. There is higher rate of reflex
tearing during the wear of rigid gas permeable lenses compared to soft lenses. However, due to
technological limitations, no consistent research has confirmed the alteration of the tear
production during contact lens wear. Further study and more test methods are needed for a better
understanding of tear production changing by wearing contact lenses.[114] Tear pH is another
key physiochemical property may be changed by contact lens wearing. A variety of tear pH
values (5.2-8.6) are listed in the literature with an average value of 7.7. [115, 116]. It has been
observed that the tear pH showed very little changes during continuous contact lens wear,

possibly due to the buffering capability of the tear film.[117, 118]

Furthermore, the contact lenses can cause two types of alteration for the biochemical and
biophysical properties of tear film. First, the lens can reduce or remove some specific
components in the tear film, and the lens can also stimulate the influx of new components or
increase the concentration of existing components. For example, the lipid components are most
likely to immobilize on the lens surface, which results in the increasing autoxidative degradation
of the lipid. This lipid oxidation phenomenon is the main reason for the discomfort of the
symptomatic contact lens patients. In addition, the lens leads to complexity influence on tear
proteins. First, lower molecular weight proteins show strong absorption with the lens matrix. At
the same time, the lens can stimulate cascade or upregulation processes, which can result in
either increasing the concentration of existing components or generating additional proteins and

peptides.[119]
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2.4.2 Contact lenses as drug delivery vehicles

Contact lenses have some unique advantages over other devices for delivering drugs to
the cornea due to its location in the tear film. Drug released from the posterior surface of the
contact lens is trapped in post-lens tear film between the cornea and the lens, which leads to an
extended period longer than 30 min, compared with 2-5 min from the eye drops treatment.[120]
This enhanced residence time leads to significant increase in the bioavailability due to more drug

uptake by the cornea, which reduces the toxic side effects by eye drop overdosing.[110]

The focus on using contact lenses for drug delivery has increased considerably in the last
decade. It was, however, a few decades ago when contact lenses were first tried for delivering
drugs, primarily to glaucoma treatment. Some of the studies focused on soaking hydrophilic
lenses in commercial drug solution followed by insertion into the eye.[121, 122] However, it is
not a viable option to modify the parameters of drug-soaked commercial contact lenses to control
release drugs. In recent years, several methods have been proposed to increase the drug loading
capacity and extend the release kinetics of soft contact lenses. For example, molecular imprinting
technique is widely used to increase the interaction with the polymer network to increase drug
loading capacity and delay the release.[123-126] However, all of the imprinting studies focused
on hydrophilic hydrogel based contact lenses, which are not suitable for extended wear due to
limited oxygen permeability. Vitamin E can also be used as a diffusion barrier to extend the drug
release from contact. This vitamin E barrier can force drug molecules to diffuse through a long
tortuous path.[109] However, although this method increases the drug release durations from

contact lenses, it could not stop the drug release during packing and storage.
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Contact lens incorporated with drug loaded nanoparticle is another strategy for ocular
drug release. In this method, the drug release process will be determined by the diffusion from
nanoparticles and then from the contact lens. The ability to modify of these particles allows
greater control over the release kinetics and possibly targeting of the ideal rate for a particular
application. For example, Chauhan et al.[127] incorporated highly cross-linked nanoparticles
containing covalently bonded timolol maleate into a hydrogel contact lens; the ester linkage was
hydrolyzed at a faster rate at physiological temperature with the timolol release occurring up to 4
weeks. Hydrolysis still occurred at ambient storage conditions at a slow rate and this
methodology may not be applicable to other types of therapeutics. Dean Ho et al.[128]
incorporated nanogels into a hydrogel contact lens. These nanogels were composed of
nanodiamonds with an enzyme-cleavable chitosan and timolol maleate. Lysozyme in the ocular
tear fluid triggered slow release of timolol maleate over 24 hours. However, the optical
transmission of the contact lens decreased from 93.7 % to 84.5 % with 0.2 wt% of nanogels
embedded in the lens. Therefore, the ideal condition is that the contact lens can protect the drug
activity through the processing conditions including autoclaving and shelf storage, and only
release the drug in tear film condition. In addition to this controlled release ability, the other
challenge is the drug eluting contact lens can still maintain good critical lens properties such as

water content, ion and oxygen permeability, modulus, transparency.
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2.5 Mathematical modeling of drug release

The mathematical modeling of drug transport in controlled delivery systems can be
highly useful. It predicts drug release kinetics through the design parameters, such as geometry,
dimensions and dosage preparation procedure.[129-131] In addition, it provides a deeper insight
into the mass transport mechanisms that are involved in the control of drug release process.[132-
135] One or more of the following mass transport processes could be involved in the control of
drug release.[136-140] For example, the surface wetting process by water; the penetration of
water into the system; drug dissolution; drug diffusion out of dosage form; pore changing due to
polymer swelling; hydrostatic pressure created within the system; polymer matrix erosion;
change in device geometry due to shear forces and other processes. In general, the mathematical
analysis of drug release can be simplified according to the slowest mass transport rate-limiting
mechanism.[141]  Diffusion, swelling, and erosion are the most important rate-limiting

mechanisms of controlled release systems.[142]

A number of models have been studied, including empirical/semi-empirical models as
well as mechanistic realistic ones. Empirical models are easy to use to help explain the mass
transport mechanisms. Mechanistic models can determine system-specific parameters for a better

understanding of the release mechanisms.
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2.5.1 Empirical/semi-empirical mathematical models
Higuchi equation

The most famous used mathematical Higuchi equation was proposed in 1961 to describe
drug release from a thin ointment film into the skin.[143] The assumptions for Higuchi equation
include: (1) initial drug concentration in the system is much higher than the drug solubility; (2) it
is a one-dimension diffusion process and edge effect must be negligible; (3) drug particle size is
much smaller than the system thickness; (4) negligible swelling or dissolution of the system; (5)
constant drug diffusivity; (5) perfect sink conditions, drug concentration can be considered to be

negligible outside the carrier.[144]
The basic equation for Higuchi model is:

M,
il \/D(Zco — Cg)Cst

where M, is the cumulative amount of drug released in time t, A is the surface area of the release
vehicle, D is the drug diffusivity in the matrix carrier, ¢, is the initial drug concentration, and c;
is the solubility of drug in the matrix media. However, the most common used Higuchi equation

is the simplify model:

where M., is the cumulative amount of drug released at infinite time, and k is Higuchi

dissolution constant.
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Peppas equation

Peppas equation, also called Korsmeyer-Peppas equation, Ritger-Peppase equation, or
power law, is another easy-to-apply model to describe drug release process.[145]

M 1

oo

where M, is the cumulative amount of drug released in time t, M, is the cumulative amount of
drug released at infinite time, k is a constant related to device structure and geometry, and n is
the release exponent to characterize the release mechanism as shown in Table 2.5. Fickian
diffusion is the drug diffusion due to a chemical potential gradient. Whereas, non-Fickian Case-

Il transport associates with the polymer swelling and the drug release is zero-order. Anomalous

transport is between these two extreme cases. In general, Peppas equation is valid for ;‘:—t < 0.6.

oo}

For the sphere system, the release exponent n depends on the width of the particle distribution.

Table 2.5 Release mechanisms based on release exponent n

Release exponent n _
Drug release mechanism

Thin film Cylinder Sphere

0.5 0.45 0.43 Fickian diffusion
0.5<n<1.0 0.45 <n <0.89 043 <n<0.85 Anomalous transport
1.0 0.89 0.85 Case-11 transport
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Peppas-Sahlin equation

This equation developed by Peppas and Sahlin by decoupling Fickian diffusion and Case-

Il transport as below:[146]

ﬂzk t™ + k., t?™m
M 1 2

(0]

where M, is the cumulative amount of drug released in time t, M, is the cumulative amount of
drug released at infinite time, k,t™ is Fickian diffusion contribution (F). k,t?™ is Case-II
relaxational contribution (R), and m is the purely Fickian diffusion exponent for any geometrical
shape device which exhibits controlled release. The ratios of both contributions can be expressed

as:

R kpt™
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2.5.2 Mechanistic realistic models for diffusion controlled system

For diffusion controlled system, Fick’s second law of diffusion can be used to quantify

diffusional mass transport as given below:[141]

oc _ (9% o ok
ot \ox%z  0y? 0z2

where C is the drug concentration, D is the diffusion coefficient, and t is ti me. The initial and
boundary conditions are based on the drug delivery system and release conditions. In general, the
following assumptions are considered for simplifying mathematical modeling: (1) diffusion is
the rate-limiting step; (2) diffusion coefficient of drug is constant; (3) perfect sink condition is
maintained; (4) mass transfer resistance at the surface is negligible; (5) No significantly swelling
and degradation of the release device. Table 2.6 lists different types of systems including:
reservoir systems with a drug release rate controlling barrier membrane; the monolithic system
with drug molecules are homogeneously distributed inside the system. In addition, the initial
drug concentration (c;,,;), drug solubility (c,) and geometry of the drug delivery system all play

important roles as shown in Table 2.6.
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Table 2.6 Diffusion mathematical models for drug release

Diffusion system

Expression[141]

ADKt

Stab: e _ 4
a ML exp( VL )
Non-
constant i M, L 3R\DKt
activity phere: 3, =1~ P gap 72
sources
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Chapter 3 Rhodamine B in vitro release study of silica-alginate composite

materials

Rhodamine B, a fluorescent dye, was used as a model drug to test the pH-responsive
release ability of silica-alginate composite materials. Due to its easy detection method,
rhodamine B has been widely used as a model drug for in vitro release studies of different
materials.[147-151] In this chapter, the goal was to evaluate the potential of silica-alginate
composite materials to modulate drug release profiles as a function of pH. Different types of
silica-alginate composite materials were studied for the in vitro release of rhodamine B in
different pH solutions. First alginate beads were used as rhodamine B delivery vehicles, and then
silica nanoparticle incorporated alginate beads were also studied as a comparison for the release
performance. Next, silica-alginate monolithic gels were used for the in vitro release of

rhodamine B, and pure silica monolithic gels were used as a control.
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3.1 Materials and methods

3.1.1 Materials

Rhodamine B, calcium chloride, sodium phosphate monobasic monohydrate, sodium
phosphate dibasic heptahydrate and Triton X-100 were purchased from AMRESCO; sodium
alginate and tetramethyl orthosilicate were purchased from Acros, isopropyl alcohol (70 %),
cyclohexane, aqueous ammonia solution (29 wt%) and hydrochloric acid (37 %) were purchased
from BDH Chemicals; tetraethyl orthosilicate was purchased from Sigma Aldrich; sodium
alginate (very low viscosity) and n-hexanol were purchased from Alfa Aesar. All chemicals were
used without further purification. Deionized water used throughout the experiments was purified

with an ELGA PURELAB Flex water purification system.

3.1.2 Preparation of phosphate buffer

Phosphate buffer (pH 2.5, 10 mM) was prepared by dissolving 1.380 g sodium phosphate
monobasic monohydrate to 1000 mL deionized water. Then adjusted the pH to 2.5 by

hydrochloric acid (1 M).

Phosphate buffer (pH 7.5, 10 mM) was prepared by dissolving 0.227 g sodium phosphate
monobasic monohydrate and 2.238 g sodium phosphate dibasic heptahydrate to 1000 mL

deionized water.

3.1.3 Preparation of rhodamine B loaded alginate beads

Rhodamine B (0.1 %w/v) was dissolved in aqueous solutions of sodium alginate (very

low viscosity, 5 %w/v). This solution was added dropwise to a calcium chloride solution (5
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%w/v) under magnetic stirring for 15 min to form spherical beads. The wet rhodamine B loaded
alginate beads were washed with deionized water to remove unreacted calcium chloride and

dried at ambient condition overnight.

3.1.4 Rhodamine B in vitro release study from alginate beads

All groups of beads were placed into 1 mL phosphate buffer (pH 2.5, 10 mM) for the first
1 hour. During this period, 1 mL buffer was withdrawn every 10 min and replaced with 1 mL
fresh phosphate buffer (pH 2.5, 10 mM). After 1 hour, half of the beads were exchanged into
phosphate buffer (pH 7.5, 10 mM), whereas the other half were kept in phosphate buffer (pH 2.5,
10 mM), at predetermined time intervals, 1 mL buffer was withdrawn and replaced with 1 mL
fresh phosphate buffer with the same pH. The concentrations of rhodamine B in all release
mediums were detected by UV-Vis spectrophotometry at a wavelength of 553 nm (SpectraMax
i3, Molecular Devices, Sunnyvale, CA). The cumulative released percentage of rhodamine B was

calculated from the calibration curve. All samples were analyzed in triplicate.

3.1.5 Preparation of silica nanoparticles

Silica nanoparticles were prepared in water-in-oil microemulsion system. Initially, 12 mL
n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 4mL deionized water. After
5 min, 10 mL Triton X-100 was added dropwise until the mixed solution became optically
transparent. After 10 min of vigorous stirring, 500 pL agueous ammonia solution (29 wt%) was
added, followed by adding 1 mL TEOS. The reaction was allowed to stir for 24 hours at room
temperature. 100 mL acetone was added to break the stability of microemulsion and the

nanoparticles were recovered by centrifuge (4500 rpm, 10 min). In the end, nanoparticles were
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washed three times with isopropyl alcohol and deionized water to remove the excess surfactant

and cosurfactant.

3.1.6 Preparation of silica nanoparticles incorporated alginate beads

Rhodamine B (0.1 %w/v) was dissolved in 2 mL aqueous solutions of sodium alginate
(very low viscosity, 5% w/v), then 174 mg wet silica nanoparticles were added and sonicated to
get a good nanoparticle dispersion. This solution was added dropwise to a calcium chloride
solution (5% wi/v) under magnetic stirring for 15 min to form spherical beads. The wet
rhodamine B loaded beads were washed with deionized water to remove unreacted calcium

chloride and dried at ambient condition overnight.

3.1.7 Rhodamine B in vitro release study from silica nanoparticles incorporated alginate beads

All groups of beads were placed into 1 mL phosphate buffer (pH 2.5, 10 mM) for the first
1 hour. During this period, 1 mL buffer was withdrawn every 10 min and replaced with 1 mL
fresh phosphate buffer (pH 2.5, 10 mM). After 1 hour, half of the beads were exchanged into
phosphate buffer (pH 7.5, 10 mM), whereas the other half were kept in phosphate buffer (pH 2.5,
10 mM), at predetermined time intervals, 1 mL buffer was withdrawn and replaced with 1 mL
fresh phosphate buffer with the same pH. The concentrations of rhodamine B in all release
mediums were detected by UV-Vis spectrophotometry at a wavelength of 553 nm (SpectraMax
i3, Molecular Devices, Sunnyvale, CA). The cumulative released percentage of rhodamine B was

calculated from the calibration curve. All samples were analyzed in triplicate.
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3.1.8 Preparation of silica-based monolithic gels

Rhodamine B loaded silica-alginate monolithic gels were prepared as follows, mixed 200
ML phosphate buffer (pH 2.5, 10 mM) with 1 mL TMOS solution for 2 min to form hydrolyzed
TMOS solution. Rhodamine B (0.05 %w/v) was dissolved in aqueous solutions of sodium
alginate (very low viscosity, 2.5 %w/v). Added 200 pL hydrolyzed TMOS solution into 1 mL
rhodamine B alginate solution. Placed on a vortex mixer for 10 s. Transferred 150 pL of this
mixed solution into the wells of a 96 well plate. Allowed the gels to be aged and air dried under
room temperature. Rhodamine B loaded silica monolithic gels were also prepared, as controls for
the release study, by mixing rhodamine B (0.5 %w/v) in deionized water with hydrolyzed TMOS

solution, and followed the same procedure.

3.1.9 Rhodamine B in vitro release study from silica-based monolithic gels

In vitro release study of rhodamine B for each silica-alginate monolithic gel or silica
monolithic gel was performed in 1 mL phosphate buffer (10 mM) with different pH values (pH
2.5 or pH 7.5) under room temperature. At predetermined time intervals, 0.5 mL phosphate
buffer was withdrawn and replaced with 0.5 mL fresh phosphate buffer with the same pH. The
concentrations of rhodamine B in all release mediums were detected by UV-Vis
spectrophotometry at a wavelength of 553 nm (SpectraMax i3, Molecular Devices, Sunnyvale,
CA). The cumulative released percentage of rhodamine B was determined from the calibration

curve. All samples were analyzed in triplicate.
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3.2 Results and discussions
3.2.1 Rhodamine B in vitro release study from alginate beads

Rhodamine B was encapsulated into the alginate hydrogel beads once rhodamine B
alginate solution was dropped into the calcium chloride solution as shown in Figure 3.1. The
formation of alginate beads is mainly due to the cross-link between guluronate monomers in
alginate molecules with divalent calcium cations.[152] These divalent calcium cations fit into
electronegative cavities like eggs in a box to from this ‘‘Egg Box’’ structure as shown in Figure

3.1.
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Figure 3.1 Illustration of the formation of rhodmine B loaded alginate beads in a calcium
chloride solution and the ‘“Egg Box’’ crosslinking structure of alginate beads.
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Figure 3.2 shows the release profiles of rhodamine B from alginate beads. For the first 60
min, all beads were in pH 2.5 phosphate buffer to strength the structure, otherwise, alginate
beads started to erosion if added directed into pH 7.5 phosphate buffer.[152] During this time,
the release profiles were similar for both sets of beads with a range around 20 % cumulative
released as shown in Figure 3.2 (A). Then, one set of beads was changed to pH 7.5 phosphate
buffer; the other set of beads stayed in pH 2.5 phosphate buffer. As shown in Figure 3.2 (A), for
the next hour, the beads in pH 7.5 phosphate buffer had a cumulative release percent increased to
41 %. However, the beads in pH 2.5 phosphate buffer only had a cumulative release percent

increased to 33 %.

For the overall release profile for 48 hours as shown in Figure 3.2 (B), the beads in pH
7.5 phosphate buffer showed a rapid 90 % cumulative release in the first 8 hours and reached to
96 % at 48 hours. However, the beads in pH 2.5 phosphate buffer only had a 52 % cumulative
release in the first 8 hours, and eventually reached to 76 % at 48 hours. This result showed the
pH-responsive capability of alginate beads for rhodamine B. However, the cumulative release
percent in pH 2.5 phosphate buffer got closer to the one in pH 7.5 phosphate buffer in the end.
This is not the ideal situation for our target, which is limit the drug release at low pH. Therefore,

the combination of silica and alginate might be a better solution.

The pH-dependent release could be due to the pH-responsive swelling ability of alginate
beads or the pH-responsive interaction change between rhodamine B and alginate. Alginate
hydrogel beads showed pH-responsive swelling capability as shown in Figure 3.3. The beads in
pH 2.5 phosphate buffer showed almost no swelling from 3 hours-Figure 3.3 (B) to 8 hours-

Figure 3.3 (D). However, the beads in pH 7.5 phosphate buffer showed significant swelling
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during the same time. The pKa of alginate is about 3.2, this pH-responsive behavior is due to the
-COO" groups of the hydrogel convert to -COOH groups in pH 2.5 phosphate buffer, which
strengthens the hydrogen bonding interaction among hydrophilic groups and increases the
physical crosslinking degree. Thus, the hydrogels show limited swelling capacity. However, in
pH 7.5 phosphate buffer, the -COOH groups of the hydrogel become to -COO" groups, so the
hydrogen bonding interaction among hydrophilic groups is broken, and the electrostatic
repulsion among polymer chains is increased, which results in the hydrogels swell to enhance the
diffusion of rhodamine B.[60, 62] In addition, rhodamine B also has COOH groups and with a
pKa between 3.1-4.2.[153-155] Therefore, rhodamine B can also form hydrogen bonds with
alginate molecules in pH 2.5 phosphate buffer, which would slow down the release. In contrast,
the hydrogen bonds between rhodamine B and alginate would be broken in pH 7.5 phosphate
buffer as they turn into ionic form. In the end, the release rate is faster than the one in pH 2.5

phosphate buffer.
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Figure 3.2 Rhodamine B in vitro release profiles from alginate (5 %w/v) beads in phosphate
buffers with different pH values (pH 2.5 or pH 7.5). (A) Release profiles in first 2 hours. (B)
Release profiles in 48 hours. The pH 7.5 sample was initially started in pH 2.5 buffer for 1 hour
(no deviation observed from other pH 2.5 release profile) before change of buffer to pH 7.5 (at

which point the release deviates from the other sample).
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Figure 3.3 Alginate beads in different condition. (A) Wet beads after gelation. (B) Beads after air

dried overnight. (C) Beads after swelling in phosphate buffers for 3 hours, left vial in pH 2.5 and

right in pH 7.5. (D) Beads after swelling in phosphate buffers for 8 hours, left vial in pH 2.5 and
right in pH 7.5.
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3.2.2 Rhodamine B in vitro release study from silica nanoparticle incorporated alginate beads

Figure 3.4 shows the in vitro release profiles of rhodamine B from silica nanoparticles
incorporated alginate beads. The release condition was same as the one used for the alginate
beads. For the first 60 min, all beads were in pH 2.5 phosphate buffer, and the release profiles
were also similar for both sets of beads with around 8 % released as shown in Figure 3.4 (A).
Then, one set of beads was changed to pH 7.5 phosphate buffer, the other set of beads was stayed
in pH 2.5 phosphate buffer. As shown in Figure 3.4 (A), for the next hour, the beads in pH 7.5
phosphate buffer had a cumulative release percent increased to 23%. However, the beads in pH
2.5 phosphate buffer only had a cumulative release percent increased to 16 %. For the overall
release profile for 48 hours as shown in Figure 3.4 (B), the beads in pH 7.5 phosphate buffer
showed a rapid 81% cumulative relate in the first 8 hours and reached to 93% at 48 hours.
However, the beads in pH 2.5 phosphate buffer only had a 28 % cumulative release in the first 8

hours, and eventually reached to 50% at 48 hours.

This result also showed the pH-responsive capability of alginate beads even with silica
nanoparticles inside. The addition of silica nanoparticles slowed down the release rate at both pH
conditions as shown in Figure 3.5. This is probably due to the silica nanoparticles inside the
alginate beads blocked parts of the pore of the beads, and served as diffusion barriers for
rhodamine B diffusion process. This result showed that the addition of silica nanoparticles not
only can improve the sustained release property of alginate hydrogel beads, but also keep the pH-

responsive ability of the alginate beads.
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Figure 3.4 Rhodamine B in vitro release profiles from silica nanoparticle incorporated alginate
beads in phosphate buffers with different pH values (pH 2.5 or pH 7.5). (A) Release profiles in
first 2 hours. (B) Release profiles in 48 hours.
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Figure 3.5 Comparison of release rate (%/hour) from alginate beads (dash line) and silica
nanoparticle incorporated alginate beads (solid line) in phosphate buffers with different pH
values (pH 2.5 or pH 7.5).
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3.2.3 Rhodamine B in vitro release study from silica-based monolithic gels

This experiment was designed to evaluate the pH-responsive release ability of silica-
alginate monolithic gels. To produce the drug loaded composite monolithic gels, rhodamine B
was first dissolved in alginate solution, and then mixed with pre-hydrolyzed TMOS to form
monolithic gels. In vitro release study was conducted in phosphate buffers (pH 2.5 and pH 7.5) at
room temperature. As shown in Figure 3.6, the release profiles for silica monolithic gels (TMOS
Gel) without alginate were similar at both pH buffers with around 18 % cumulative rhodamine B
released over 25 days. The silica-alginate monolithic gels (TMOS/ALG Gel), however, displayed
a significant difference in release rates with pH variation. In pH 2.5 phosphate buffer, only 2.6 %
loaded rhodamine B was released over 25 days; however, 15.7 % loaded rhodamine B was
released over the same period in pH 7.5 phosphate buffer. This difference in release profiles may
be due to that at pH 2.5, hydrogen bonding among alginate and rhodamine B by protonation of
the carboxylic acid groups slowed the release of rhodamine B, however, as pH increased to 7.5,
the hydrogen bonding interaction between alginate and rhodamine B was broken, which resulted

in a greater release of rhodamine B.
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Figure 3.6 Rhodamine B in vitro release profiles from silica-based monolithic gels in phosphate
buffers with different pH values (pH 2.5 or pH 7.5). Silica monolithic gel (dash line); silica-

alginate monolithic gel (solid line)
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3.3 Conclusions

Alginate beads showed pH-dependent release ability for rhodamine B. The release profile
showed a significantly higher cumulative release percent in the first 8 hours in pH 7.5 phosphate
buffer compared to the one in pH 2.5 phosphate buffer. However, after 48 hours, the gap of the
release percent between two phosphate situations was reduced from 40 % (maximum) to 20 %.
This showed us that although alginate beads had the pH-responsive control release ability, they
cannot prevent most of the rhodamine B release at low pH solution, as still 76% released at 48
hours in pH 2.5 phosphate buffer. However, the addition of silica nanoparticles inside alginate
beads can improve the sustained release of rhodamine B in both pH 2.5 and pH 7.5 phosphate
buffers. In addition, the added silica nanoparticles caused no effect on the pH-responsive control
release ability of alginate beads. Silica-alginate monolithic gels were also tested for the in vitro
release study of rhodamine B. Encouraging result was observed with only 2.6 % loaded
rhodamine B was released over 25 days; whereas, 15.7 % loaded rhodamine B was released over
the same period in pH 7.5 phosphate buffer. This positive result with silica-alginate monolithic
gels was promising for further studies with silica-alginate nanoparticles as pH-responsive drug

carriers.

59



Chapter 4 Silica-alginate nanoparticles preparation by microemulsion

Silica sol-gel encapsulation via water-in-oil microemulsion has been widely studied for
synthesis nano sized silica-based nanocomposites with different structures and
compositions.[156] Silica sol-gel technique is under mild reaction condition for entrapping
organic or biomolecules at ambient temperature through hydrolysis and polycondensation of the
silica sol-gel precursor. In water-in-oil microemulsion system, water droplets, which are
stabilized by surfactant, and sometimes cosurfactant, serve as nanoreactors for nanoparticle
synthesis.[157] In this process, silica sol-gel precursor, typically TEQS, is first added into bulk
oil phase, then diffuses into water droplets as hydrolyzed TEOS molecules. Components inside
the water droplets prior to addition of TEOS can be effectively encapsulated inside the silica
nanoparticles by polycondensation process.[158] The structure and size of the silica-based
particles can be simply controlled by varying microemulsion parameters.[159] Most of the
organic compositions encapsulated into silica nanoparticles via microemulsion method are
fluorescent dye molecules, such as tetramethylrhodamine[108], rhodamine B[160], and
fluorescein isothiocyanate.[161] To our knowledge, no silica-polysaccharide nanocomposites

particles have been synthesis by this method.
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4.1 Materials and methods

4.1.1 Materials

Sodium alginate was purchased from Acros; tetraethyl orthosilicate with 98 % purity was
purchased from Sigma Aldrich; Triton X-100 and rhodamine B were purchased from
AMRESCO; cyclohexane, ethanol, aqueous ammonia solution (29 wt% ammonia), isopropyl
alcohol (70 %), hydrochloric acid (37 %), sulfuric acid was purchased from BDH Chemicals; n-
hexanol, ammonium molybdate, 4-methylaminophenol sulfate, oxalic acid dehydrate were
purchased from Alfa Aesar. All chemicals were used without further purification. Deionized
water used throughout the experiments was purified with an ELGA PURELAB Flex water

purification system.

4.1.2 Stability of alginate in silica sol-gel process

Alginate solution (2 %w/v) was prepared by dissolving 2 g sodium alginate in 100 mL
deionized water. To test the stability of alginate with the presence of ethanol, different volumes
of ethanol were mixed with fixed amount of alginate solutions. After mixing for 24 hours, the
stability of all mixed solutions was checked by the presence of alginate precipitation. Pure

alginate solution was used as a control group.

4.1.3 Synthesis of silica nanoparticles

Silica nanoparticles were prepared in water-in-oil microemulsion system. Typically, 12
mL n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 4mL deionized water.

After 5 min, 10 mL Triton X-100 was added dropwise until the mixed solution became optically
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transparent. After 10 min of vigorous stirring, 500 pL aqueous ammonia solution (29 wt%) was
added, followed by adding 1 mL TEOS. The reaction was allowed to stir for 24 hours at room
temperature. 100 mL acetone was added to break the stability of microemulsion and the
nanoparticles were recovered by centrifuge (4500 rpm, 10 min). In the end, nanoparticles were
washed three times with isopropyl alcohol and deionized water to remove the excess surfactant

and cosurfactant.

4.1.4 Synthesis of silica-alginate nanoparticles

Silica-alginate nanoparticles were prepared in water-in-oil microemulsion system.
Typically, 12 mL n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 4 mL
alginate aqueous solution. After 5 min, 10 mL Triton X-100 was added dropwise until the mixed
solution became optically transparent. After 10 min of vigorous stirring, 500 uL aqueous
ammonia solution (29 wt%) was added, followed by adding 1 mL TEOS. The reaction was
allowed to stir for 24 hours at room temperature. 100 mL acetone was added to break the
stability of microemulsion and the nanoparticles were recovered by centrifuge (4500 rpm, 10
min). In the end, nanoparticles were washed three times with isopropyl alcohol and deionized

water to remove the excess surfactant and cosurfactant.

4.1.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed with a TA-500 thermogravimetric
analyzer (TA). The experiments were carried out in an atmosphere of flowing air (40 mL/min) at

a heating rate of 10 °C/min up to 900 °C with an isothermal condition at 120 °C for 20 mins. The
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samples of silica nanoparticles and silica-alginate nanoparticles were prepared by freeze drying

method for 24 hours.

4.1.6 Silicomolybdic acid assay of silica concentration in aqueous solution

Silica concentrations in composite particles were determined by silicomolybdic acid
assay prepared by a modified literature procedure.[162] The reagents used for this method were
prepared as follows: Acidified ammonium molybdate: dissolved 1 g ammonium molybdate with
100 mL pure water. Then added 3 mL concentrated hydrochloric acid. Metol-sulfite reagent:
dissolved 0.6 g of anhydrous sodium sulfite with 40 mL pure water, and added 1 g 4-
methylaminophenol sulfate. Then added pure water to 50 mL, and filtered through a 0.2 um
filter. Mixed reducing reagent: mixed 10 mL metol-sulfite reagent, 6 mL 10 % oxalic acid, 6 mL
sulfuric acid and 8 mL pure water. In a typical experiment, 0.2 mL of acidified ammonium
molybdate reagent was added into 0.5 mL sample. After 15 min, 0.3 mL of mixed reducing
reagent was added. Developed the sample for 2.5 hours at room temperature before measuring
the absorbance by UV-Vis spectrophotometry at a wavelength of 810 nm (SpectraMax i3,
Molecular Devices, Sunnyvale, CA). Known amount of silica nanoparticle dissolved in sodium
hydroxide (1 M) was used for standard curve. And known amount of silica-alginate nanoparticle

dissolved in sodium hydroxide (1 M) was used sample testing.

4.1.7 Transmission electron microscopy

A Zeiss EM 10 Transmission electron microscopy (TEM) operating at a voltage of 60 kV
was used to determine size of silica-alginate nanoparticles. TEM samples were prepared by

placing a single drop of the silica-based nanoparticle suspension on a carbon type B, 300 mesh
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grid. This grid was then placed in a petri dish and allowed to dry at ambient condition. Size

distributions were obtained using ImageJ software.
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4.2 Results and discussions

4.2.1 Stability of alginate in silica sol-gel process

Ethanol is the byproduct of TEOS hydrolysis during silica sol-gel process. And this
byproduct could cause denaturation of enzymes or unfolding of biomacromolecules.[163]
Therefore, it is important to find out how ethanol affects the stability of alginate in silica sol-gel
process. In this study, four different alginate-ethanol mixed solutions were tested, which are
presented in Figure 4.1. There was no alginate precipitation out of the solution for sample A,
which had 10% v/v ethanol. Moreover, this mixing solution looked the same as control group E,
which was pure alginate solution. All the other three samples (B, C, D) with higher ethanol
volume ratios showed phase separation immediately after mixing. Therefore, this result showed
that alginate had good stability with 10% v/v ethanol. For the all the silica-alginate nanoparticles
synthesized by water-in-oil microemulsion in this study, ethanol produced by TEOS hydrolysis
were smaller than 10% v/v, so there was no need to remove ethanol during the silica sol-gel

encapsulation process.
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Figure 4.1 Photographs of alginate (2 %w/v) solutions mixed with ethanol. Phase separation is

due to the insoluble alginate. (A)10 %v/v ethanol (9 mL alginate solution + 1 mL ethanol); (B)

20 %v/v ethanol (8 mL alginate solution + 2 mL ethanol); (C) 50 %v/v ethanol (5 mL alginate

solution + 5 mL ethanol); (D) 80 %v/v ethanol (2 mL alginate solution + 8 mL ethanol); E (10
mL alginate solution)
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4.2.2 Synthesis of silica-alginate nanoparticles

Figure 4.2 shows the schematic drawing of silica sol-gel encapsulation process in water-
in-oil microemulsion. In this system, cyclohexane was the bulk oil phase, Triton X-100 was the
surfactant, n-hexanol was the cosurfactant, and sodium alginate aqueous solution formed the
water phase droplets, as shown in Figure 4.2 (A). There are three stages of silica-alginate
nanoparticles formation within water-in-oil microemulsion:[164] (1) association of TEOS with
water-in-oil microemulsion, at this stage, most of the TEOS molecules are outside the water
droplets due to the hydrophobicity of TEOS molecules, as shown in Figure 4.2 (B); (2)
hydrolysis of TEOS and formation of monomers, the addition of NH4OH increases the
hydrolysis of TEOS, then hydrolyzed TEOS species become more hydrophilic and penetrate into
the water droplets, as shown in Figure 4.2(C); (3) after nucleation and particle growth process,

alginate is encapsulated inside silica nanoparticles, as shown in Figure 4.2 (D).
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Figure 4.2 Schematic illustration of silica sol-gel encapsulation process in water-in-oil
microemulsion. (A) Water phase droplet surrounded by surfactant and cosurfactant in water-in-
oil microemulsion. (B) Association of TEOS with water-in-oil microemulsion, at this stage, most
of the TEOS molecules are outside the water droplets due to the hydrophobicity of TEOS
molecules. (C) Hydrolysis of TEOS and formation of monomers due to the addition of NH4OH,
hydrolyzed TEOS species become more hydrophilic and penetrate into the water droplets. (D)
Encapsulation process of alginate into silica nanoparticles in water phase droplets.

In most literature, the synthesis time was 24 hours for silica nanoparticles by water-in-oil
microemulsion.[165, 166] Although, 2 hour reaction time was chosen by Garcia, et al.[167], they
used methanol as cosurfactant instead of n-hexanol. In order to determine the relationship
between reaction time and the formation of nanoparticles, 3.6 mL n-hexanol, 15 mL
cyclohexane, 1 mL alginate aqueous solution (0.1 %w/v), 3.6 mL Triton X-100, 1200 pL
aqueous ammonia solution (29 wt%), and 0.5 mL TEOS were used. Parts of the mlcroemulsion
was taken at 24 hours, 48 hour, 72 hour, 96 hour and 120 hour. Time is a parameter that directly

affects the size distribution of silica-based nanoparticles. An increase in time usually involves an
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increase in particle size, because of nuclei formed in the nucleation stage stop growing and start

to coalesce.

As shown in Figure 4.3, all particles were spherical in shape and monodispersed at
different reaction times. In addition, only a 5 % size increase of nanoparticles was observed from
24 to 120 hours. The average size for nanoparticles obtained was 73.40 + 2.33 nm at 24 hours;
75.98 + 3.51 nm at 48 hours; 76.74 = 2.81nm at 72 hours; 79.44 = 2.10 nm at 96 hours; and
77.24 + 1.80 nm at 120 hours. This indicated there were limited number of monomers for
particle growth after 24 hours, and most of the silica sol-gel encapsulation process was finished
during this time. Therefore, 24 hours was used for as reaction time of nanoparticles preparation

for silica-based nanoparticle synthesis.
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Figure 4.3 TEM images of silica-alginate nanocomposite nanoparticles obtained after different
reaction times, (A) 24 hours, (B) 48 hours, (C) 72 hours, (D) 96 hours and (E) 120 hours. (F)
Average size at different reaction time from TEM images.
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4.2.3 Encapsulation of alginate inside silica nanoparticle

To confirm the encapsulation of alginate inside silica nanoparticles, TGA
characterizations of sodium alginate, silica nanoparticles, and silica-alginate nanoparticles were
carried out. In order to minimize the effect of surface bonded water, all experiments had an
isothermal condition at 120 °C for 20 min. The TGA and DTGA (first derivative TGA) curves in
Figure 4.4 (A) suggests that, under heating, sodium alginate showed an initial dehydration
process followed by two decomposition steps, 200-300 °C and 500-600 °C, then formed sodium
carbonate residue with 85 % weight loss.[168] As shown in Figure 4.4 (B), the weight of pure
silica nanoparticles was 5 % in the process. After the initial dehydration step, the main weight
loss occurred between 400-600 °C, which was due to further condensation of surface and internal
hydroxyl groups.[169] Figure 4.4 (C) presents the TGA and DTGA curves of silica-alginate
nanoparticles with three different initial concentrations (1% wi/v; 0.5% wl/v; 0.1% wi/v) of
alginate solutions used in water-in-oil microemulsion. All of them had the similar decomposition
steps as sodium alginate. These results confirmed the encapsulation of alginate during the silica
sol-gel process in water-in-oil microemulsion. In addition, the weight ratio of alginate inside the
silica nanoparticle can also be controlled by changing the initial concentration of alginate
solution used. As shown in Figure 4.4 (C), 0.1% w/v alginate solution used resulted in 9.5%
weight loss, 0.5% w/v alginate solution used resulted in 12 % weight loss, 1% w/v alginate

solution used resulted in 15 % weight loss.
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Figure 4.4 TGA (solid) and DTG (dash) curves for (A) sodium alginate, (B) silica-alginate
nanoparticles, (C) silica nanoparticles.
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Silicomolybdic acid assay is another way to calculate the weight ratio of alginate in
silica-alginate composite materials. This analysis method detects dissolved silica concentration
in aqueous solution. Silica reacts with acidified ammonium molybdate to form beta-
molybdosilicic acid (silicomolybdate). A mixed reducing solution, containing metol (4-
methylaminophenol sulfate) and oxalic acid, is then added to form a molybdenum blue complex,
which shows a maximum absorbance at 810 nm.[162] TEOS silica nanoparticles, via the same
water-in-oil microemulsion method, dissolved in NaOH (1 M) was used as the standard solution.
Figure 4.5 (A) shows the standard curve of dissolved silica nanoparticles with a linear
relationship of silica concentration and absorbance. Silica-alginate nanoparticles were also
dissolved in NaOH (1 M) with a concentration of 5 pg/mL, and then the concentration of silica in
nanocomposite solution was obtained by this assay. In the end, the alginate weight ratio can be
calculated according to the standard curve. As shown in Figure 4.5 (B), for 0.1 %w/v initial
alginate solution used, alginate weight ratio was 10.70 % from silica assay (9.47 % from TGA);
for 1 %wl/v initial alginate solution used, alginate weight ratio was 14.97 % from silica assay
(13.04 % from TGA). Although more alginate weight ratios were obtained compared to TGA
weight loss, the weight ratio trend was the same as TGA. The nanoparticles made from 0.1 %w/v
alginate showed less alginate weight ratio compared to the nanoparticles made from 1 %w/v
alginate. This variation may be due to the experimental error by different methods. Therefore,
silica assay provides another way to confirm the encapsulation of alginate inside silica-based

nanoparticles.
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Figure 4.5 (A) Standard curve of TEOS silica nanoparticles by silicomolybdic acid assay, (B)
Alginate weight ratio in silica-alginate nanoparticles measured by TGA and silicomolybdic acid
assay.
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4.2.4 Size control of silica-based nanoparticles

The size of silica-based nanoparticles can be controlled by different parameters in water-

in-oil microemulsion, such as water to surfactant molar ratio (R), cosurfactant to surfactant molar

ratio (p), catalyst concentration and even types of silica sol-gel precursors. Here we studied how

water to surfactant molar ratio (R) and different silica sol-gel precursors affect the particle size.

At first, TEOS silica nanoparticles with different R values were tested, the experimental detail is

listed in Table 4.1 (A&B) and the TEM images of nanoparticles are shown in Figure 4.6 (A&B).

At R = 6.40, the average size was 81.6 nm, however, at R = 11.20, average size was 52.6 nm.

Next, TEOS silica nanoparticles and TMOS silica nanoparticles were produced, as listed in

Table 4.1 (C&D), with same R value. As shown in Figure 4.6 (C&D), for TEOS silica

nanoparticles, the average size was 79.6 nm; however, for TMOS silica nanoparticles, the

average size was 26.6 nm.

Table 4.1 Experimental details for silica nanoparticles

Cyclohexane n-hexanol Water Triton X-100 NH4OH Silica source R
(mL) (mL) (mL)  (mL) (mL) (mL)
A 60 14 4 21 0.2 TEOS 1 mL 6.40
B 60 8 4 12 0.2 TEOS 1 mL 11.20
C 60 20 6 25 0.5 TEOS15mL 8.06
D 60 20 6 25 0.5 TMOS 1.5mL 8.06
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(€)

Figure 4.6 TEM images of silica nanoparticles. (A) TEOS silica nanoparticles, R = 6.40, particle
size: 81.6 + 7.2 nm; (B) TEOS silica nanoparticles, R = 11.20, particle size: 52.62+ 4.5 nm; (C)
TEQOS silica nanoparticles, R = 8.06, particle size: 79.6 £ 8.3 nm; (D) TMOS silica nanoparticles,
R = 8.06, particle size: 26.6 + 3.7 nm.
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Water to surfactant molar ratio (R) affects several parameters in water-in-oil
microemulsion. Such as, the size of water droplets, the ratio of bulk water molecules to bound
water molecules, the number of monomers per water droplet, the rigidity of the surfactant-water
interface and the dynamics of intermicellar interaction.[170] For the synthesis of silica-based
nanoparticles. The smaller the R value the smaller water droplets, which leads to less TEOS
molecules at the surfactant-water interface. Consequently, there is a smaller number of
monomers and less nuclei formation. In addition, the intermicellar exchange decreases due to the
increased rigidity of surfactant-water interface, which makes less mobility of monomers.
However, there are more monomers and oligomers available for particle growth, therefore

particle size is larger in the end.[103, 167, 171]

For the different type of silica sol-gel precursors, TMOS has higher hydrolysis rates
compared to TEOS due to the retarding effect of the bulkier ethoxide group.[164] Therefore, in
the case of TMOS nanoparticles, faster hydrolysis rate results in a large nhumber of monomers,
which turns into a larger number of nuclei. Faster hydrolysis rate also produces more methanol,
which can be used as a cosurfactant to increase the fluidity of the interface, therefore increasing

the intermicellar exchange. These conditions lead to smaller particle size.[103]

The impact of water to surfactant molar ratio (R) on the size of silica-alginate
nanoparticles was also studied. The experimental design is listed in Table 4.2. As shown Figure
4.7, all particles showed spherical shape particles, and the particle size increased with decreased
R value. At R=22.39, the average particle size was 24.3 nm and increased to 39.0 nm when

R=16.79, further increased to 49.3 nm with R=9.59. Therefore, the size changing by water to
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surfactant molar ratio (R) of silica-alginate nanoparticles followed the same trend of silica

nanoparticles.

Table 4.2 Experimental details for silica-alginate nanoparticles with different R values

Cyclohexane n-hexanol Alginate(0.05%w/v) Triton X- NH;OH TEOS R

(mL) (mL) (mL) 100 (mL) (mL)
(mL)
A 60 7.2 4 6 0.5 1 22.39
B 60 9.6 4 8 0.5 1 16.79
D 60 16.8 4 14 0.5 1 9.59

R=16.79

20 24 28 32 36 40 44 48 52 56 60 20 24 28 32 36 40 44 48 52 56 60 20 24 28 32 36 40 44 48 52 56 60
Size (nm) Size (nm) Size (nm)

Figure 4.7 TEM images of silica-alginate nanoparticles with different R values (Particle size 24.3
+ 2.4 nm at R=22.39, particle size 39.0 £ 3.1 nm at R=16.79, particle size 49.3 + 3.3 nm at
R=9.59.)
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Alginate concentration is another factor to control the size of silica-alginate
nanoparticles. As the TEM images shown in Figure 4.8 and the experimental design is listed in
Table 4.3. The higher the alginate concentration used the smaller the particles size. The average
particles size was 37.3 nm when 1 %w/v alginate was used, while the average size increased to
57.2 nm when 0.05 %w/v alginate was used. Although, alginate can form hydrogen bonding with
silica source during the sol-gel process,[172] the interaction of alginate solution with flexible
surfactant layers should be the control factor. This interaction may change droplet elasticity
parameters, shape, fluctuations, mutual interactions and affect deeply the system phase behavior
and rheological properties.[173] In our system, alginate inside the water droplet may increases
the fluctuations of these dispersed droplets, which destabilizes larger domains and results in
smaller domains with a larger surface to volume ratio.[174] As a result, more TEOS associates
with water droplets, which results in the increasing of hydrolysis rate of TEOS for a higher

number of nuclei, and eventually smaller particle size.

Table 4.3 Experimental details for silica-alginate nanoparticles with different initial alginate
concentrations used in microemulsion.

Cyclohexane n-hexanol Alginate Triton X-100 NHsOH TEOS R
(mL) (mL) (7.5 mL) (mL) (mL) (mL)
A 80 30 1 %w/v 45 0.9 15 5.60
B 80 30 0.5 %w/v 45 0.9 15 5.60
D 80 30 0.05 %wi/v 45 0.9 15 5.60
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Figure 4.8 TEM images of silica-alginate nanoparticles with different initial alginate
concentrations used in microemulsion. (Particle size 37.3 + 3.4 nm with alginate (1 %w/v),
particle size 42.0 £ 2.9 nm with alginate (0.5 %w/v), particle 27.2 + 5.7 nm with alginate (0.05
%wi/v).)
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4.3 Conclusions

Silica-alginate nanoparticles with pH-responsive release ability of rhodamine B were
synthesized in water-in-oil microemulsion system. The experimental design allowed
compatibility of alginate solution in silica sol-gel process. Encapsulated alginate in silica-
alginate nanoparticles was confirmed by TGA and silicomolybdic acid assay. Furthermore, the
size of silica-alginate nanoparticles can be controlled by changing the water to surfactant molar

ratio or initial alginate solution concentration.
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Chapter 5 In vitro release study of silica-alginate nanoparticles

Nanocomposites have drawn significant interest for their enhanced properties compared
to that of their neat, individual components. Much of the nanocomposite work, however, has
been focused on relatively large systems (i.e. micrometer or larger)[175, 176] or with
nanoparticles coated with a second substance (i.e. a core-shell morphology).[177, 178] In chapter
4, we provided a system that wass comprised of interpenetrating networks of silica, which
provided mechanical integrity, and a biopolymer, alginate, that provided pH-responsive
functionality. In chapter 3, we confirmed that nanocomposite materials comprised of silica and
alginate showed pH-dependent control release of rhodamine B, a hydrophilic small molecular
drug model. In this chapter, the in vitro release performance of silica-alginate nanoparticles was

tested.
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5.1 Materials and methods

5.1.1 Materials

Rhodamine B, calcium chloride, sodium phosphate monobasic monohydrate, sodium
phosphate dibasic heptahydrate and Triton X-100 were purchased from AMRESCO; tetraethyl
orthosilicate with 98 % purity and timolol maleate were purchased from Sigma Aldrich; sodium
alginate and tetramethyl orthosilicat were purchased from Acros, isopropyl alcohol (70 %),
cyclohexane, aqueous ammonia solution (29 wt%) and hydrochloric acid (37 %) were purchased
from BDH Chemicals; sodium alginate (very low viscosity) and n-hexanol were purchased from
Alfa Aesar. All chemicals were used without further purification. Deionized water used
throughout the experiments was purified with an ELGA PURELAB Flex water purification

system.

5.1.2 Preparation of phosphate buffer

Phosphate buffer (pH 2.5, 10 mM) was prepared by dissolving 1.380 g sodium phosphate
monobasic monohydrate to 1000 mL deionized water. Then adjusted the pH to 2.5 by

hydrochloric acid (1 M).

Phosphate buffer (pH 7.5, 10 mM) was prepared by dissolving 0.227 g sodium phosphate
monobasic monohydrate and 2.238 g sodium phosphate dibasic heptahydrate to 1000 mL

deionized water.
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5.1.3 Preparation of rhodamine B loaded silica-alginate nanoparticles in microemulsion

Rhodamine B (0.1 %w/v) was dissolved in aqueous solutions of sodium alginate (very
low viscosity, 5 %wi/v). Rhodamine B loaded silica-alginate nanoparticles were prepared in
water-in-oil microemulsion system. Initially, 20 mL n-hexanol was dissolved in 60 mL
cyclohexane, followed by adding 6 mL rhodamine B alginate solution. After 5 min, 25 mL
Triton X-100 was added dropwise until the mixed solution became optically transparent. After
10 min of vigorous stirring, 500 pL aqueous ammonia solution (29 wt%) was added, followed by
adding 1 mL TEOS. The reaction was allowed to stir for 24 hours at room temperature. 100 mL
acetone was added to break the stability of microemulsion and recovered the particles by
centrifuge (4500 rpm, 10 min). The particles were washed three times with isopropyl alcohol and

deionized water to remove the excess surfactant and cosurfactant.

5.1.4 Rhodamine B in vitro release study from in situ loading silica-alginate nanoparticles

Rhodamine B loaded silica-alginate nanoparticles were suspended in 1 mL phosphate
buffer (10 mM) with different pH values (pH 2.5 or pH 7.5) under room temperature. At
predetermined time intervals, all release samples were centrifuged (14800 rpm) for 10 min, and
0.5 mL supernatant was withdrawn and replaced with 0.5 mL fresh phosphate buffer. After 27
days, nanoparticles were dissolved in 1 mL NaOH (1 M) to detect rhodamine B left inside the
nanoparticles. The concentrations of rhodamine B in all release mediums were detected by
fluorescence spectroscopy (SpectraMax i3, Molecular Devices, Sunnyvale, CA) with excitation
at 542 nm and emission at 583 nm. The percentage of cumulative released rhodamine B was

determined from calibration curve. All samples were analyzed in triplicate.
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5.1.5 Preparation of timolol maleate loaded silica-alginate nanoparticles in microemulsion

Timolol maleate (0.1 %w/v) was dissolved in aqueous solutions of sodium alginate (very
low viscosity, 4 %wi/v). Timolol maleate loaded silica-alginate nanoparticles were prepared in
water-in-oil microemulsion system. Initially, 20 mL n-hexanol was dissolved in 60 mL
cyclohexane, followed by adding 6 mL timolol maleate B alginate solution. After 5 min, 25 mL
Triton X-100 was added dropwise until the mixed solution became optically transparent. After
10 min of vigorous stirring, 500 pL aqueous ammonia solution (29 wt%) was added, followed by
adding 1.5 mL TEQS. The reaction was allowed to stir for 24 hours at room temperature. 100
mL acetone was added to break the stability of microemulsion and recovered the particles by
centrifuge (4500 rpm, 10 min). The particles were washed three times with isopropyl alcohol and

deionized water to remove the excess surfactant and cosurfactant.

5.1.6 Timolol maleate in vitro release study from in situ loading silica-alginate nanoparticles

Timolol maleate loaded silica-alginate nanoparticles were suspended in 1 mL phosphate
buffer (10 mM) with different pH values (pH 2.5 or pH 7.5) under room temperature. At
predetermined time intervals, all release samples were centrifuged (14800 rpm) for 10 min, and
0.5 mL supernatant was withdrawn and replaced with 0.5 mL fresh phosphate buffer. After 24
hours, nanoparticles were dissolved in 1 mL NaOH (1 M) to detect timolol maleate left inside the
nanoparticles. The concentrations of timolol maleate in all release mediums were detected by
UV-Vis spectrophotometry at a wavelength of 294 nm (SpectraMax i3, Molecular Devices,
Sunnyvale, CA). The percentage of cumulative released timolol maleate was determined from

calibration curve. All samples were analyzed in triplicate.

85



5.1.7 Synthesis of silica-alginate nanoparticles

Silica-alginate nanoparticles were prepared in water-in-oil microemulsion system.
Typically, 12 mL n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 4 mL
alginate aqueous solution. After 5 min, 10 mL Triton X-100 was added dropwise until the mixed
solution became optically transparent. After 10 min of vigorous stirring, 500 pL aqueous
ammonia solution (29 wt%) was added, followed by adding 1 mL TEOS. The reaction was
allowed to stir for 24 hours at room temperature. 100 mL acetone was added to break the
stability of microemulsion and the nanoparticles were recovered by centrifuge (4500 rpm, 10
min). In the end, nanoparticles were washed three times with isopropyl alcohol and deionized

water to remove the excess surfactant and cosurfactant.

5.1.8 Timolol maleate freeze dry post loading for silica-alginate nanoparticles

Silica-alginate nanoparticles (400 mg) were mixed with 1 mL deionized water containing
2 mg timolol maleate at room temperature for 10 hours, and froze this loading solution at -80 °C
for overnight, then lyophilized for 24 hours (Labconco freeze dryer at a pressure of 0.040 mbar
and a temperature of -52 °C). Drug loaded silica-alginate nanoparticles were washed twice with
phosphate buffer solution (10 mM, pH 2.5) to remove timolol maleate that was adsorbed on the
surface. Timolol maleate concentration in washing solution was determined via UV-
spectrophotometry at a wavelength of 294 nm (SpectraMax i3, Molecular Devices, Sunnyvale,

CA). All samples were analyzed in triplicate.
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5.1.9 Timolol maleate in vitro release study from freeze dry post loading nanoparticles

Timolol maleate loaded silica-alginate nanoparticles were divided into six groups and
each group was suspended in 5 mL phosphate buffer (10 mM) with different pH values (pH 2.5
or pH 7.5) under room temperature. At predetermined time intervals, all release samples were
centrifuged (4500 rpm) for 10 min, and 1 mL supernatant was withdrawn and replaced with 1
mL fresh phosphate buffer with the same pH. The concentrations of timolol maleate in all release
mediums were detected by UV-spectrophotometry spectroscopy (SpectraMax i3, Molecular
Devices, Sunnyvale, CA) at a wavelength of 294 nm. The percentage of cumulative released
timolol maleate was determined from the calibration curve. All samples were analyzed in

triplicate.

5.1.10 Timolol maleate oven drying loading into silica-alginate nanoparticles

For a typical loading process, silica-alginate nanoparticles were first divided for six
groups, and each group of nanoparticles was mixed with 0.1 mL deionized water containing 1
mg timolol maleate at room temperature for 5 hours, then timolol maleate nanoparticle mixtures
were transferred to the oven at 80 °C overnight. The drug loaded silica-alginate nanoparticles
were washed twice with phosphate buffer solution (10 mM, pH 2.5) to remove timolol maleate
that was adsorbed on the surface. The timolol maleate concentration in washing solution was
determined via UV-spectrophotometry at a wavelength of 294 nm (SpectraMax i3, Molecular

Devices, Sunnyvale, CA).
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5.1.11 Timolol maleate in vitro release study from oven drying post loading nanoparticles

Timolol maleate loaded silica-alginate nanoparticles were suspended in 1 mL phosphate
buffer (10 mM) with different pH values (pH 2.5 or pH 7.5) under room temperature. At
predetermined time intervals, all release samples were centrifuged (14800 rpm) for 10 min, and
0.5 mL supernatant was withdrawn and replaced with 0.5 mL fresh phosphate buffer with the
same pH. In the end of release study, nanoparticles were dissolved in 1 mL NaOH (1 M) to
detect timolol maleate left inside the nanoparticles. The concentrations of timolol maleate in all
release mediums were detected by UV-spectrophotometry spectroscopy (SpectraMax i3,
Molecular Devices, Sunnyvale, CA) at a wavelength of 294 nm. The percentage of cumulative
released timolol maleate was determined from the calibration curve. All samples were analyzed

in triplicate.

5.1.12 Preparation of timolol maleate loaded alginate beads

Timolol maleate (0.1 %w/v) was dissolved in agueous solutions of sodium alginate (very
low viscosity) (5 %w/v). This solution was added dropwise to a calcium chloride solution (5
%w/v) under magnetic stirring for 15 min to form spherical beads. The wet rhodamine B loaded
alginate beads were washed with deionized water to remove unreacted calcium chloride and

dried at ambient condition overnight.

5.1.13 Timolol maleate in vitro release study from alginate beads

Each bead was placed into 1 mL phosphate buffer (10 mM) with different pH values (pH
2.5 or pH 7.5) under room temperature. Every 10 min, 0.5 ml buffer was withdrawn and replaced

with 0.5 mL fresh phosphate buffer with the same pH. The concentrations of timolol maleate in
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all release mediums were detected by UV-Vis spectrophotometry at a wavelength of 294 nm
(SpectraMax i3, Molecular Devices, Sunnyvale, CA). The percentage of cumulative released
timolol maleate was determined from the calibration curve. All samples were analyzed in

triplicate.

5.1.14 Preparation of silica-alginate monolithic gels

Timolol maleate loaded silica-alginate monolithic gels were prepared as follows, mixed
200 pL phosphate buffer (pH 2.5, 10 mM) with 1 mL TMOS solution for 2 min to form
hydrolyzed TMOS solution. Timolol maleate (0.05 %w/v) was dissolved in aqueous solutions of
sodium alginate (very low viscosity, 2.5 %w/v). Added 200 pL hydrolyzed TMOS solution into
1 mL rhodamine B alginate solution. Placed on a vortex mixer for 10 s. Transferred 150 pL of
this mixed solution into the wells of a 96 well plate. Allowed the gels to be aged and air dried
under room temperature. Timolol maleate loaded silica monolithic gels were also prepared, as
controls for the release study, by mixing timolol maleate (0.5 %w/v) in deionized water with

hydrolyzed TMOS solution, and followed the same procedure.

5.1.15 Timolol maleate in vitro release study from silica-alginate monolithic gel

In vitro release study of timolol maleate from silica-alginate monolithic gel and silica
monolithic gel was performed in 1 mL phosphate buffer (10 mM) with different pH values (pH
2.5 or pH 7.5) under room temperature. At predetermined time intervals, 0.5 mL phosphate
buffer was withdrawn and replaced with 0.5 mL fresh phosphate buffer with the same pH. The
concentrations of timolol maleate in all release mediums were detected by UV-Vis

spectrophotometry at a wavelength of 294 nm (SpectraMax i3, Molecular Devices, Sunnyvale,
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CA). The percentage of cumulative released timolol maleate was determined from the calibration

curve. All samples were analyzed in triplicate.

90



5.2 Results and discussions

5.2.1 Rhodamine B in vitro release study from in situ loading silica-alginate nanoparticles

Rhodamine B was loaded into silica-alginate nanoparticles during the silica sol-gel
encapsulation process in water-in-oil microemulsion system. This method has been used to make
rhodamine B doped silica nanoparticles.[179-182] The loading efficiency was low for this
method. Due to rhodamine B diffused out of water phase during reaction and washed away
during multiple washing steps, the overall loading efficiency was 0.31 %. Therefore, the
detection of rhodamine B in release samples was used by fluorescence spectroscopy as its high

sensitivity.

Figure 5.1 shows the cumulative release percent of rhodamine B from silica-alginate
nanoparticles in phosphate buffers at different pH values (pH 2.5 or pH 7.5). Rhodamine B
released with a faster rate at pH 7.5 compared to pH 2.5. There was a very limited amount of
rhodamine B released over 27 days in phosphate buffer (pH 2.5) with only 7 % cumulative
released from silica-alginate nanoparticles. However, 42 % rhodamine B was released in
phosphate buffer (pH 7.5) during the same time. This result confirmed the concept of using
silica-alginate nanoparticles for pH-responsive drug release. As mentioned in Chapter 3, this pH-
responsive behavior may be due to increased hydrogen bonding interactions of protonated
carboxylic acid groups between alginate and rhodamine B in pH 2.5 phosphate buffer. At pH 7.5,

the hydrogen bonding interaction is broken, which results in enhanced release of rhodamine B.
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Figure 5.1 In suit loaded rhodamine B release study from silica-alginate nanoparticles in
phosphate buffer with different pH values (pH 2.5 and pH 7.5).

Mathematical modeling of kinetics drug release provides insights for the understanding
of mass transport processes. These processes might include the diffusion of water into the
system, polymer swelling, matrix erosion, drug diffusion or dissolution.[140-142] Figure 5.2
shows the mathematical modeling for in situ loaded rhodamine B release from silica-alginate
nanoparticles. Two models were used in this study, Peppas equation and sphere monolithic

solution model, as listed in Table 5.1. They both showed good fit with the experimental release
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data. For the Peppas equation of sphere, the release exponent n = 0.43 corresponds to a Fickian
diffusion mechanism, 0.43 < n < 0.85 to non-Fickian transport, n = 0.85 to Case-lII
transport.[140] Several litterateurs also mentioned that n < 0.43 also represented for Fickian
diffusion. [92, 183-185] In addition, n id also depended on the width of the particle
distribution.[145] In this study, n values were obtained from Matlab fitting, in pH 2.5 phosphate
buffer n = 0.42, and in pH 7.5 phosphate buffer n = 0.35. Therefore, the release mechanism
should be Fickian diffusion in both phosphate buffer. Monolithic solution model represents a
system with homogeneously distributed drug inside. Good fist were also observed for both
phosphate buffer solutions by early time monolithic solution modeling. This confirmed the
homogeneously encapsulation of rhodamine B during the silica sol-gel process in microemulsion
system. From this modeling, the diffusion coefficient in pH 7.5 phosphate buffer was 45 times

higher than the one in pH 2.5 phosphate buffer.

Table 5.1 Mathematical models used for kinetics drug release

Model Expression
Peppas equation ﬂ B
M, !
ithi M Dt (1 3Dt . M
Monolithic ﬁ =6(— /2 — — (Early time ﬁ <0.4)
solution(Sphere) y . 2p¢ M
—L =1-=exp(-=) (Latetime —- > 0.6)
Moo R Moo
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Figure 5.2 Mathematical models used for kinetics drug release of in situ loaded rhodamine B
from silica-alginate nanoparticles. (A) Peppas equation modeling: pH 2.5 modeling (R*=
0.9868); pH 7.5 modeling (R?= 0.9954). (B) Monolithic solution modeling: pH 2.5 modeling
(R?=0.9786); pH 7.5 modeling (R?= 0.9470)
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5.2.2 Timolol maleate in vitro release study from in situ loading silica-alginate nanoparticles

Timolol maleate is the most used B blocker in eye drop formulations for glaucoma
treatment.[186] In this study, timolol maleate was loaded into silica-alginate nanoparticles during
the silica sol-gel encapsulation process in water-in-oil microemulsion system with the same way
as rhodamine B. However, no timolol maleate was detected by UV-Vis spectrophotometry at a
wavelength of 294 nm during the in vitro release study from phosphate buffers at neither pH 2.5
nor pH 7.5 for 24 hours. Moreover, there was also no timolol maleate detected even after
dissolving the silica-alginate nanoparticles. As discussed in Chapter 5.2.1, the loading efficiency
for rhodamine B in water-in-oil microemulsion method was 0.31 %. In addition, the total amount
in nanoparticles for release study was averaged 135 ng. The release study of rhodamine B was
detected by fluorescence spectroscopy, which has much lower detection limit compared to UV-
Vis spectrophotometry. However, timolol maleate cannot be detected by fluorescence
spectroscopy. In summary, in situ loading method through water-in-oil microemulsion method
showed low loading efficiency. This could be due to the small molecular weight of timolol
maleate, which is 432.49 g/mol, and timolol maleate diffused out of water phase during the
reaction as well as washed away during multiple washing steps as the high solubility of timolol
maleate in both isopropyl alcohol and deionized water. Therefore, we studied post loading

method of timolol maleate for silica-alginate nanoparticles.
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5.2.3 Timolol maleate post loading and release study for silica-alginate nanoparticles

Two post loading methods were used in this study. Both of them involved mixing timolol

maleate aqueous solution with silica-alginate nanoparticles. In the freeze drying loading method,

the solvent of the mixed solution was removed by sublimation. For the oven drying loading

method, the solvent was removed by evaporation.

Freeze drying loading method

Two types of silica-alginate nanoparticles were used in this study. ALG-1: silica-algiante

nanoparticles made by 1 %w/v alginate solution for the water-in-oil microemulsion, and ALG-

0.05: silica-alginate nanoparticles made by 0.05 %w/v alginate solution for the water-in-oil

microemulsion. Table 5.2 lists the freeze drying loading efficiency. ALG-1 showed a higher

loading ability than ALG-0.05, so higher ratio of alginate in the composite nanoparicles could

increase the loading amount of timolol maleate.

Table 5.2 Loading efficiency by freeze drying method

Nanoparticles Nanoparticles Initial TM* Loaded TM (ug) Loaded TM per
wet weight(mg)  (ug) NPs (ug)/(mg)

ALG-1 463.8 2000 464.33 1.001

ALG-0.05 344.4 2000 268.39 0.779

* TM: timolol maleate
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Figure 5.3 shows the cumulative release percent of timolol maleate from silica-alginate
nanoparticles in phosphate buffer solutions at pH 2.5 and pH 7.5. The release profiles looked
similar for both types of silica-alginate nanoparticles. For ALG-1, burst release was observed in
both pH conditions at early times. Especially at pH 2.5, 67 % timolol maleate was released in the
first 0.5 hours. After this, the release slowed down significantly. The overall release percent
reached to 78 % at 24 hours. However, at pH 7.5, in the beginning, the release was less
compared to the one at pH 2.5, 49 % timolol maleate was released in the first 0.5 hours.
Whereas, after 24 hours, the release percent was increased to 83 %. For ALG-0.05, higher burst
release rate was observed in both pH conditions at early times compared to ALG-1. Especially at
pH 2.5, 79 % timolol maleate was released in the first 0.5 hours. After this, the release also
slowed down significantly. The overall release percent reached to 92 % at 24 hours. However, at
pH 7.5, the release was less compared to the one at pH 2.5 in the beginning, and 54 % timolol
maleate was released in the first 0.5 hours. Whereas, after 24 hours, the release percent was
increased to 93 %. Although the release profiles at pH 2.5 and pH 7.5 were different, there was
no strong pH-dependent release ability exhibited by the silica-alginate nanoparticles. The burst
release profiles may be due to the that most of the timolol maleate loaded into the silica-alginate
nanoparticles was on the surface. However, silica-alginate nanoparticles made by higher
concentration alginate solution showed less burst release performance. Therefore, higher alginate

ratio inside the composite nanoparticles could improve the sustained release ability.

Figure 5.4 shows the mathematical modeling for freeze drying loaded timolol maleate
release from silica-alginate nanoparticles. Two models were used, Peppas equation and sphere

monolithic solution model, as listed in Table 5.1. Although Peppas equation showed good fit for

both types of silica-alginate nanoparticles, Peppas equation is usually valid for 5—t < 0.6.[145] In
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this study, rapid burst release (Iy—t> 0.6 ) was observed after 0.5 hours, so the release

mechanism could not be obtained due to the rapid burst release. Therefore, oven drying method

was test for limiting the rapid burst release.
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Figure 5.3 Timolol maleate in vitro release profiles from silica-alginate nanoparticles (A: ALG-
1; B: ALG-0.05) in phosphate buffer at pH 2.5 and pH 7.5. (Timolol maleate was loaded into

nanoparticles by freeze drying post loading method)
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Figure 5.4 Mathematical models used for drug release. (A) Peppas equation modeling for ALG-
1: pH 2.5 modeling (R?= 0.9189); pH 7.5 modeling (R?>= 0.9872). (B) Peppas equation modeling
for ALG-0.05: pH 2.5 modeling (R?= 0.9714); pH 7.5 modeling (R?= 0.9697).
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Oven drying loading method

As from the freeze drying study, higher alginate weight ratio in composite materials
could improve the loading ability of timolol maleate. Therefore, two types of silica-alginate
nanoparticles were used in this study made by higher concentration (8 %w/v) of alginate
solution, and TMOS also used as another silica sol-gel precursor in this study. TEOS-ALG-8:
silica-alginate nanoparticles made by 8 %w/v alginate solution and TEQOS for the water-in-oil
microemulsion, and TMOS-ALG-8: silica-alginate nanoparticles made by 8 %w/v alginate
solution and TMOS for the water-in-oil microemulsion. Table 5.3 lists the oven drying loading
efficiency. TEOS-ALG-8 showed a higher loading ability than TMOS-ALG-8, but TEOS-ALG-

8 also showed a higher variation in loading.

Table 5.3 Loading efficiency by oven drying method

Nanoparticles  Nanoparticles Initial TM* Loaded TM (ug) Loaded TM per
dry weight(mg)  (ng) NPs (ug)/(mg)

TEOS-ALG-8 6.68 +£0.38 1000 375.95+52.76  56.63+10.11

TMOS-ALG-8 12.47 +0.32 1000 553.45+28.83 44.41+2.35

* TM: timolol maleate

Figure 5.5 shows the cumulative release percent of timolol maleate from both types of
silica-alginate nanoparticles in phosphate buffer solution at pH 2.5 and pH 7.5. TMOS-ALG-8

showed a more sustained release profile than TEOS-ALG-8, but they both had the similar release
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trend for different pH buffers. For TEOS-ALG-8, as shown in Figure 5.5 (A), at pH 2.5, an
averaged 78 % cumulative release of timolol maleate was observed in the first 8 hours. Then the
release percent reached to 81 % at 24 hours. However, at pH 7.5, the release rate was slightly
slower with a 69 % timolol maleate released in the first 8 hour. And at 24 hours, the cumulative
release percent was 75 %. However, for TEOS-ALG-8, as shown in Figure 5.5 (B), at pH 2.5, an
averaged 62 % cumulative release of timolol maleate was observed in the first 8 hours. The
release percent reached to 66 % at 24 hours. However, at pH 7.5, the release rate was also
slightly slower with 50 % timolol maleate released in the first 8 hours. And at 24 hours, the
cumulative release percent was increased to 58 %. For both types of silica-alginate nanoparticles,
the burst release was reduced compared to freeze drying loading method. However, no strong
pH-dependent release profile was observed even with nanoparticles with 8 %w/v alginate
concentration. Therefore, neither changing the concentration of alginate solution used in

mocroemulsion nor loading method improved the pH-responsive release of timolol maleate.

Figure 5.6 shows the mathematical modeling for oven drying loaded timolol maleate

release from silica-alginate nanoparticles. Two models were used, Peppas equation and sphere

monolithic solutions model, as listed in Table 5.1. For TEOS-ALG-8, rapid burst release (% >

0.6 ) was observed after 2 hours, and neither Peppas equation nor monolithic solution model
showed good fit with experimental release data. For Peppas equation modeling, it showed lower
release profile compared to experimental data, which may be due to the surface adsorbed timolol
maleate release faster by dissolution than diffusion. In addition, monolithic solution modeling
was not fit with the experimental data (negative R?> means that the modeling was worse than a

horizontal line), which showed that timolol maleate was not homogeneously distributed inside

102



the nanoparticles. For TMOS-ALG-8, burst release (Iy—t > 0.6 ) was observed after 8 hours, but

Peppas equation did not show good fit with experimental release data for neither pH 2.5 nor pH
7.5 condition. The surface adsorbed timolol maleate may be the reason why the experimental
data showed faster release. However, a better fit of the experimental release profile was obtained
by monolithic solution modeling at early time, which showed that TMOS-ALG-8 may have a

better homogeneously distribution of timolol maleate than TEOS-ALG-8.
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Figure 5.5 Timolol maleate in vitro release profiles from silica-alginate nanoparticles (A: TEOS-
ALG-8, B: TMOS-ALG-8) in phosphate buffer at pH 2.5 and pH 7.5. (Timolol maleate was
loaded into nanoparticles by oven drying post loading method)
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Figure 5.6 Mathematical models used for drug release kinetics. (A) Peppas equation modeling
for TEOS-ALG-8: pH 2.5 modeling (R?= 0.7874); pH 7.5 modeling (R*= 0.8546). (B)
Monolithic solution modeling for TEOS-ALG-8: pH 2.5 modeling (R?= -1.662); pH 7.5

modeling (R*=

-0.7890). (C) Peppas equation modeling for TMOS-ALG-8: pH 2.5 modeling

(R?=0.8116); pH 7.5 modeling (R?>= 0.8960). (D) Monolithic solution modeling for TMOS-
ALG-8: pH 2.5 modeling (R?= 0.9214); pH 7.5 modeling (R?>= 0.9731)
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5.2.4 Timolol maleate in vitro release study from alginate beads

In order to understand whether alginate can control the release of timolol maleate at
different pH, timolol maleate was loaded into alginate beads. These beads were made by
dissolving timolol maleate in alginate solution prior to add into CaCl, solution. As shown in
Figure 5.7, there was also no strong difference in drug release profiles between phosphate buffers
with different pH values (pH 2.5 and pH 7.5), even though the alginate beads showed erosion
and significant swelling at pH 7.5. This was the similar release performance as silica-alginate
nanoparticles. In addition, burst release profiles with almost 100% timolol maleate released in

120 minutes were observed in both pH 2.5 and pH 7.5 conditions.

The large burst release and a lack of pH-dependence ability were consistent with the
results from silica-alginate nanoparticle. This indicates that pH-dependent swelling of alginate
was not the control factor for the delivery of timolol maleate. This may have occurred because of
the high aqueous solubility of timolol maleate and its preferential partition into the aqueous

phase, rather than the nanoparticles, were the driver for this result.
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Figure 5.7 Timolol maleate in vitro release profiles from alginate beads in phosphate buffer with
different pH values (pH 2.5 and pH 7.5).
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5.2.5 Timolol maleate in vitro release study from monolithic gels

In chapter 3, silica-alginate composite monolithic gel showed pH-responsive release
performance for rhodamine B. In pH 2.5 phosphate buffer, only 2.6 % loaded rhodamine B was
released over 25 days; whereas 15.7 % loaded rhodamine B was released over the same period in
pH 7.5 phosphate buffer. In this study, we made the same monolithic gels to study the timolol

maleate release performance under different pH phosphate buffers.

As shown in Figure 5.8, the release profiles for silica gels, without alginate, were
significantly different between pH 2.5 and pH 7.5. Burst release profile was observed in pH 2.5
phosphate buffer with a 66 % cumulative release of timolol maleate in the first day. Then the
release slowed down, and reached to a 97 % cumulative timolol maleate release after 15 days.
However, the release of timolol maleate was much slower in pH 7.5 phosphate buffer with only a
33 % cumulative timolol maleate release after 15 days. On the other hand, for silica-alginate
composite gels, the release profile in pH 7.5 phosphate buffer (41 % cumulative in 15 days) was
similar to the one from silica monolith gel. However, the release in pH 2.5 phosphate buffer (57

% cumulative in 15 days) was much slower than one from silica monolith gel.

This release performance of timolol maleate from silica-based monolithic gels was
different compared to the one of rhodamine B. Especially in pH 2.5 phosphate buffer from silica
gels, the rapid release profile may be due to the electrostatic interaction change between timolol
maleate and silica gel. Timolol maleate has a pKa of 9.21.[187] Positively charged timolol
maleate molecules are present in phosphate buffers at both pH 2.5 and pH 7.5. However, silica
gel surface is negatively charged under pH 7.5 and near neutral at pH 2.5 condition. Therefore

for this study, in pH 7.5 phosphate buffer, the relatively strong binding interaction of negatively
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charged silica gel and positively charged timolol maleate molecules leaded to slower release
profile. Whereas in pH 2.5 phosphate buffer, the decreased attraction between timolol maleate
and silica resulted in the faster release. In addition, the addition of alginate showed stronger
interaction with timolol maleate in pH 2.5 phosphate buffer as the slower release compared to
silica gel. However, silica source was the control factor for the release of timolol maleate. This
indicated that silica-alginate nanoparticles might not be suitable for pH-responsive delivery of

timolol maleate.
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Figure 5.8 Timolol maleate in vitro release profiles from silica monolithic gels (dash lines) and
silica-alginate monolithic gels (solid lines) in phosphate buffers with different pH values (pH 2.5
or pH 7.5).
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5.3 Conclusions

In vitro release studies with silica-alginate nanoparticles were tested by rhodamine B and
timolol maleate. Silica-alginate nanoparticles showed encouraged pH-responsive release
performance for rhodamine B by in situ loading method. However, one limitation of this loading
method was the low loading efficiency of 0.31 %. Moreover, this in situ loading method was not
working for timolol maleate. Therefore, post loading method was studied for timolol maleate.
However, no strong pH-dependent release was observed neither from freeze drying loading
nanoparticles nor from oven drying loading nanoparticles. In order to understand whether
alginate can control the release of timolol maleate at different pH, timolol maleate in vitro
release studies were evaluated from both alginate beads and silica-based monolithic gels. The
results showed that the electrostatic interaction between timolol maleate and silica surface was
the control factor for the release. This indicated that silica-alginate nanoparticles might not be

suitable for pH-responsive delivery of timolol maleate.
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Chapter 6 In vitro release studies of Silica-PMAA nanoparticles

Since silica-alginate nanoparticles may be not suitable for pH-responsive delivery of
timolol maleate. Poly (methacrylic acid) (PMAA) was used as another pH-responsive polymer to
study the in vitro release ability of silica-PMAA nanoparticles. PMAA has a higher density of
carboxyl group than alginate, which may help to improve the pH-responsive ability of silica-
based composite nanoparticles. PMAA has shown promising applications in cosmetics,[74]
pharmaceutics,[75] drug testing,[76] and biomedical technology,[77] due to its pH-induced
conformational transition. In addition, a number of pH-responsive drug delivery systems have
been studied using PMAA.[90-92] In this chapter, TMOS was used as silica sol-gel precursor
instead of TEOS, as TMOS could provide more condense structure.[188] In vitro release of

timolol maleate was studied to test the release performance of TMOS-PMAA nanopatrticles.
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6.1 Materials and methods

6.1.1 Materials

Sodium phosphate monobasic monohydrate, sodium phosphate dibasic heptahydrate and
Triton X-100 were purchased from AMRESCO; tetramethyl orthosilicate was purchased from
Acros, poly (methacrylic acid, sodium salt) solution (30 wt%) and timolol maleate were
purchased from Sigma Aldrich; isopropyl alcohol (70 %), cyclohexane, aqueous ammonia
solution (29 wt%) and hydrochloric acid (37 %) were purchased from BDH Chemicals; and n-
hexanol were purchased from Alfa Aesar. All chemicals were used without further purification.
Deionized water used throughout the experiments was purified with an ELGA PURELAB Flex

water purification system.

6.1.2 Preparation of buffers

Phosphate buffer (pH 2.5, 10 mM) was prepared by dissolving 1.380 g sodium phosphate
monobasic monohydrate to 1000 mL deionized water. Then adjusted the pH to 2.5 by

hydrochloric acid (1 M).

Simulated tear fluid (pH 7.5) was prepared by dissolving 6.78 g sodium chloride, 1.38 g
potassium chloride, 2.18 g sodium bicarbonate, 0.084 g calcium chloride dehydrate to 1000 mL

deionized water. Then adjusted the pH to 7.5 by hydrochloric acid (1 M).

6.1.3 Preparation of timolol maleate loaded silica-PMAA nanoparticles in microemulsion

Timolol maleate (0.1 %w/v) was dissolved in aqueous solution of PMAA (4 %w/v).

Timolol maleate loaded silica-PMAA nanoparticles were prepared in water-in-oil microemulsion
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system. Initially, 20 mL n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 6
mL timolol maleate-PMAA solution. After 5 min, 25 mL Triton X-100 was added dropwise until
the mixed solution became optically transparent. After 10 min of vigorous stirring, 500 pL
aqueous ammonia solution (29 wt%) was added, followed by adding 1.5 mL TEOS. The reaction
was allowed to stir for 24 hours at room temperature. 100 mL acetone was added to break the
stability of microemulsion and recovered the particles by centrifuge (4500 rpm, 10 min). The
nanoparticles were washed three times with isopropyl alcohol and deionized water to remove the

excess surfactant and cosurfactant.

6.1.4 Timolol maleate in vitro release study from in situ loading silica-alginate nanoparticles

Timolol maleate loaded silica-PMAA nanoparticles were suspended in 1 mL phosphate
buffer (10 mM) with different pH values (pH 2.5 or pH 7.5) under room temperature. At
predetermined time intervals, all release samples were centrifuged (14800 rpm) for 10 min, and
0.5 mL supernatant was withdrawn and replaced with 0.5 mL fresh phosphate buffer. After 24
hours, nanoparticles were dissolved in 1 mL NaOH (1 M) to detect timolol maleate left inside the
nanoparticles. The concentrations of timolol maleate in all release mediums were detected by
UV-Vis spectrophotometry at a wavelength of 294 nm (SpectraMax i3, Molecular Devices,
Sunnyvale, CA). The percentage of cumulative released timolol maleate was determined from

the calibration curve. All samples were analyzed in triplicate.

6.1.5 Synthesis of silica-PMAA nanoparticles

Silica-PMAA nanoparticles were prepared in water-in-oil microemulsion system.

Typically, 20 mL n-hexanol was dissolved in 60 mL cyclohexane, followed by addition of 6 mL
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PMAA solution with vigorously stirring at room temperature. After 5 min, 25 mL Triton X-100
was added dropwise until the mixed solution became optically transparent. After 10 min of
vigorous stirring, 500 pL aqueous ammonia solution (29 wt%) was added, followed by adding
1.5 mL TMOS. The reaction was allowed to stir for 24 hours at room temperature. 100 mL
acetone was added to break the stability of microemulsion and recovered the particles by
centrifuge (4500 rpm, 10 min). The nanoparticles were washed three times with isopropyl

alcohol and deionized water to remove the excess surfactant and cosurfactant.

6.1.6 Timolol maleate oven drying loading into silica-PMAA nanoparticles

For a typical loading process, silica-PMAA nanoparticles were first divided for six
groups, and each group of nanoparticles was mixed with 0.1 mL deionized water containing 100
ug timolol maleate at room temperature for 5 hours, then timolol maleate nanoparticle mixtures
were transferred to the oven at 80 °C overnight. The drug loaded silica-PMAA nanoparticles
were washed twice with phosphate buffer solution (10 mM, pH 2.5) to remove timolol maleate
that was adsorbed on the surface. The timolol maleate concentration in washing solution was
determined via UV-Vis spectrophotometry at a wavelength of 294 nm (SpectraMax i3,

Molecular Devices, Sunnyvale, CA).

6.1.7 Timolol maleate in vitro release study from oven drying post loading nanoparticles

Kinetic release study: timolol maleate loaded silica-PMAA nanoparticles were suspended
in 0.5 mL phosphate buffer (10 mM, pH 2.5) and simulated tear fluid (pH 7.5) under room
temperature. At predetermined time intervals, all release samples were centrifuged (14800 rpm)

for 10 min, and 0.5 mL supernatant was withdrawn and replaced with 0.5 mL fresh release
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medium. After the release study, nanoparticles were dissolved in 1 mL NaOH (1 M) to detect
timolol maleate left inside the nanoparticles. The concentrations of timolol maleate in all release
mediums were detected by UV-Vis spectrophotometry (SpectraMax i3, Molecular Devices,
Sunnyvale, CA) at a wavelength of 294 nm. The percentage of cumulative released timolol

maleate was determined from the calibration curve. All samples were analyzed in triplicate.

Equilibrium to kinetic release study: timolol maleate loaded silica-PMAA nanoparticles
were suspended in 1 mL phosphate buffer (10 mM, pH 2.5) under room temperature to start the
equilibrium release study. At predetermined time intervals, all release samples were centrifuged
(14800 rpm) for 10 min, and 0.2 mL supernatant was withdrawn and the concentrations of
timolol maleate in all release mediums were detected by UV-Vis spectrophotometry
(SpectraMax i3, Molecular Devices, Sunnyvale, CA) at a wavelength of 294 nm, then the same
solution was added back to each release sample. After 26 days, changed the equilibrium release
study to kinetic release study in simulated tear fluid (pH 7.5) At predetermined time intervals, all
release samples were centrifuged (14800 rpm) for 10 min, and 0.5 mL supernatant was
withdrawn and replaced with 0.5 mL fresh phosphate buffer. After the release study,
nanoparticles were dissolved in 1mL NaOH (1 M) to detect timolol maleate left inside the
nanoparticles. The concentrations of timolol maleate in all release mediums were detected by
UV-Vis spectrophotometry at a wavelength of 294 nm. The percentage of cumulative released
timolol maleate was determined from the calibration curve. All samples were analyzed in

triplicate.
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6.2 Results and discussions

6.2.1 Timolol maleate in vitro release study from in situ loading silica-PMAA nanoparticles

In this study, timolol maleate was loaded into silica-PMAA nanoparticles during the
silica sol-gel encapsulation process in water-in-oil microemulsion system in the same way as in
silica-alginate nanoparticles (Chapter 5.2.2). The same result was also observed, no timolol
maleate was detected by UV-Vis spectrophotometry at a wavelength of 294 nm during the in
vitro release study for 24 hours. In addition, there was no timolol maleate detected even after
dissolving the silica-PMAA nanoparticles. In summary, in situ loading method through water-in-
oil microemulsion method showed low loading efficiency, almost to zero in this case. This could
be due to the small molecular weight of timolol maleate, which is 432.49 g/mol, and timolol
maleate diffused out of water phase during the reaction as well as washed away during multiple
washing steps as the high solubility of timolol maleate in both isopropyl alcohol and deionized

water.
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6.2.2 Timolol maleate loading and release study from silica-PMAA nanoparticles

Two types of silica-PMAA nanoparticles were used in this study. PMAA-3: silica —
PMAA nanoparticles made by 3 wt% PMAA solution for the water-in-oil microemulsion, and
PMAA-1: silica-PMAA nanoparticles made by 1 wt% PMAA solution for the water-in-oil
microemulsion. Table 6.1 lists the loading efficiency. PMAA-3 showed a higher loading ability

than PMAA-1, so more PMAA also could improve the loading ability, which was the same as

alginate.
Table 6.1 Loading efficiency for silica-PMAA nanoparticles
Nanoparticles Nanoparticles dry Initial TM* Loaded TM (ug) Loaded TM per
weight(mg) (Hg) NPs (ug)/(mg)
PMAA-3 16.23 + 0.69 500 21490 £5.12 13.25+0.43
PMAA-1 15.15+0.59 500 77.14 £6.23 5.09+£041

* TM: timolol maleate

Figure 6.1 shows the in vitro release profiles of timolol maleate from both types of silica-
PMAA nanoparticles. For PMAA-1, there was no strong difference of release performance
between pH 2.5 phosphate buffer and pH 7.5 simulated tear fluid. In pH 2.5 phosphate buffer, 77
% timolol maleate was released over 27 days; and 79 % timolol maleate was released over the
same time in pH 7.5 simulated tear fluid. In addition, burst release profiles were observed in both

conditions, 60 % timolol maleate released at pH 2.5 in 1 day and 57 % timolol maleate release at
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pH 7.5 during the same time. This release performance was similar to silica-alginate
nanoparticles. However, for PMAA-3, there was a significantly different in release profiles at pH
2.5 phosphate and pH 7.5 simulated tear fluid. In pH 2.5 phosphate buffer, 26 % timolol maleate
was released over 27 days, whereas, 46 % timolol maleate was released over the same time in pH

7.5 simulated tear fluid. Moreover, burst release was also reduced compared to PMAA-1.

Figure 6.2 shows the mathematical modeling for timolol maleate in vitro release from
silica-PMAA nanoparticles. Two models were used in this study, Peppas equation and sphere

monolithic solutions model, as listed in Table 5.1. As shown in Figure 6.2 (C&D), for PMAA-1,

rapid burst release (;:’—t > 0.6 ) was observed in 1 day. In addition, monolithic solution modeling

did not show good fit with the experimental release data. Therefore, timolol maleate was not
homogeneously distributed inside those nanoparticles, and most of the timolol maleate should be
in the surface level of nanoparticles. However, as shown in Figure 6.2 (A&B), for PMAA-3, both
modeling had better fit with the experimental data. For Peppas equation modeling, in pH 2.5
phosphate buffer n = 0.27 and in pH 7.5 simulated tear fluid n = 0.20. Both were smaller than
0.43. Therefore, the release mechanism should be Fickian diffusion in both conditions. For
monolithic solution modeling, PMAA-3 showed better homogeneously distribution of timolol
maleate than PMAA-1. The experimental data showed higher release compared to modeling in

the first 2 days, this should be due to the surface adsorbed timolol maleate.

These results showed that the concentration of PMAA solution used in water-in-oil
microemulsion played an important role for the loading and release performance of timolol

maleate.
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Figure 6.1 Timolol maleate release from silica-PMAA nanoparticles in phosphate buffer (pH 2.5)
and simulated tear fluid (pH 7.5). (A) PMAA-3; (B) PMAA-1.
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Figure 6.2 Mathematical models used for timolol maleate release from silica-PMAA
nanoparticles (A&B: PMAA-3), (C&D: PMAA-1) in phosphate buffer (pH 2.5) and simulated
tear fluid (pH 7.5). (A) Peppas equation modeling: pH 2.5 (R?= 0.9986); pH 7.5 (R?= 0.9910),

(B) Monolithic solutions modeling: pH 2.5 (R?= 0.7971); pH 7.5 (R?= 0.2917), (C) Peppas
equation modeling: pH 2.5 (R?= 0.9294); pH 7.5 (R?= 0.9607). (D) Monolithic solutions
modeling: pH 2.5 (R?= -5.5240); pH 7.5 (R?= -1.2850)
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In order to simulate the release process of timolol maleate from PMAA-3 nanoparticles
under storage condition first, followed by being applied to the eye, an equilibrium release study,
where the incubation solution remains unchanged, followed by a kinetic release study, where
sink conditions were maintained through refreshing of the incubation buffer, was performed..

Silica nanoparticles were used as the control group.

As shown in Figure 6.3, the equilibrium release study was conducted in phosphate buffer
(pH 2.5) for 26 days, during this time 37% timolol maleate was released from silica
nanoparticles but only 14% timolol maleate was released from silica-PMAA nanoparticles. In
next stage of kinetic release study, the release medium was changed from phosphate buffer
solution (pH 2.5) to simulated tear fluid (pH 7.5). Both nanoparticles showed sustained release
profiles for over 40 days, but silica-PMAA nanoparticles showed a more constant sustained
release than silica nanoparticles. After a period of 40 days in simulated tear fluid (70 days total),
approximately 50% of the drug was still remained within the nanoparticle and showed a trend of

continuing release in an apparently linear manner.

The results showed that the silica-PMAA nanoparticle was a better carrier for pH-
responsive release of timolol maleate compared to silica-alginate nanoparticle. One possible
reason may be that PMAA has higher carboxyl group density than alginate. Therefore, the
interactions of PMAA molecules as well as of PMAA molecules and timolol maleate molecules

should be stronger than the ones of alginate molecules.
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Figure 6.3 Timolol maleate equilibrium to kinetic release study. First 26 days, equilibrium
release in phosphate buffer (pH 2.5), and then kinetic release in simulated tear fluid (pH 7.5).
TMOS NP: silica nanoparticles (dash line); TMOS-PMAA NO: silica-PMAA nanoparticles
(solid line)
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6.3 Conclusions

Silica-PMAA nanoparticles have the potential to be a pH-responsive delivery vehicle for
timolol maleate. With only a fraction of drug released at low pH condition and then continuous,
sustained release at physiological pH condition, these nanoparticles demonstrated the concept of
ON/OFF triggered release with < 15% drug released under pH 2.5 condition and a long,
sustained release of drug in simulated tear fluid. In addition, the concentration of PMAA solution
used in water-in-oil microemulsion played an important role for the loading and release
performance of timolol maleate. More characterizations are needed to be done to further

understand this performance.
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Chapter 7 Contact lens loaded with nanoparticles

Contact lens has been used in drug delivery application in different ways. Commercial
contact lenses are first used to absorb and release medications, but the release rate is rapid and
limited drug is eluted after the first several hours.[189] To extend the duration of drug release,
novel contact lens designs have been developed. For example, molecularly-imprinted,[126]
vitamin E barriers,[190], nanoparticles,[191] drug polymer films,[192] liposomes,[193] and B-
cyclodextrins[194] have been incorporated into contact lens and have demonstrated varying drug
release profiles within in vitro release studies. However, storage stability is a major issue for the
application of drug loaded contact lens. More specifically, while sustained release for up to a
month has been demonstrated, the lenses continue to release encapsulated drugs, even while in
their packaging. This limits the commercial feasibility and provides unacceptable variability in

efficacy.

Soft contact lenses should have excellent optical transparency, show good stability under
packing and storage. In addition, since the material directly contacts with the eye, it should be
tear wettable, biofouling resistant, and have high ion and oxygen transmission. The cornea has
no blood vessels, so it has to obtain oxygen from the atmosphere. Insufficient oxygen transport
causes corneal edema with excessive corneal swelling in overnight wear.[195] Water content and
good mechanical properties are also important parameters of soft contact lenses performance.
Water content also affects the oxygen permeability and comfortable of wearing.[196] For the
mechanical properties, soft contact lenses should not only be flexible enough to provide comfort
to the wearer but also needs to be rigid enough to maintain overall shape and withstand multiple

stress cycles in storage environments.[197]
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To keep the advantages of the soft contact lenses, the loaded nanoparticles should have a
very low effect on the contact lessee properties, like optical clarity, water content, ion and
oxygen permeability, and mechanical properties. Therefore, it is necessary to compare these

properties between soft contact lenses and silica-based nanoparticles loaded soft contact lenses.
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7.1 Materials and methods

7.1.1 Materials

Timolol maleate, N,N-dimethylacrylamide, 2,2'-azobis-(2-methylpropionitrile) (AIBN)
and poly (methacrylic acid, sodium salt) solution (30 wt%) were purchased from Sigma Aldrich;
Triton X-100, sodium phosphate dibasic heptahydrate, sodium phosphate monobasic
monohydrate, sodium chloride, potassium chloride, sodium bicarbonate, and calcium chloride
dehydrate were purchased from AMRESCO; cyclohexane, ethanol, aqueous ammonia solution
(29 wt% ammonia), isopropyl alcohol (70 %), hydrochloric acid (37 %), were purchased from
BDH Chemicals; n-hexanol, ethylene glycol dimethacrylate were purchased from Alfa Aesar;
hydroxyethyl methacrylate and providone K-90 were purchased from Spectrum Chemicals. 3 -
methacryloxy-2 -hydroxypropyloxy) propylbis (trimethylsiloxy) methylsilane (SIGMA) was
purchased from Pharnorcia. All chemicals were used without further purification. Deionized
water used throughout the experiments was purified with an ELGA PURELAB Flex water

purification system.

7.1.2 Preparation of soft contact lens

The soft contact lenses were prepared by polymerizing 2-hydroxyethyl methacrylate
(HEMA) along with high oxygen permeability silicone monomer SiGMA, n-hexanol, N.N-
dimethylacrylamide, n-hexanol, 2,2'-azobis-(2-methylpropionitrile) AIBN, providone K-90 and
ethylene glycol dimethacrylate (EGDMA). This monomer mixed solution was injected into a
plastic contact lens mold. After curing at 120 °C for 2 hours, contact lenses were washed with

isopropanol (50 %v/v) and water to remove initiator residue and unreacted monomers. For
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nanoparticle loaded contact lenses, nanoparticles were added into monomer mixed solution

before curing. All the other process were the same.
7.1.3 Optical clarity of soft contact lens

Optical clarity of the contact lenses was determined through transmission measurements
using UV-Vis spectrophotometer (SpectraMax i3, Molecular Devices, Sunnyvale, CA). Each
contact lens sample was placed in one well of 24 well plate with 1 mL pH 7.4 phosphate buffer
solution. The well plate was placed in the spectrophotometer and transmittance was measured at

wavelengths ranging from 400 nm to 750 nm.
7.1.4 Water content of soft contact lens

The weights of wet contact lenses (W,,.;). were measured after washing with water.
Then, the dried lens weighed (W) were obtained by drying the contact lenses at 100 °C for

overnight. The equilibrium water content (EW C) was calculated by:

W — W
EWC =29 + 100

wet

7.1.5 Synthesis of silica-PMAA nanoparticles

Silica-PMAA nanoparticles were prepared in water-in-oil microemulsion system.
Initially, 20 mL n-hexanol was dissolved in 60 mL cyclohexane, followed by adding 6 mL
PMAA (10 wt%) solution. After 5 min, 25 mL Triton X-100 was added dropwise until the mixed
solution became optically transparent. After 10 min of vigorous stirring, 500 uL aqueous

ammonia solution (29 wt%) was added, followed by adding 1.5 mL TMOS. The reaction was
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allowed to stir for 24 hours at room temperature. 100 mL acetone was added to break the
stability of microemulsion and the nanoparticles were recovered by centrifuge (4500 rpm, 10
min). In the end, nanoparticles were washed three times with isopropyl alcohol and deionized

water to remove the excess surfactant and cosurfactant.

7.1.6 Timolol maleate loading process into nanoparticles

Timolol maleate was first dissolved in deionized water to make a 2 mg/mL solution.
Then silica-PMAA nanoparticles were added into timolol maleate solution. This mixed solution
was sonicated to get well dispersed nanoparticles and kept at room temperature for 5 hours, and

then transferred to the oven with 80 °C overnight to remove water.

7.1.7 Preparation of buffers

Phosphate buffer (pH 2.5, 10 mM) was prepared by dissolving 1.380 g sodium phosphate
monobasic monohydrate to 1000 mL deionized water. Then adjusted the pH to 2.5 by

hydrochloric acid (1 M).

Simulated tear fluid (pH 7.5) was prepared by dissolving 6.78 g sodium chloride, 1.38 g
potassium chloride, 2.18 g sodium bicarbonate, 0.084 g calcium chloride dehydrate to 1000 mL

deionized water. Then adjusted the pH to 7.5 by hydrochloric acid (1 M).

7.1.7 In vitro release study of timolol maleate loaded nanoparticle incorporated contact lens

Timolol maleate loaded nanoparticles were added into contact lens monomer solution.
This monomer mixture was injected into a plastic contact lens mold. After curing at 120°C for 2

hours, the contact lenses were washed with isopropanol (50 %v/v) and water to remove initiator
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residue and unreacted monomers. In vitro release study was performed with two groups of
contact lens. For the first group of contact lens, equilibrium release study was studied in 1 mL
simulated tear fluid (pH 7.5) for 8 days for each lens, at predetermined time intervals, 0.2 mL
release medium was withdrawn to detect the concentration of timolol maleate at 294 nm by UV-
Vis spectrophotometry (SpectraMax i3, Molecular Devices, Sunnyvale, CA). Then this same 0.2
mL release medium was added back to the release container. After 8 days, changed all the
release medium to 1 mL fresh simulated tear fluid (pH 7.5) for a second equilibrium release
study. For the other group of contact lens, the first equilibrium study was performed in phosphate
buffer (pH 2.5), and the second equilibrium study was performed in simulated tear fluid (pH

7.5). All samples were analyzed in triplicate.
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7.2 Results and discussions

7.2.1 Optical clarity of contact lens

Optical clarity of silica nanoparticle incorporated contact lenses was determined through
transmission measurements using UV-Vis spectrophotometer. Each contact lens was placed in
one well of 24 well plate with 1 mL pH 7.4 phosphate buffer solution. Transmittance was
measured at wavelengths from 400 nm to 750 nm. Phosphate buffer solution (pH 7.4) was used
as the 100 % transmittance control. As shown in Figure 7.1, all tested contact lenses showed
good transmission (> 90%). Contact lenses without nanoparticles showed the highest
transmission with a minimum of 92 %; contact lenses with 0.2 wt% nanoparticles showed
minimum 91 % transmission; contact lenses with 0.5 wt% nanoparticles showed minimum 90 %
transmission. A photographic image of the nanoparticle incorporated lenses as shown Figure 7.1
shows that the loaded of particles caused no reduction of the visual clarity. Therefore, the
addition of silica nanoparticles caused no strong visible alterations in the contact lens optical
characteristics. This may be due to the low light absorbance of silica materials and the small size

of silica nanoparticles.
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Figure 7.1 Transmittance of contact lens and nanoparticle incorporated contact lens. (Insert
photographic image shows the visual clarity of different contact lenses)
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7.2.2 Water content of contact lens

The contact lenses used in this study were the same ones for optical clarity test. The wet
contact lens weight (W,,..) and dry the contact lens weight (Wg,,) were measured. And the
equilibrium water content (EWC) was calculated by EWC = (Wy,er — Wary)l Wy, x100. Table
7.1 lists the EWC for normal soft contact lenses and nanoparticle incorporated lenses. Without
nanoparticle, the average EWC was 66.61 % for soft lens. Contact lens with 0.2 wt%
nanoparticle inside had a 65.32 % average EWC, and lens with 0.5 wt% nanoparticle inside had
a 67.45 % average EWC. Therefore, this result shows that the addition of silica nanoparticles

almost caused no effect on the water content of contact lenses.

Table 7.1 Water content of contact lens and nanoparticle incorporated contact lens

Nanoparticle wt% in lens EWC
0 66.61 + 1.98
0.2 65.32 +1.82
0.5 67.45 + 1.86
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7.2.3 In vitro release of contact lens

In order to test the performance of silica-PMAA nanoparticles inside contact lenses for in
vitro release study. Timolol maleate was first loaded into silica-PMAA nanoparticles, and then
those nanoparticles were added into the monomer solution of contact lens. In the end, silica-
PMAA nanoparticle incorporated contact lenses were prepared with timolol maleate loaded
inside the nanoparticles. For the in vitro release study, the equilibrium release in 1 mL of
phosphate buffer solution (pH 2.5) and simulated tear fluid (pH 7.5) was studied, this was a
study to mimic the storage condition before contact lenses were applied to the eyes. As shown in
Figure 7.2, after 8 days, only 3 pg timolol maleate released per lens in phosphate buffer solution
(pH 2.5), however, 8 ug timolol maleate released per lens in simulated tear fluid (pH 7.5). This
was due to the pH-responsive timolol maleate release ability of silica-PMAA nanoparticles as
shown in previously studies. After 8 days of equilibrium release study, a second equilibrium
study was performed by using simulated tear fluid (pH 7.5) in both sets of contact lenses. Initial
burst release was observed in all lenses, this was due to the exchange of the fresh release
medium. However, lenses initially in phosphate buffer solution (pH 2.5) released more timolol
maleate compared to lenses initially in simulated tear fluid (pH 7.5). Eventually, all the lenses
reached the similar release amount of timolol maleate. This result showed that silica-PMAA
nanoparticles maintained their pH-responsive timolol maleate release ability even inside contact
lens. This result also provided the information that silica-PMAA nanoparticle inside the contact
lenses can limit the timolol maleate release amount under acidic solution to reduce the drug
leakage during packing and storage condition. In addition, this nanoparticle laden lenses showed

pH-responsive trigger release profile once in simulated tear film solution.
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Figure 7.2 Timolol maleate in vitro equilibrium release from silica-PMAA nanoparticle

incorporated contact lenses. (First equilibrium release study: 0-8 days, one set of contacts lenses
were in phosphate buffer (pH 2.5)); the other set of contact lenses were in simulated tear fluid
(pH 7.5): second equilibrium release study: 8-15 days, both sets of contact lenses were in

simulated tear fluid (pH 7.5).)
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7.3 Conclusions

Silica-based nanoparticles showed limited visible alterations in the contact lens optical
characteristics, as well as negligible influence on the water content. This showed the potential for
using silica-based nanoparticles for contact lens to control delivery drug molecules, as these
nanoparticles would not undermine the physical properties of soft contact lens. In vitro
equilibrium release showed that silica-PMAA nanoparticles inside the contact lens could limit
the release of timolol maleate under acidic solution. In addition, the nanoparticle laden contact
lenses showed pH-responsive trigger release profile once in simulated tear film solution. This
promising pH-responsive release performance of silica-PMAA nanoparticle incorporated contact

lens could lead to the production of commercial contact lens drug delivery vehicles.
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Chapter 8 Summary

This dissertation was mainly concerned with the development of silica-polymer
composite nanoparticle for pH-responsive drug release application. This type of composite
nanoparticles could be produced by water-in-oil microemulsion method with the ability to
control the size and composition of the nanoparticles. The pH-responsive drug release ability of
silica-alginate composite material and silica-PMAA composite particles were studied. The
results showed that silica-alginate composite material had potential to pH-responsive delivery the
drug molecular similar to rhodamine B, and it could be used in biomedical applications such as
wound healing or oral drug delivery. Silica-PMAA composite particles showed pH-responsive
release ability for timolol maleate, which is a common used drug for glaucoma treatment. In
addition, encouraging pH-responsive release profile was observed for the silica-PMAA

nanoparticle incorporated contact lens.

The composites developed in this work could provide significant improvements for the
application of contact lens drug delivery. Moving forward, more studies need to be done to get to
the next stage. For example, more characterizations of the silica-based nanoparticles need to be
done to better understand the control factors for the pH-responsive ability of composite
nanoparticles. And how to fine control the release from silica-based nanoparticles, may be by
controlling the particles size or polymer weight ratio. In addition, how to load more nanoparticles
into contact lens without sacrificing the optical clarity, and the oxygen permeability and
mechanical property of nanoparticle loaded contact lens also need to be studied. Moreover, it is
important to develop an in vitro release system with a better prediction for the real drug delivery

process in the eye. This in vitro release system should consider the tear production rate, tear
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turnover rate and tear film volume with the wear of contact lens. More types of drug also can be
studied such as bimatoprost for glaucoma treatment and cyclosporine A for dry eye treatment.

Eventually, animal study is needed for testing the treatment performance of the contact lens.
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