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By MICHELLE LINETTE JOHNSON

Dissertation Director:

Kathryn E. Uhrich

Biodegradable polyanhydrides were fabricated into disks, coatings, microspheres,
and tubes for controlled drug delivery as well as enhanced thermal and mechanical
properties. The polymer systems were evaluated as potential treatments for periodontal
disease, orthopedic injuries, nerve regeneration, and biofilm formation. The polymers
contained the non-steroidal anti-inflammatory drug (NSAID), salicylic acid and the
antibiotic, ampicillin, in the polymer backbone, which are subsequently released as the
polymers degrade. Significantly, the polymers can be fabricated into these different
geometries that would not be possible with the drug molecules alone.

This dissertation characterizes the in vitro degradation of the polyanhydrides
specifically for the multiple applications. Polymer degradation was monitored by high
pressure liquid chromatography (HPLC) for final degradation products. The effect of
physically admixing additional drugs into the polymer matrix was studied as well, where
the admixed drugs were delineated from the chemically incorporated drugs by HPLC.

Accelerated in vitro degradation rates were developed using highly basic media.
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Mechanical and thermal properties were examined for potential orthopedic and
nerve applications. The compliance and modulus of polymer blends and composites
were measured to characterize the flexibility and strength of each system. Additionally,
properties, such as glass transition temperature (T,) and decomposition temperature (Tg)
were measured to monitor polymer changes as a result of processing and degradation.

Overall, the fundamental chemical, thermal and mechanical properties of each
polyanhydride system were monitored. This dissertation describes the optimization of
controlled drug release rates for specific applications through composites and blends of
ceramics (hydroxyapatite), drugs (antimicrobials and NSAIDs), and polymers

(polyanhydrides).

il



DEDICATION

To Jemal Jr., Jemir, Robert Jr., Jenelle, and Jada. Always strive to do your best and
achieve your dreams. Thank you for making me laugh and giving me some much needed

breaks throughout my graduate school years.

v



ACKNOWLEDGEMENTS
To my advisor, Kathryn Uhrich: Thank you for the advice and guidance you have given
me to help me achieve my goals. Your support and encouragement have been paramount
in my reaching this level. Thank you for your kind words of wisdom, which helped my
development, and I will continue to carry them with me as I move into industry.
I would like to thank my committee members Jing Li, Ph.D., Dinesh Patwardhan, Ph.D.,
and John Taylor, Ph.D. for their suggestions and help with my experiments and writing. [
would also like to give a special thank you to Ted Madey Ph.D. for helping me with
fellowship applications and experiment planning, and allowing me access to his
laboratory.
To my family, Mom, Dad, Rhonda, and Kimberly, thanks for supporting me through all
these years in school. I’m finally finished!
Kehinde, thanks for always being there to answer my questions and help me. I really
appreciate everything.
Tanya, thanks for being such a great friend and always being there to listen and give
advice. I hope your graduate school is as enlightening for you as mine was for me.
I would like to thank all of the staff and students of the NSF-IGERT on Integratively
Engineered Biointerfaces for a very stimulating interchange in which I learned a great
deal. I would especially Linda Anthony, Ph.D. for all of her support and for taking the
time to be a reference for me, and Prabhas Moghe, Ph.D. for pushing me to achieve more
from my research and also providing references for external funding.
FDA/CDRH/OSEL/DCMS, thank you all for your help and advice during and after my

internship.



Additionally, in no particular order, I would like to thank Kris Wetter, the Uhrich Group,
Mark Reynolds DDS Ph.D., Mike Chikindas Ph.D. and Linda, Rick Riman Ph.D., Ana,
Dan, Eugene, Rui, Melissa, Ann, Eileen, Bonnie, and last but not least NSF and NIH for

funding.

vi



TABLE OF CONTENTS

ABSTRACT OF THE DISSERTATION .....cccoiiiiiiiiiiiiiiiiieiciecieecceeeece e i
DEDICATION ..ottt et s v
ACKNOWLEDGEMENTS ...c.ooiiiiiiiiiieeee et v
TABLE OF CONTENTS ..ot vii
LIST OF TABLES ..ot s XV
LIST OF FIGURES ......oiiiiiiiiiiiee ettt s Xvi

CHAPTER 1: INTRODUCTION
1.1. Controlled Drug Delivery from Polymer Matrices.........cccccecvereenericneenncnne. 1
1.2. Polyanhydride and Poly(anhydride-esters).........ccccevieriiienieeiieniiiiienieeene 4

1.3. Significance of Drug Molecules Incorporated into the Polymer Backbone ....7

1.4. Applications of Polyanhydride Blends ...........ccccoooieniiiiiiniiiniiniiieeeee 7
1.4.1. Drug Delivery for Periodontal Treatment.............cccceeveriiieniennennen. 8
1.4.2. Polymer Coatings for Medical Devices ..........cccevervieriineinienicnene 9
1.4.3. Polymer:Hydroxyapatite Composites for Bone Growth................... 9
1.4.4. Polyanhydrides for Nerve Regeneration............cccccceevieenieniienenne 10
1.5. General Overview of the Dissertation...........ccocceveeiereenienienennicneenecieneenne 10
1.6, RETETENCES...c.veiuviiiiiieitieit ettt 12

CHAPTER 2: CONCURRENT RELEASE OF ADMIXED ANTIMICROBIALS AND
SALICYLIC ACID FROM SALICYLATE-BASED
POLY(ANHYDRIDE-ESTERS)

2.1, ADSITACE ...ttt et e 17

2.2 INETOAUCTION . . eeeeeeeee e e e e e e e e e e e e e e e e e eeeaeeeeeeeeaaaaaaaeaens 18

Vil



2.3. Materials and MEthOdS. ....oooveveiiieiiieeeieeeeeeeeeeeeeeeeeeeeeeee ettt eeeeeeeeeeees 21

2301, MAteTIals ..oeveiieiiiiieieeiee e e 21
2.3.2. Polymer Disk Preparation............ccceeceeeviieniieiiienieeiieeieeice e 21
2.3.3. Differential Scanning Calorimetry (DSC) Studies .........ccccccvenneeen. 22
2.3.4. Contact Angle Measurements............ceceeeeueeruieeieeneeseeeneesieenneenns 22
2.3.5. In Vitro Degradation Studies ...........ccceeceeeriienieeiiieniieiienie e 23
2.3.6. Determination of Sample Mass Loss and Water Uptake................ 23

2.3.7. High Pressure Liquid Chromatography (HPLC) Analysis of
Degradation Media..........cccueecuiiriieiiienieeieeeie e 24

2.4, ReSults and DISCUSSION ....c.eeeviveieiiieeeieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerererereeeeereeeeeeeees 25

........................................................................................ 25
2.4.2. Salicylic Acid and Antimicrobial Release.........cc.coceveiviniincnnnen. 28
2.4.3. Mass Loss and Water UptaKe ..........cccccveeveriinieneniicnienenieneenns 32
2.5, CONCIUSIONS ...cutiiiiieiieeiieeie ettt ettt ettt e et e st e et esateenbeeeneas 33
2.0, RETETEICES ... eeeutieiiiitieete ettt ettt ettt eaeeas 36
CHAPTER 3: SALICYLIC ACID-BASED POLY(ANHYDRIDE-
ESTER):HYDROXYAPATITE COMPOSITES FOR BONE
APPLICATIONS
Bl ADSIIACT ..ceiiieiieee et ettt ettt e ebeen 40
3.2, INErOAUCTION......iiiiiiiiieie ettt sttt 40
3.3. Materials and Methods..........c.coouiiiiiiiiiiiee e 42
33010 MALErials ..eeeeieeiiieiieeeee e e 42

viii



3.3.2. Preparation of Polymer:Hydroxyapatite Composites ..................... 43

3.3.3. Hydroxyapatite Characterization ..............cceevveeeeuieneeeireeneesseeeneenns 43
3.3.4. Composite Characterization............cceeeeueeruierveerieeniieeieesreeieeseeeenns 44
3.3.5. Mechanical Analysis of Polymer:Hydroxyapatite Composites.......45
3.3.6. In Vitro Degradation of Polymer:Hydroxyapatite Composites ......45
3.3.7. Water Uptake and Mass Loss Measurements..............ccoeeveeveennnnne 45

3.3.8. Salicylic Acid Release by High Pressure Liquid Chromatography

(HPLQC) ettt 46

3.4. Results and DISCUSSION ........ovueeruiriiriiiniiiieniienieeieetesie ettt 47
3.4.1. Hydroxyapatite Physical Properties...........ccoceevveriieiienieenieennnnnn 47

3.4.2. SA-based PAE:Hydroxyapatite COmpoSites.........ccceervrerurerreennnenne 49

3.4.3. Mechanical Analysis of SA-based PAE:Hydroxypatite Composites52

3.4.4. In Vitro Degradation of Polymer:Hydroxyapatite Composites ......53
3.4.4.1. pH of Degradation Media ..........ccceeveeieiienieniienieeieee, 53

3.4.4.2. Mass Loss and Water Uptake Measurements................... 54

3.4.4.3. Salicylic Acid Release During Polymer Degradation......56

3.5, CONCIUSIONS ..cutieiiieiiieeiie ettt ettt ettt ettt et e st e et e st e et esabeeseesnaeenseens 58
3.6. ACKNOWIEAZEMENLS.......eoiiiiiiieiieiie et 59
3.7 RETRIENCES....eeiiieiiieiie ettt st ettt et an 59

CHAPTER 4: NOVEL POLY(ANHYDRIDE-AMIDE) COATINGS FOR
METAL DEVICES

1. ADSITACT e et e e e e e e e e e e e ——aae e e e e e —————— 64

X



4.2, TNETOAUCTION . ...ceiieiiieeeeeeeeeeeeeeee ettt e e e et et et et eeeeeeeeeeeeeeeeeeeeererereeeeeeeeeeeeeeaees 64

4.3. Materials and Methods..........cceeiiriiiiiiiniieiieeeeee e 67
4.3.1. MAteTialS ....eeiiiiiiieiiieieciecee e e 67
4.3.2 Ampicillin-based Poly(anhydride-amide) Synthesis...........c.cccceeeuneeee. 67
4.3.3. Coating Preparation and Characterization..............cceeceeevueerveenirennnnne. 68
4.3.4. In Vitro Degradation StUdY ........cccccceeriieiiienieeiiienie e 69
4.3.5. Bacterial AdRErence .........cocoevuerienieiiienienieiieseeeeeeee e 70
4.3.6. In Vitro Degradation with Bacteria Present .............cccceeveriiiniennnnnnn 70
4.3.7. In Vitro CYLOtOXICILY ..eeouveeruiereieeiieniieeieeeieerieeeeeeseeesireesseesreenseesnseenne 71

4.4. Results and DISCUSSION .....c..cocuerieriieiiirienieeieniieeeeet et 72
4.4.1. Coating Preparation and Characterization..............cceeeeeerueerveenirennnnne. 72
4.4.2. In Vitro Degradation StUdY .........ccccceeriieiienieeiiienie e 75
4.4.3. Bacterial Adherence Study.........ccoviiriieiiiiiiiiieeee e 79
4.4.4. In Vitro Degradation in the Presence of Bacteria.........c.cccoceevueeeenee. 80
4.4.5. CytotoXiCity ASSESSIMENL....c..cccueriirieniiriiniienieenieetenieerteseresteeneesnesaeens 81

4.5, CONCIUSIONS ....uuiiiiiiiiieeiiieiie ettt ettt ettt et et e et e et esateebeesneas 83

4.6. AckNOWIEdZEMENLS. ........oeiuiiiiiiiieeiieiee e 84

4.7, DISCIAIMET ....eeeuieiie ettt ettt ettt et e beeeabeeaeeenneas 84

4.8, RETETEICES ... eeeutieiiietieeiie ettt ettt ettt et e b e b e eneeas 85

CHAPTER 5: CONTROLLED RELEASE OF NERVE GROWTH FACTOR
(NGF) FROM SALICYLIC ACID-BASED POLY(ANHYDRIDE-
ESTER) MICROSPHERES

S ADSITACT et e e e et e e e e e e e et ———aaaaaa e e e ——— &9



5.2, INtTOAUCTION . ...cceie et 90

5.3. Materials and Methods.........c.ccoviiiiiiiiiiniiiiee e 91
53010 MaAtETIAlS c.cuveiieiieie e 91
5.3.2. Preparation of MiCTOSPRETES ........ccceeveeiiieiiieeiieiieeieeiee e 92
5.3.3. Preparation of NGF-loaded Microspheres ...........cccccoevveeciieniiennennnnn. 92
5.3.4. SEM Of MICIOSPRETES....ccuuieiieeiiieiieeiiieiie e eite e eieesteeiee e eeeeeaeees 93
5.3.5 In Vitro Degradation of MiCroSpheres............cccceveeviieniveniieniienreeneans 93
5.3.6. pH Measurement of Degradation Media...........cccceeeveerienciiinieenieennnn. 94
5.3.7. Salicylic Acid Release from MicroSpheres ...........cccceeeveereeenveenenennnenn 94
5.3.8. NGF Release from MiCroSpheres...........cceevvverieerieenieeniienieeieenreeneeen 95

5.4. Results and DISCUSSION ........ovueeruiriiriiiniiiienienieeieetesie ettt 95
5.4.1. Microsphere Characterization .............ccceeveeeieeniienieenieesieesieeseneenens 95
5.4.2. In Vitro Degradation of NGF-loaded Microspheres...............ccccuennie.n. 96
5.4.3. NGF Release from MicroSpheres..........cocceververieniericneenenieneeeennen 99

5.5, CONCIUSIONS.....eiiiiieiiiieeiie ettt ettt e et e e e eeae e e te e e e aeeesbeeesaseeesaseeessseeans 101

5.6, REICICNCES......viiiiiiieiee ettt et e e e aaeeenaee s 102

CHAPTER 6: THERMAL AND MECHANICAL PROPERTIES OF

POLY(ANHYDRIDE) BLENDS FOR NERVE GUIDANCE

TUBES
0.1, ADSIIACT ...coiiiiiiieiie ettt ettt et 106
6.2, INTrOAUCTION......eiiiiiiiiiiie ettt 106
6.3. Materials and Methods..........c.oooiiiiiiiiiiii e 108
6.3.1. MaterialS .....cooeiiiieiiieiiee s 108

X1



6.3.2. Scanning Electron Microscopy (SEM).......ccccccveviirireniienieeiieeieee, 108

6.3.3. Differential Scanning Calorimetry (DSC)......cccceovveviieiieniieniienene, 108
6.3.4. Thermal Gravimetric Analysis (TGA) .....ccccoecievieniiienieeiieieeeee 109
6.3.5 In Vitro Degradation.............ccceeveeiiieniieniienieeieesee e 109
6.3.6. Water UPLaKe.......coocuieiieiiieiieiiieiteee ettt 110
6.3.7. Dynamic Mechanical Analysis (DMA) by Three-Point Bending.....110
6.4. Results and DISCUSSION .......cecueriiriieniiriiniieieeieneesieete sttt 111

........................................................................................... 111
6.4.2. Thermal Characterization of Polymer Tube Blends.......................... 112
6.4.3. Water Uptake of Polymer Tubes...........cccevveeiieniieiieniieieeieeee 113

6.4.4. Mechanical Characterization of Polymer Tube Blends During /n Vitro

Degradation ..........ceeeiieiierieeieeeie ettt 114
6.5, CONCIUSIONS ....utiiiiieitieeiie ettt ettt ettt ettt e bt e et e e bt e saeeebeeennas 119
6.6. ACKNOWIEAZEMENTS.......eeiiiiiiiiiiieiie e 119
6.7, RETCIENICES. .. eotiiiiietieete ettt st 119

CHAPTER 7: BASE HYDROLYSIS OF POLY(ANHYDRIDE-ESTERS) AND

POLY(ANHYDRIDE-AMIDES)

T L. ADSITACT ...ttt et st ettt e 122
7.2, INErOAUCTION ... .eiiiiiiieie et ettt 123
7.3. Materials and Methods..........c.cooiiiiiiiiiiiii e 124
7.3.1. MAterialS ..c..eeiiiiiieiie e e 124
7.3.2. Base-hydrolyzed Degradation .............cccceeeiieiiiniiienieniieiecieeee 125

Xil



7.3.3. High Pressure Liquid Chromatography Method ............ccccceeuvennenne. 125
7.4. Results and DiSCUSSION .......ccueeeiierieiiieiieeiieiie ettt seae e 126

7.4.1. Comparison of SA-based PAE Degradation: Melt vs. Solution

POLYMETIZAtION ...ttt 126

7.4.2. Ampicillin-based PAAs: Degradation............cccoeeveevieeieenieeieennnnne 128

7.5, CONCIUSIONS ...ceuviiuiiiiitiiie ettt ettt ettt et sttt sttt et sbe e b satesaeenae s 130
7.6 RELETENCES ... eiiiiiieiieiiteie ettt st 130

CHAPTER 8: ADDITIONAL STUDIES: SALICYLIC ACID ADMIXTURE AND
RELEASE FROM SALICYLIC ACID-BASED POLY(ANHYDRIDE-

ESTERS) AND POLYDIMETHYLSILOXANE (PDMS)

Bl ADSIIACT ..eiieeiieeiie ettt ettt et e eneas 133
8.2, INtrOAUCTION ... .ciiiiiiiiiiiieiie ettt 133
8.3. Materials and Methods...........coccoeviiiiiiiiiiee e 135
8.3.1. MaterialS ....coouieiiiiiieee s 135
8.3.2. MEthOdS ...t e 135
8.3.2.1. Preparation of Salicylic Acid-Loaded PDMS Slabs............ 135

8.3.2.2. Preparation of SA-loaded and SAA diacid-loaded SA-based
PAE DiSKS...coouiiiiiiiiiciicncecece e 136
8.3.2.3. In Vitro Degradatioin ............ccceeevueenieiieenienieeieee e, 136

8.3.2.4. High Pressure Liquid Chromatography of Salicylic Acid

...................................................................................................... 137
8.4. Results and DiSCUSSION ......ccueeiuiiiiieriieiiieiie ettt 137
8.4.1. Salicylic acid and SA-based PAE admixed in PDMS...................... 137

xiii



8.4.2. Salicylic Acid Release from PDMS MatrixX ........ccccceevveeiiienieeneennen. 139

8.4.3. Admixed SA and SAA Diacid in SA-based PAES.......cccccccvvvvevennn... 139
8.5 COMNCIUSIONS ... e e e e e e e e e e e e e e e e e eeeeeeeeeeereaaaananas 142
8.6. ACKNOWIEAZEMENLS.......ocouiiiiiieiieeiieiieee ettt 143

APPENDIX 1: SYNTHETIC SCHEMES OF POLYANHYDRIDES STUDIED

X1V



Table 2.1.

Table 2.2.

Table 2.3.

Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Table 3.5.

Table 4.1.

Table 4.2.

Table 4.3.

Table 6.1.

LIST OF TABLES

LogP, pKa, solubility, T, and T4 values of antimicrobial agents and salicylic

HPLC Retention Times for Chlorhexidine, Clindamycin, Minocycline, and

SAlICYIC ACIA....eiiiiiiiiieiieeeeeetee s 28
Physical Properties of HydroXyapatite ...........cccoceeviienieniieenienieeeenieeeeee, 48
My, of the SA-based PAE before and after composite preparation.................. 50
Contact Angle of Polymer:Hydroxyapatite COmpoSsites ........c..ccoceevuerverueennenn 51
Compressive Modulus of Polymer:Hydroxyapatite Composites..................... 53
pH of Polymer:Hydroxyapatite Composites Degradation Media.................... 53
Peel Test Analysis of Coating Stability .........ccceeerviiriiiiniiinieieniceeceeee 74

Decomposition temperatures as measured by TGA (n=3) for each coating
condition to ensure no polymer decomposition during processing. —............ 76
Staphylococcus aureus growth following exposure to ampicillin-based diacid
(2) and polymer (1) coating for 24 hours..........cccceeriierieniieiienieeeeee e, 80
Thermal analyses (DSC and TGA) of raw polymer and polymer tubes to

monitor changes in Ty and Ty as a result of processing. ...........ccccceeevenenene 113

XV



LIST OF FIGURES

Figure 1.1. Schematic demonstrating the mechanism of diffusion-controlled release......2
Figure 1.2. Schematic demonstrating the mechanism of erosion-controlled release.......... 2
Figure 1.3. Schematic of bulk and surface erosion mechanisms ...........cccceevvereenerieneennene 3
Figure 1.4. Schematic showing phases of cumulative drug release..........cccccocueveevierienene 4
Figure 1.5. The mechanism of polyanhydride hydrolysis, which begins with water
uptake, followed by degradation, and finally erosion of the polymer matrix..5
Scheme 1.1. Degradation mechanism of poly(anhydride-esters) ..........ccocveevueervercieennnnnne. 5
Figure 1.6. Fabrication methods of polyanhydrides into various geometries..................... 6
Figure 1.7. Progression of periodontal disease (left) and treatment with PerioChip™
(TIZRE) 1ottt ettt et e e et e e st e et e e tbeebeeenbeenbeeennas 8
Figure 2.1. Chemical structure of poly[1,6-bis(o-carboxyphenoxy)hexanoate]............... 25
Figure 2.2. Representative DSC curve of 10% clindamycin HCl in Polymer ................. 27
Figure 2.3. Cumulative release profiles of salicylic acid.........ccccoceeiiniiiiniininiincnenn 29
Figure 2.4. Cumulative release profiles of salicylic acid (24 hours) .........ccccevervveneencnn 30
Figure 2.5. Cumulative release profiles of admixed antimicrobials..........c.cccccevveneenene 31
Figure 2.6. Cumulative release profiles of admixed antimicrobials (24 hours)................ 31
Figure 2.7. Percentage of mass loss from the polymer matrices during the
degradation study (Up t0 24 hOUIS) .....eevuiiiiieiieeiiee e 34
Figure 2.8. Percentage water uptake from the polymer matrices during the degradation
StUAY (UP t0 24 ROUTS) ..ttt 35
Figure 3.1. Peel test results for hydroxyapatite coated on sandblasted Ti alloy disks......49

XVi



Figure 3.2.

Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Gel Permeation Chromatography Plot Showing the Comparison of

polymer My, before and after composite preparation............ccceeecveeruveeneense. 50
Representative stress vs. strain curve of hydroxyapatite...........cccecvevveennnnee. 52
Mass Loss from Polymer:Hydroxyapatite Composites (90:10 ratios). .......... 55
Mass Loss from Polymer:Hydroxyapatite Composites (50:50 ratios). .......... 55
Water Uptake from Polymer:Hydroxyapatite Composites............cccceveenneenee. 56

Cumulative Salicylic Acid Release from Polymer:Hydroxyapatite
Composites DUring 1 Week .........ccceviieiiiiiieiiiiiieiece e 57
Cumulative Salicylic Acid Release from Polymer:Hydroxyapatite

Composites (comparing release profiles of physically admixed SA and

chemically bonded SA).......ccooiiiiiiiie e 58
Structure of the ampicillin-based poly(anhydride-amide).........c..cccceveenennee. 68
Digital images of coating SUIfaces .........ccceeceviererienienenieneceseeeeeeee 73

Proposed degradation scheme of ampicillin-based poly(anhydride-amide) ..77
Representative images of coating degradation.............ccoeceevieeiiienieiiieenenne 78
Cumulative degradation product release from coatings of polymer 1 prepared
with heat and vacuum and heat alone with real-time UV detection .............. 79
Representative HPLC chromatogram showing separation of ampicillin diacid
aNd aMPICTIIN...c..eiiiiiii e 81

In vitro release profile from ampicillin-based polymer coatings exposed to

Staphylococcus aureus for 5 days........ccccoveeviriiniiiiniiniicece 82
In vitro cytotoxicity of ampicillin-based polymer coatings ............cccccueeneee. 83
L.929 fibroblasts SAMPIES.......cccueeriieriieiieiieeee e 83

Xvii



Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 7.1.

Chemical structure of the SA-based PAE with adipic linker ......................... 90
Representative SEM images of NGF-loaded SA-based adipic PAE
microspheres. The average diameter of the microspheres was 20 um ......... 96
SEM images of NGF-loaded SA-based adipic polymer microspheres during
AEradation.......cccuiiiieeiiieiieeie ettt e 97
pH change in degradation media............ccoecveevieeiiieniienieeieeieee e 98
NGF release from SA-base PAE and PLGA microspheres over 48 hours.....99

Salicylic acid release from the NGF-loaded SA-based PAE microspheres

over the initial 48 hous of degradation .............cccceeveiieiieniiieiienieceeeee 101
Representative SEM images of PLAA tubes.........ccceeviiviiiiienieeieeieenens 111
Representative DSC thermogram of 50:50 Poly(o-cpx):PLAA tube........... 112
Water uptake of polymer blend tubes over 4 weeks.........cccoecvvevieeciiennennnn. 114

Representative images of 3-point bending testing performed on

polymer tubes to measure COmMpPlIANCE........c.eevveeriieriieniieiieeie e 115
Representative plot of compliance testing data. ............cooceeviiiiiiiicininnenns 116
Representative stress vs. strain curve of a polymer tube tested using the 3-
point bending GEOMELIY .......cceeriieiiiiiieiie e 116
Compliance results for the 5-iodo SA polymer and the o-CPX polymer in 3-
point bending testing MOAE..........eevvuieiiiiiiieiierie e 117

Compliance results for polymer tubes with increasing amounts of poly(o-

Representative HPLC separation of salicylic acid for both the melt-

condensation and solution polymerization methods...........c.ccceeeerinnnne. 127

XViil



Figure 7.2.

Figure 7.3.

Figure 7.4.

Figure 8.1.

Figure 8.2.

Figure 8.3.

Figure 8.4.

Figure 8.5.

Figure 8.6.

Cumulative profiles of salicylic acid released from melt-condensation (1) and
solution (2) polymers upon base hydrolysis..........ccceovueecieniieiieniieiiee, 128

Cumulative free ampicillin release during base hydrolysis for 48

Synthetic scheme showing the decomposition of ampicillin in the presence
OF @ SETONE DASE ....eeevieiieeiieieeteee ettt et 130
Digital images of PDMS loaded with 10 wt% SA-based PAE (top) and 10
WEY0 SA (DOEOI) ..ttt 138
Salicylic acid release from PDMS samples loaded with SA and SA-

DASEd PAE ...t 139
Cumulative SA release from SA-based PAE alone and admixed with
additional SA oVer 72 NOUTS. ...cceeviiriiriiieeieeeieee e 140
Cumulative SA release from SA-based PAE alone and admixed with various
percentages (1, 5, and 10 %) SAA diacid over 72 hours ...........cccceeuereenne 141
Cumulative SA release over 24 hours from SA-based PAE admixed with
varying amounts of SA (1, 5, and 10 %0).....ccceoerviiniininiiniiinicneceeee 141
Cumulative SA release over 24 hours from SA-based PAE loaded with SAA

diacid (1, 5, and 10 %0) ..eerueeeiieieeeiiee e 142

XiX



CHAPTER 1: INTRODUCTION

1.1. Controlled Drug Delivery from Polymer Matrices

Historically, drugs were systemically administered with a short, uncontrolled
release profile."”” Recent drug delivery methods, such as polymeric drug carriers, were
developed to sustain drug release with fewer doses and to stabilize sensitive drug
compounds.”™ The polymeric drug delivery systems are often designed for localized
release, which avoids the toxicity associated with systemic drug delivery.’

Two major mechanisms govern controlled release from biodegradable polymers,
diffusion- and erosion- controlled mechanisms.® Figures 1.1 and 1.2 depict how drugs
are released from polymers in both mechanisms. Figure 1.1 shows diffusion through a
polymer matrix into the surrounding media over time. The diffusion-controlled method
usually describes nondegradable polymer systems,” but can also influence drug release
from degradable polymer systems. In this case, diffusion is driven by pore formation in
the polymer matrix. Figure 1.2 shows erosion-controlled drug delivery which describes
drug release from degradable polymers. As the polymer matrix erodes into the
surrounding media, the drug is released into the media as well.

Polymer matrix erosion can be further classified as either surface- or bulk-
eroding (Figure 1.3).* Bulk erosion encompasses devices that erode from the “inside-

out”. The entire device erodes as media penetrates to form pores (Figure 1.3 left).
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Figure 1.2. Schematic demonstrating the mechanism of erosion-controlled release’

In contrast, some devices only erode from the surface (Figure 1.3 right). The media
only interacts with the surface of the device, while the device interior remains unaffected.
The erosion mechanisms alter drug release profiles and polymer systems should be
selected based on the desired drug release rate and profile.

Controlled drug delivery systems are often designed to achieve zero-ordered or

near-zero ordered drug release,’ as zero-ordered drug release is independent of time and
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Figure 1.3. Schematic of bulk and surface erosion mechanisms.

drug concentration remains constant. However, most systems do not achieve zero-
ordered release and many are classified as near-zero ordered."® Additionally, many
systems display a first-ordered release profile, which is defined as an initial high
concentration of drug release followed by a linear decrease in drug release over time."'

Drug release profiles can also be defined by cumulative release profiles."
Cumulative release profiles show the total amount of drug released over time (Figure
1.4). The initial release phase can be characterized by a lag or burst phase. The lag
phase is minimal drug release during the initial stages, while the burst phase is a very fast
initial release. The initial stages are often followed by a linear increase in drug release.
The final stage of cumulative drug release is often a plateau phase, where the drug release
rate slows considerably and essentially levels off with no further increases.

With so many ways to describe drug release, it can be difficult to classify
complicated systems. As a result, polymeric drug delivery rates are simulated using
computer models to determine the effects the polymers and drugs have on the overall

13,14

delivery system. In this dissertation, experimental techniques were used to

characterize release rates and profiles.
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1.2. Polyanhydrides and Poly(anhydride-esters)

Polyanhydrides have been studied in detail over the past few decades, specifically
for their potential as drug delivery vehicles.””!” Polyanhydrides have many desirable
characteristics that make them amenable for drug delivery. For example, they surface-
erode in media, which avoids the “inside-out” degradation profile observed in bulk-
eroding materials, and ultimately better controls drug release rates (Figure 1.5)."®

Initial in vitro degradation studies determined the general pathway of
poly(anhydride-ester) degradation, as illustrated in Scheme 1.1."%' First, the anhydride
bonds between each repeat unit are cleaved to yield the diacid intermediate. Second, the
ester bonds are cleaved within each repeat unit to release the active drug molecule,

salicylic acid in this example, and the biocompatible linker.
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Scheme 1.1. Degradation mechanism of poly(anhydride-esters)'” '

The salicylic acid-based poly(anhydride-esters) (SA-based PAEs) have been
synthesized by the melt-condensation and solution polymerization methods.”® 1In the
melt-condensation polymerization, the monomer is heated under vacuum to remove
excess acetic anhydride and form anhydride linkages between the polymer repeat units,
followed by precipitation from an organic solvent. The solution polymerization is

prepared using triphosgene as coupling agent and triethylamine as acid acceptor,



requiring strictly stoichiometric amounts of each compound. Thermally sensitive drugs,
such as ampicillin, must be prepared by solution polymerization because they would

decompose in the melt-condensation polymerization. The resulting polymers from either

microspheres coatings

Figure 1.6. Fabrication methods of polyanhydrides into various geometries. '*27>*

polymerization method can be manipulated and fabricated into many geometries for

. : . 19,27,2
various applications.'”?"**

Specifically, disks and fibers are implanted to treat
periodontal disease, tubes and microspheres direct nerve growth, and coatings prevent
biofilm formation and restenosis.

The SA-based PAEs have been examined in animal studies and in vitro for related
applications, such as localized release in bone to heal fractures and periodontal disease

26,29,30

treatment. The results showed that these polymers reduce inflammation and



prevent bone resorption, which is critical for implants to remain in place and prevent

. : . 29,30
loosening and rejection.””

1.3. Significance of Drug Molecules Incorporated into the Polymer Backbone

Salicylic acid and ampicillin have been incorporated into polyanhydride
backbones for release upon hydrolytic degradation of the polymer. Salicylic acid, the
active ingredient in aspirin, has been used for over 3500 years as an anti-inflammatory

31,32

agent, analgesic, and anti-pyretic. Ampicillin is a common antibiotic based on

penicillin and is active against Gram-positive and some Gram-negative bacteria.*>’
These drug compounds are systemically administered to patients, yet localized release
can reduce systemic toxicity, prevent bacterial resistance, and target the injury site.’**

Further, drug delivery from biodegradable polymers may be able to improve patient

response to the implants due to reduced inflammation and foreign body response.*

1.4. Applications of Polyanhydride Blends

As previously mentioned, polyanhydrides can be adapted to a variety of
applications. Here, the focus is on developing biomaterials to treat periodontal disease,
promote bone growth, prevent biofilm formation, and regenerate nerves following injury.
The polymer systems discussed are biodegradable and release drug compounds, such as

salicylic acid and ampicillin, to treat each condition.



1.4.1. Drug Delivery for Periodontal Treatment

Periodontal disease is a common bacterial infection that causes the periodontium
(gum tissue) and bone surrounding the teeth to erode and resorb (Figure 1.7.), ultimately
causing tooth loss.”” Recent therapies include localized delivery of antibiotics to reduce

38-41
For

the risk of adverse systemic drug reactions and increase patient compliance.
example, PerioChip™ is implanted into the periodontal pocket and releases chlorhexidine
into the gum tissue to treat the bacterial infection (Figure 1.7.). The system discussed in
this dissertation is similar to PerioChip™ and was designed using SA-based PAEs loaded

with antimicrobials, such as chlorhexidine, clindamycin, and minocycline to treat the pain

and infection associated with periodontal disease. The polymer degrades into salicylic

ps }Jﬂ

PERIOCHIP, |

Figure 1.7. Progression of periodontal disease (left) and treatment with PerioChip™

(right).

acid while releasing antimicrobials to treat infections at the implant site for the first few

weeks following surgery, or the critical healing period for the patient.



1.4.2. Polymer Coatings for Medical Devices

Polymer coatings on medical devices are becoming increasingly popular.** The
most common polymer coatings were developed for cardiac stents to prevent restenosis.*
Stent surfaces are believed to greatly influence stent properties and usage, so a polymer
coating for controlled drug release may be extremely beneficial.** Various types of stent
coatings from inorganic to polymeric have been developed for improved function.

Another novel coating development, which will be discussed in more detail in a
following chapter, involves coating medical devices with antimicrobials to treat and
prevent bacterial infections. Another issue in medical devices is bacterial resistance, the
development of coatings to prevent biofilm formation is important as well.** An
important finding has shown synergy between local and systemic delivery of
antimicrobials.”” Such developments will be significant to reducing the number of

revision surgeries and increasing the overall success of metal implants.

1.4.3. Polymer:Hydroxyapatite Composites for Bone Growth

Hydroxyapatite can be synthesized as a porous, biocompatible material that is
very similar to the minerals found in human bone and teeth. The ratio of calcium to
phosphorous in the synthetic material must be very close to the theoretical value of 1.67
because the release of free Ca®" and PO, is the driving force of pore formation upon
erosion of hydroxyapatite.**

Yet, synthetic hydroxyapatite is unable to match the mechanical properties of

natural hydroxyapatite and is still accepted for some non-load bearing bone implant
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applications. Hydroxyapatite cannot be used alone for load-bearing applications because
it is brittle, stiff and generally has poor mechanical strength.49 Hydroxyapatite is too
weak to dissipate the energy from the typical recurring impact in bone.* Hydroxyapatite
composites can be made with polymers, fibers, and other materials to improve and

optimize the mechanical properties for specific bone applications.”””"'

1.4.4. Polyanhydrides for Nerve Regeneration
Nerve guidance conduits for tissue engineering can be enhanced with various
compounds to enhance nerve growth, including biodegradable polymers and microsphere

and collagen fillings.”>

Particularly, protein delivery is extremely promising for
guiding nerve growth. In some cases, the conduit itself can be used as a drug delivery
vehicle, but it may be more useful to load microspheres into the conduit to facilitate nerve

growth.>**

In developing polyanhydrides for nerve regeneration, the thermal and
mechanical properties were compared to other systems that have been studied, such as

poly(glycolic acid) and collagen for similar flexibility and degradation rate.*®

1.5. General Overview of the Dissertation

This dissertation has four general objectives. The first objective is to physically
admix salicylic acid and antimicrobials into salicylic acid-based poly(anhydride-esters)
(SA-based PAEs) to treat periodontal disease and optimize the in vitro drug release
characteristics of the admixed drugs and from the polymer itself. The first objective is

addressed in Chapters 2 and 8 and highlights the use of high performance liquid
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chromatography (HPLC) to delineate the final degradation product (salicylic acid) from
oligomers and other degradation products.

The second objective is outlined in Chapter 4; the objective is to develop an
antibiotic-based poly(anhydride-amide) coating for drug release and biofilm resistance.
Studies of biofilm growth are significant as bacteria, such as Staphylococcus aureus
become increasingly resistant to traditional therapies.

The third objective of this dissertation is to optimize protein encapsulation in SA-
based PAEs so that protein delivery can be controlled for nerve regeneration. The protein
delivery system was developed to potentially be used to fill polyanhydrides tubes for
directed nerve growth. The protein-loaded polymer microspheres are discussed in
Chapter 5, whereas the thermal and mechanical properties of the polyanhydride tubes are
described in Chapter 6.

The final objective is to develop polymer:hydroxyapatite composites and
polyanhydride blends and characterize the mechanical properties (compliance and
modulus) for medical devices or implants. These projects are discussed in Chapters 3
and 6, respectively.

All biomaterials are defined as a result of their function. It is important to
characterize the fundamental chemical, mechanical, and thermal properties of a
biomaterial prior to biological studies. This dissertation examines the fundamental

properties of potential biomaterials to define their future uses.
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CHAPTER 2: CONCURRENT RELEASE OF ADMIXED ANTIMICROBIALS
AND SALICYLIC ACID FROM SALICYLATE-BASED POLY(ANHYDRIDE-

ESTERS)

2.1. Abstract

A polymer blend consisting of antimicrobials (chlorhexidine, clindamycin, and
minocycline) physically admixed at 10 % by weight into a salicylic acid-based
poly(anhydride-ester) (SA-based PAE) were developed as an adjunct treatment for
periodontal disease. The SA-based PAE/antimicrobial blends were characterized by
multiple methods, including contact angle measurements and differential scanning
calorimetry (DSC). Static contact angle measurements showed no significant differences
in hydrophobicity between the polymer/antimicrobial matrix surfaces. Notable decreases
in the polymer glass transition temperature (T,) and the antimicrobials’ melting points
(Tm) were observed, indicating that the antimicrobials act as plasticizers within the
polymer matrix. In vitro drug release of salicylic acid from the polymer matrix and for
each physically admixed antimicrobial was concurrently monitored by high pressure
liquid chromatography (HPLC) during the course of polymer degradation and erosion.
Although the polymer/antimicrobial blends were immiscible, the initial 24 hours of drug
release correlated to the erosion profiles. The SA-based PAE/antimicrobial blends are
being investigated as an improvement on current localized drug therapies used to treat

periodontal disease.
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2.2. Introduction

Polyanhydrides have been studied by many researchers over the past two decades
as drug carriers."” Particularly, polyanhydrides exhibit nearly zero-order drug release
profiles in vitro ** because they primarily erode by a surface-erosion mechanism that
excludes water from the polymer matrix during degradation.*’” Polyanhydride matrices
have been examined for the delivery of multiple bioactive agents, such as hydrophobic
drugs, anticancer agents, and DNA.¥!!

Building upon the success of the polyanhydrides, our laboratory synthesized
salicylic acid-based poly(anhydride-ester) (SA-based PAEs)'*'* that degrade into active
drug molecules and may also act as drug carrier matrices. Salicylic acid is particularly
relevant because it is a non-steroidal anti-inflammatory drug (NSAID) that can treat

inflammation and the pain associated with periodontal disease.'>'°

In an early example,
the SA-based PAEs were fabricated into fibers, then the degradation and mechanical
properties examined.!” Based upon our early results, we evaluated the SA-based PAEs as
drug delivery systems to concurrently deliver physically admixed antimicrobials and
chemically incorporated salicylic acid, both of which are released upon hydrolytic
degradation of the polymer matrix."® The combined delivery of an antimicrobial and
anti-inflammatory is of particular interest for treating periodontal disease.

Periodontal disease is a very common bacterial infection that causes the
periodontium (gum tissue) and bone surrounding the teeth to erode and resorb, ultimately

19

causing tooth loss.”” Typically, periodontal disease is treated with scaling and root

planing to physically remove plaque below the gum line. Scaling and root planing is
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usually followed with additional treatments, including systemic administration of
antibiotics to ensure bacterial destruction.”’ Recent therapies include localized delivery
of antibiotics to reduce the risk of adverse systemic drug reactions and to decrease

concerns of patient compliance.”'**

Examples of such commercially available products
include Arestin®, a microsphere system based on poly(glycolide-co-dl-lactide) (PGLA)
for minocycline release and Atridox®, a poly(lactic acid) (PLA)-based system for
doxycycline release. Notably, the current approach to localized delivery utilizes PGLA
and PLA which have been shown to cause inflammation and a foreign body response.”>*°
In comparison, the SA-based PAEs in this paper do not cause inflammation, compared to
PLA-based systems which show pronounced inflammation in a rat defect model.”’
Nonetheless, the PLA and PGLA systems enable a prolonged release of the
antimicrobials over 1-3 weeks without a lag phase rather than immediate release of the
antibiotic without polymer. The polymer/antimicrobial system described herein is
designed for implantation into the pockets formed in the periodontium (gum tissue) such
that both the NSAID and antimicrobials are simultaneously and locally released into the
periodontal pocket.

Three antimicrobials (chlorhexidine-2HCI, clindamycin-HCI, and
minocycline-HCl) were physically admixed into the polymer matrix at 10 weight %, at
approximately the current therapeutic levels used in similar periodontal products.”=*>°
The antimicrobials have different octanol/water partition coefficient (logP)’' and pKa
values which correlate to each drug’s hydrophobicity, charge (Table 2.1) and potential

release rate from the biodegradable polymer matrix. Further, the three antimicrobials

provide a range of options to prevent contraindications in patients, are clinically relevant,
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and have been examined for their potential use in other delivery systems throughout the

. 19,28 33-35
literature.” >

Table 2.1. LogP, pKa, solubility, Ty,, and T4 values of antimicrobial agents and salicylic

acid.
Antimicrobial (calc) logP  pKa Solubilityin Ty, Tq4
value’’  values®' PBS (°C) (°C)
(mg/mL)

Chlorhexidine-2HCI

CHe™
TR RRT, 4ss 108 0446 187 250

Clindamycin-HCI

cl
1.82 7.5 19.1 144 190
2.8
5.0
-0.55 7.8 27.1 136 138
9.5
Salicylic Acid
0O OH
OH 2.06 2.97 145 158 211

13.4
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This chapter describes the physical polymer degradation characteristics and the
controlled, concurrent in vitro release of clinically relevant antimicrobials and a NSAID
from a biodegradable polymer matrix. The localized drug delivery system described
herein may enhance the benefits of localized antimicrobial delivery systems by providing
localized pain relief and anti-inflammatory effects due to the concurrent release of an

NSAID,? in addition to the release of antimicrobials to reduce microbial growth.

2.3. Materials and Methods

2.3.1. Materials

Poly[1,6-bis(o-carboxyphenoxy)hexanoate] was prepared using previously
described methods.'*'* The polymer had M,, = 20,600, PDI = 1.2, and T, = 65°C.
Chlorhexidine-2HCI, clindamycin-HCl, and minocycline-HCI were purchased from MP
Biomedicals (Irvin, CA) and used as received. Potassium phosphate dibasic and

potassium phosphate monobasic and HPLC grade-acetonitrile were obtained from

Aldrich.

2.3.2. Polymer Disk Preparation

The antimicrobials were separately incorporated into the polymer at 10% (w/w).
Polymer (900 mg) was heated in a 150 mL PTFE beaker (FisherBrand, Pittsburg, PA)
with a heat gun for approximately 2 minutes or until the polymer began to flow at 65°C.

Each antimicrobial agent (100 mg) was added to the molten polymer and stirred for one
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minute with a glass stirring rod. The mixture was then cooled to room temperature and
then ground for 30 seconds in a coffee grinder (Mr. Coffee, Rye, NY).

The ground antimicrobial-polymer mixture (50.0 + 5.0 mg) was placed into an IR
pellet die (International Crystal Laboratories, Garfield, NJ) and pressed at 4,000 psi at
room temperature for 5 minutes in a Carver Press (Carver, Wabash, IN). The resulting
disks were 6.0+0.2 mm diameter and 1.0+£0.2 mm thick, as determined by vernier caliper

measurements (Mitutoyo, Japan).

2.3.3. Differential Scanning Calorimetry (DSC) Studies

DSC was performed on polymer/antimicrobial samples in triplicate following
admixing but prior to pressing into disks. Up to 15 mg of each sample was placed in a
TA instruments aluminum hermetic pan and analyzed on a TA Instruments Q200 DSC
(New Castle, DE). The samples were tested using a heat- cool- heat scan from 0°C to
200°C at 10°C/minute under N». The polymer’s T, values were obtained from the second
heat cycle and determined as the inflection point for all samples. Each antimicrobial’s Ty,
was obtained from the first heat cycle. All DSC data analysis was completed using TA
Universal Analysis software on a Dell Dimension 3000 computer with a Windows XP

operating system.

2.3.4. Contact Angle Measurements
Static contact angle measurements were performed on polymer samples in
triplicate on three separate samples prior to degradation using deionized water on a model

100 goniometer (Rame-Hart, Mountain Lakes, NJ). The contact angle was determined
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digitally with a camera attachment and the measuring system on the DROPimage
Advanced software on a Dell Dimension 3000 computer with a Windows XP operating

system.

2.3.5. In Vitro Degradation Studies

The sample disks (40.0£1.4 mg) were placed in 20 mL scintillation vials
containing 10 mL 0.1 M phosphate buffer solution (PBS) at pH 7.4. The vials were
stored in a New Brunswick Scientific Series 25 Controlled Environment Incubator
Shaker at 37°C and constantly shaken at 65 rpm. The degradation media was decanted
from the vial and replaced with 10 mL fresh PBS at pre-determined time intervals. The
spent degradation media was stored at room temperature until further analysis. The
degradation study was conducted twice with an n=3 for both sets of experiments. All

data shown are the average of at least 3 samples.

2.3.6. Determination of Mass Loss and Water Uptake

Water uptake and mass loss were determined by obtaining the mass of each
sample using an analytical balance (Mettler Toledo Columbus, OH). At predetermined
time points during the degradation study, the samples were removed from the degradation
media, rinsed in deionized water to remove residual phosphate salts, and patted with
Kimwipes” (Kimberly-Clark, Neenah, WI). Each sample was lyophilized in a Freezone
Freeze Dry System (Labconco, Kansas City, MO) for 48 hours to ensure a constant mass.

The water uptake was calculated using Equation (1) 7°:
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Wh - Wr
WA(%)=———X 100 (1)
W;
where WA is water absorbed by the sample or water uptake, Wj is the mass of the
hydrated sample, and W; is the residual mass of the lyophilized sample. The mass loss

was calculated using Equation (2) "°:

ML(%)= ——— X 100 )

where ML is the mass loss of the sample and W), is the mass of the sample prior to

degradation. Three samples were measured and averaged for each time point (n = 3).

2.3.7. High Pressure Liquid Chromatography (HPLC) Analysis of
Degradation Media

Free salicylic acid release and antimicrobial (chlorhexidine-2HCI,
minocycline-HCl, and clindamycin-HCI) release were quantified using a Gemini CI18
column (150 x 4.6 mm, Phenomenex, Torrance, CA) on a Perkin Elmer (PE) HPLC
system consisting of a Series 200 UV detector, a Series 200 pump, and an ISS 200
autosampler. The HPLC system was connected to a Dell computer running PE
TotalChrom software via PE-Nelson 900 Interface and 600 LINK. Samples were diluted
using PBS if needed to ensure measurements within the calibration curve and filtered
through 0.45 pm poly(tetrafluoroethylene) (PTFE) syringe filters (Nalgene, Rochester,
NY). Salicylic acid release was monitored at 210 nm, while chlorhexidine, clindamycin,

and minocycline were monitored at 254 nm, 210 nm, and 298 nm respectively, with a
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mobile phase of 75% 20 mM dibasic and monobasic potassium phosphate pH 2.5 using
IN HCI to adjust the pH and 25% acetonitrile. Five point calibration curves were
generated for each compound with concentrations ranging between 0.0025 mg/ml and 0.5
mg/ml. Complete recovery (100 weight % of incorporated antimicrobials) of the
antimicrobials was ensured by dissolving any remaining solid at the end of the in vitro
degradation study and running the dissolved samples on the HPLC with the same running

conditions.
2.4. Results and Discussion

2.4.1. Influence of Admixed Antimicrobials on Polymer Matrix Properties
The incorporation of molecules into a polymer’s matrix may alter the inherent
properties of the matrix. Static contact angle and DSC measurements were performed to

determine the effect of the admixed antimicrobials on polymer 1 (Figure 2.1) properties.

/O 0 @) 1
O\n/ (CHZ)Z\[(O\ES
O O

— X

Figure 2.1. Chemical structure of poly[1,6-bis(o-carboxyphenoxy)hexanoate]

(Polymer 1).

Primarily, the static contact angle was used to identify any changes to the
hydrophobic nature of the polymer surface. Compression-molded disks of the polymer 1

alone showed a static contact angle of 56° in deionized water. The contact angles
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decreased slightly to 54° when the antimicrobials were added to the compression-molded
polymer at 10 weight %. Based on the minimal change in the contact angle
measurement, the antimicrobials are not influencing the hydrophobic surface of polymer
1.

DSC measurements were conducted to determine the extent of mixing between
the antimicrobials and the polymer chains through changes in the glass transition
temperature of polymer 1. DSC has been used for decades as a method to measure the
interaction or mixing of drugs within polymeric matrix systems.”” The DSC results are

summarized in Table 2.2. The T, of the polymer alone is 65 °C, and a noticeable

Table 2.2. Thermal Properties of Antimicrobial:Polymer Blends.

Sample Polymer Antimicrobial
T, (°C) Tm (°C)

Polymer 65 *

10%
Chlorhexidine 54 152
in Polymer

10%

Clindamycin 40 144
in Polymer

10%

Minocycline 39 138
in Polymer

*Thermal transition not observed

decrease in the polymer T, is observed with each antimicrobial admixture. For the

admixture, the polymer’s glass transition (39-65 °C) is clearly separated from the
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antimicrobials’ melting transition (138-152 °C). A sample DSC curve for minocycline is
displayed in Figure 2.2. Additionally, a significant decrease in the Ty, of chlorhexidine
was observed from 187 °C for chlorhexidine alone to 152 °C in the
chlorhexidine/polymer blend. The DSC results show that there is a characteristic
lowering of the polymer’s T, for each of the polymer:antimicrobial blends that is
consistent with previously reported results on diffusion-controlled drug release from
polymers®®. Each of the antimicrobials acts as a plasticizer within the polymer matrix,

which indicates an increase in the free volume of the polymer.

0.2
0.0
o
=
=
E) -0.2 1
(e
% 34.18°C
4005°C 139.50°C
45.88°C 5.083Jig
-0.44
144.46°C
677 7 [ 7 T ] T
-20 0 20 40 60 80 100 120 140 160
Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure 2.2. Representative DSC curve of 10% clindamycin HCI in Polymer 1

(polymer T, shown at 40 °C and clindamycin Ty, shown at 144 °C).
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2.4.2. Salicylic Acid and Antimicrobial Release

The retention time of each compound separated by HPLC is shown in Table 2.3;
note that each compound is distinct. The cumulative release of salicylic acid from the
SA-based PAE (Polymer 1) matrix is shown in Figures 2.3 and 2.4 for each of the
admixed antimicrobial matrices. Compared to polymer alone, the overall rate of salicylic
acid release resulting from hydrolytic degradation of the polymer backbone was not

significantly influenced by the presence of each admixed antimicrobial. Even though the

Table 2.3. HPLC Retention Times for Chlorhexidine, Clindamycin, Minocycline, and

Salicylic Acid.
Compound Retention Time
(min)
Chlorhexidine 29.6
Clindamycin 5.1
Minocycline 2.3
Salicylic Acid 8.1

differences in the release profiles are not statistically significant, a strong trend is
observed: the amount of salicylic acid released into the media decreases with increased
antimicrobial hydrophobicity (Table 2.1, Figures 2.3 and 2.4). In addition, all release
profiles exhibit a lag phase of approximately 15 hours. After the lag phase, the release
profile is linear, faster, nearly zero-order, and ultimately reaches a plateau. Polymers

were 50% degraded (t12) at times ranging from 25 hours for the polymer alone, to 30
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hours for minocycline (most hydrophilic at logP -0.55), and 42 hours for chlorhexidine

(most hydrophobic at logP 4.55).

100 4 i
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C
wn 20 -
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0 20 40 60 80 100 120 140

Time (hours)

—— Polymer —e— 10% Chlorhexidine in polymer
—8— 1% Clindamycin in polymer —a— 10% Minocyclne m polymer

Figure 2.3. Cumulative release profiles of salicylic acid generated from four different
polymer matrices, ranging from the salicylic acid-based polymer alone and the three

antimicrobials (10 wt%) admixed within the polymer at 140 hours.

The release profiles of the three admixed antimicrobials from each
polymer/antimicrobial matrix are compared in Figures 2.5 (140 hours) and 2.6 (24

hours). The antimicrobial release generally corresponds to the logP values: chlorhexidine
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Figure 2.4. Cumulative release profiles of salicylic acid generated from four different
polymer matrices, ranging from the salicylic acid-based polymer alone and the three

antimicrobials (10 wt%) admixed within the polymer at 24 hours.

(logP 4.55) exhibited a longer lag phase and minimal release into the media before the
matrix lost its integrity, whereas minocycline (logP -0.55), and clindamycin (logP 1.82)
are quickly released into the degradation media. Given the large disparity between more
hydrophobic drugs (e.g., chlorhexidine) and the SA-based PAE, the release of drugs with
logP values and solubilities equal to or less than that of salicylic acid are better
controlled. These studies were conducted using the SA-based PAE with an adipic linker
(Figure 2.1), but antimicrobial release may be tailored with other SA-based PAEs with

different linkers, as shown from their varied degradation rates."*
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Figure 2.5. Cumulative release profiles of admixed antimicrobials from the salicylic

acid-based polymer matrices at 140 hours.
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Figure 2.6. Cumulative release profiles of admixed antimicrobials from the salicylic

acid-based polymer matrices at 24 hours.
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Additionally, the pKa values (Table 2.1) for each compound are expected to affect
the release rate. Based on the pH of the PBS (7.4), each drug molecule will have
different charge states. While the salicylic acid will be ionized in the PBS, the three
admixed drugs will either be neutral or protonated. =~ Chlorhexidine has a very high pKa
(10.3) and is a cation in the PBS buffer pH 7.4.>**° Clindamycin is basic also, with a pKa
of 7.6,°>* and is expected to be in ionized form for these experiments.*’ Although the
hydrophobicity of the drugs has the most influence on the drug release rate, the
possibility remains for ion-pairing between salicylic acid and the basic drugs,
chlorhexidine and clindamycin, ultimately, chlorhexidine’s release from the matrix is
noticeably slower. However, clindamycin’s release rate is only slightly affected as its
pKa is very close to the media pH and is only partially ionized. Minocycline is acidic
with pKa values at 2.8, 5.0, 7.8, and 9.5, and is mostly a zwitterion at pH 7.43%*% The
mostly neutral minocycline may not interact with the salicylic acid, especially
considering its very hydrophilic logP value. As a result, the major factor affecting drug
release is the logP value, but the pKa value can also affect the drug interactions and the

overall release rate.

2.4.3. Mass Loss and Water Uptake

Mass loss and water uptake of the polymer disks were also monitored for the first
24 hours of hydrolytic degradation, then compared to the drug release rates to determine
how water permeation influences polymer degradation and ultimately drug release.

These experiments were limited to 24 hours because the matrix shape changes and
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integrity decreases after this time point. The mass loss data is shown in Figure 2.7, and
the water uptake data in Figure 2.8. The polymer alone has the fastest rate of mass loss;
the minocycline and chlorhexidine also have significant mass loss in the first 24 hours of
degradation. However, clindamycin has very little mass loss, which may be due to the
similar logP values of clindamycin (1.82) and salicylic acid (2.06) creating an
equilibrium with little driving force for physical degradation of the admixed clindamycin
samples. The admixed clindamycin samples had the least amount of mass loss and water
uptake, and an intermediate release rate. The minocycline admixed samples had the most
similar mass loss and water uptake profiles compared to the polymer alone. In general,
the presence of admixed antimicrobials slowed down the matrices mass loss and water
uptake.

The water uptake results (Figure 2.8) depict the same trend as the mass loss
results (Figure 2.7). The polymer alone has the greatest amount of water uptake,
followed by the hydrophobic chlorhexidine and hydrophilic minocycline. After 24 hours,
the minocycline- and chlorhexidine-containing disks absorbed more water than
clindamycin-admixed disks. These observations correlate with our salicylic acid release
in that salicylic acid release from the polymer alone is fastest, followed by minocycline,

chlorhexidine, and clindamycin, respectively (Figure 2.4).

2.5. Conclusions

Polyanhydrides are often defined as surface-eroding materials® with tunable

erosion mechanisms for tissue engineering and sensitive compounds, such as
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Figure 2.7. Percentage of mass loss from the polymer matrices during the

degradation study (up to 24 hours)

. 44
proteins. .

This research sought to correlate drug release rate to polymer matrix
erosion profiles, based on water uptake and mass loss. The varied solubility parameters
and immiscibility of the polymer:antimicrobial blends were observed to influence drug

. . 4546
release as demonstrated in related studies.™

Most importantly, salicylic acid release
profiles were not influenced by the incorporated drugs. The SA-based PAEs release

antimicrobials after a 12 hour lag phase, which may be more useful than the PLA
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and PLGA-based systems for sustaining the overall drug release. Typically, drug release
from the Arestin” system occurs immediately with drug release percentages at 99 % after

the first 72 hours.*’

Upon analysis of the initial 24 hours of drug release, the trend for
salicylic acid and antimicrobial release correlates with the mass loss and water uptake
findings (Figures 2.4, 2.6-2.8). Based on the results, the release of three antimicrobials
may be primarily controlled by drug diffusion from the polymer matrix. The
antimicrobials (chlorhexidine:2HCI, clindamycin-HCI, and minocycline-HCI) were

successfully admixed into the poly(anhydride-ester) matrix and their subsequent release

sustained for at least 3 days. The antimicrobial release generally slowed with increasing
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hydrophobicity of the antimicrobials as based on the logP values. In summary, a range of

antimicrobials with varying properties can be released from the SA-based PAE matrices

without affecting the chemical degradation of the polymer.
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CHAPTER 3: SALICYLIC ACID-BASED POLY(ANHYDRIDE-

ESTER):HYDROXYAPATITE COMPOSITES FOR BONE APPLICATIONS

3.1. Abstract

Composites of salicylic acid-based poly(anhydride-ester) (SA-based PAE) and
hydroxyapatite have been examined for rebuilding bone at implant interfaces. The
composites were made at three ratios of polymer to hydroxyapatite (90:10, 50:50, and
10:90). The bulk mechanical properties of hydroxyapatite, the SA-based PAE, and each
composite were examined. The composites were degraded in media over one week,
during which time, the pH, water uptake, mass loss, and salicylic acid release were
measured. The in vitro degradation of 50:50 poly(lactic-co-glycolic acid) (PLGA)
composites was used as a polymer control with salicylic acid admixed within the PLGA
matrix. Ultimately, SA-based PAE:hydroxyapatite composites may have to ability to
promote new bone growth while also minimizing the inflammatory response and pain for

the patient.

3.2. Introduction

Composites of hydroxyapatite and polymers are very important to the
advancement of biomaterials for bone growth. Specifically, polymer:hydroxyapatite
composites have been a significant influence for bone regeneration because of enhanced

mechanical properties.'>  The mechanical properties of polymer:hydroxyapatite
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composites change according to various factors such as molecular weight distribution,
particle size, thermal properties and interfacial interactions.*”

Hydroxyapatite is a biocompatible material that breaks down into mineral ions,
calcium and phosphate, which can thus be used to promote bone growth. Hydroxyapatite
has the chemical formula, (Ca)o(PO4)s(OH),,'” a calcium/phosphate ratio of 1.67, and
can release free calcium and phosphate ions to increase bone growth and implant

integration.'' "

However, synthetic hydroxyapatite does not have the mechanical
strength needed for load-bearing implant applications.'> Hydroxyapatite has been studied
as a coating for titanium alloy (TisAl,V) implant materials,"*"” but a major problem with
hydroxyapatite is that it becomes very brittle and weak over time.>'*'® The addition of
polymer to the hydroxyapatite may protect the hydroxyapatite from the surrounding
media during degradation and further promote bone growth.

Biodegradable polymers are commonly used for drug delivery, but some
polymers, such as poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) break down into
acids that have undesirable, non-therapeutic effects in the patient, including pain,
inflammation, and toxicity."” For preparing polymer composites with other materials,
such as hydroxyapatite, the polymer must remain stable during composite processing.”’
Researchers have demonstrated some success with polymer:hydroxyapatite composites
containing PLA, PGA, and copolymers of the two, as well as poly(e-caprolactone).” >
Some researchers have focused on the physical changes that occur as polymers interact

with hydroxyapatite.”*”*’ Others have shown that using poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) reduced the inflammatory response.’® Therefore, with proper design,
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hydroxyapatite:polymer composites may be a safer, more effective way to promote bone
growth through mechanical strength and drug delivery.

In this chapter, SA-based PAE:hydroxyapatite composites at ratios of 90:10
50:50, and 10:90 were analyzed for potential use in orthopedic applications such as bone
fillers and implant fixation aids. Based on the previous success of the SA-based PAEs in
promoting bone growth in periodontal disease applications,”'”* the addition of
hydroxyapatite may enhance such an effect. Simultaneous release of salicylic acid may
further enhance the composite effectiveness by reducing the foreign body response. The
potential for synergy between the two composite components, biodegradable polymers
and hydroxyapatite, extends new possibilities to the areas of metal implant fixation and

bone growth and regeneration.

3.3. Materials and Methods

3.3.1. Materials
The salicylic acid-based poly(anhydride-ester) (SA-based PAE) was prepared

using previously described methods.**

50:50 PLGA, commercial hydroxyapatite
(calcium phosphate tribasic), dichloromethane, and all other reagents and organic
solvents were purchased from Aldrich (Milwaukee, WI). Only the initial characterization

studies (physical properties and peel test) were conducted using synthetic hydroxyapatite

received as a gift from Prof. Riman’s laboratory.
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3.3.2. Preparation of Polymer:Hydroxyapatite Composites

The polymer:hydroxyapatite composites were prepared by weighing appropriate
amounts of polymer and hydroxyapatite, mixed with 10 mL dichloromethane and
sonicated for ten minutes. The dichloromethane was evaporated, and the remaining
composite dried in the vacuum oven at room temperature overnight.

The polymer:hydroxyapatite mixtures (40.0 = 5.0 mg) were placed into an IR
pellet die (International Crystal Laboratories, Garfield, NJ) and pressed at 4,000 psi at
room temperature for 5 minutes in a Carver Press (Carver, Wabash, IN). The resulting
disks were 6.0 mm diameter and 1.0 mm thick, as determined by vernier caliper
measurements (Mitutoyo, Japan). Three disks (n=3) were prepared for each time point at

each composite ratio and stored at 4 °C until the in vitro degradation study.

3.3.3. Hydroxyapatite Characterization

Prior to making the composites, hydroxyapatite was characterized alone. The
density was measured with a Micrometrics Accupyc II 1340 Pycnometer (Norcross, GA).
Hydroxyapatite (200 mg) was weighed into a metal cup and placed in the pycnometer for
density measurement. The results are the average of three measurements taken per
sample.

The surface area of the hydroxyapatite samples was measured using the Brunauer,
Emmett, and Teller (BET) method.*® Hydroxyapatite (500 mg) was placed in a glass
tube and thoroughly dried prior to analysis. The surface area measurement was

completed using nitrogen gas as the adsorbant and liquid nitrogen as the coolant in a
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Micrometrics Gemini 2365 Surface Area Analyzer (Norcross, GA). The density and
surface area measurements were used to calculate the hydroxyapatite particle size.

The American Society for Testing and Materials (ASTM) method D3359-97 was
used to measure hydroxyapatite adhesion to titanium metal by tape test.’’ Test Method
A, named the X-cut tape test, was completed on a total of three samples, where an X was
cut into the coatings using a sharp blade. Permacel P-99 tape (New Brunswick, NJ) was
placed over the x and removed within 30 seconds at a 180 ° angle. Any removal of the
coating surrounding the X-cuts, or change in the X-cuts was an indicator that the coating
was weakly bound to the substrate. Digital images were taken to monitor changes before

and after the tape test.

3.3.4. Composite Characterization

Gel permeation chromatography (GPC) was performed using Waters Breeze GPC
system (Milford, MA), which consisted of a 1500 series isocratic pump running THF at 1
mL/min, 717plus autosampler, and a 2414 refractive index (RI) detector. Samples were
dissolved in dichloromethane and filtered through 0.45 um PTFE syringe filters.

Static contact angle measurements were performed on the composite disks, as
well as the polymers alone, in triplicate using deionized water on a model 100
goniometer (Rame-Hart, Mountain Lakes, NJ). The contact angle was determined
digitally with a camera attachment and the measuring system on the DROPimage
Advanced software on a Dell Dimension 3000 computer with a Windows XP operating
system. The reported values are the average of at least three angle measurements per

drop.
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3.3.5. Mechanical Analysis of Polymer: Hydroxyapatite Composites

Disks of SA-based PAE: hydroxyapatite composites were examined with
compression testing (0 — 8000 mN) on a PE DMA 7e with a TAC 7/DX instrument
controller (Waltham, MA). PE Pyris version 3.81 software was used for data collection
and processing on a Dell Optiplex GX110 computer. The experiments were conducted
using 10 mm parallel plates for each composition. Compressive modulus values for each
blend were calculated by taking the slope of each stress vs. strain curve in the linear

region at 2 % strain.

3.3.6. In Vitro Degradation of Polymer: Hydroxyapatite Composites

The sample disks (40.0£5.0 mg) were placed in 20 mL scintillation vials
containing 10 mL 0.1 M phosphate buffer solution (PBS) at pH 7.4. The vials were
stored in a New Brunswick Scientific Series 25 Controlled Environment Incubator
Shaker (Edison, NJ) at 37°C and constantly shaken at 65 rpm. The degradation media
was decanted from the vial and replaced with 10 mL fresh PBS at pre-determined time
intervals; 24, 72, and 168 hours. The pH of the spent degradation media was measured
using an Accumet digital pH meter (Fisher, Fairlawn, NJ), and then stored at 4 °C until

further analysis. All data shown are the average of at least 3 samples.

3.3.7. Water Uptake and Mass Loss Measurements
Water uptake and mass loss were determined by obtaining the mass of each

sample using an analytical balance (Mettler Toledo Columbus, OH). At predetermined
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time points during the degradation study, the samples were removed from the degradation
media, rinsed in deionized water to remove residual phosphate salts, and patted with
Kimwipes® (Kimberly-Clark, Neenah, WI). Each sample was lyophilized in a Freezone
Freeze Dry System (Labconco, Kansas City, MO) for 48 hours to ensure a constant mass.

The water uptake was calculated using Equation (1) 38,39,

WA(%)= ——— X 100 (1)

where WA is water absorbed by the sample or water uptake, Wj is the mass of the
hydrated sample, and W, is the residual mass of the lyophilized sample. The mass loss

was calculated using Equation (2) ***°:

ML(%)= ——— X 100 )

where ML is the mass loss of the sample and W), is the mass of the sample prior to
degradation. Three samples were measured and averaged for each time point (n = 3).
Statistical error was shown by error bars denoting the standard deviation of the three

measurements.

3.3.8. Salicylic Acid Release by High Pressure Liquid Chromatography
(HPLC)
All hydroxyapatite:polymer composite degradation media were analyzed for

salicylic acid release on a Waters 2695 HPLC Separations System with a 2487 Dual
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Wavelength UV detector (Milford, MA). The degradation media was filtered through
0.45 um PTFE filters (Nalgene, Rochester, NY) and put into vials for HPLC analysis. A
six point calibration curve for salicylic acid was prepared with concentrations ranging
from 0.01 mg/mL to 0.4 mg/mL. Salicylic acid was separated on a C18 column (150x4.6
mm, 5 pum, Phenomenex, Torrance, CA, USA) with a flow rate of 1 ml/min in an
isocratic mobile phase of 75% 20 mM monobasic potassium phosphate (KH,POj4) at pH
2.5 and 25% acetonitrile. The UV detector measured salicylic acid release at both 210

and 298 nm.

3.4. Results and Discussion

3.4.1. Hydroxyapatite Physical Properties

The hydroxyapatite was first characterized alone to determine its physical
properties and potential to adhere to metal implants. First, the Brunauer, Emmett, and
Teller (BET) method was used to measure surface area (SUA).*>*® The BET method is
based on the amount of nitrogen adsorbed on the particle surface to determine the surface
area. A pycnometer was used to measure the density (p) of the powder. Finally, the
diameter (D) of the particles was calculated using D=6/(SUA" p). The final results are
shown in Table 1. Although the commercially available (Sigma Aldrich) hydroxyapatite
does not necessarily have a uniform, well defined morphology, its particle size is an
order-of-magnititude smaller than the more uniform hydroxyapatite prepared in the
Riman lab. For the purpose of this dissertation, the bulk properties of the hydroxyapatite

in disk form are the primary focus, while the specific physical properties of the
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hydroxyapatite in powder form provided insight on the most efficient ways to prepare the

composites.

Table 3.1. Physical Properties of Hydroxyapatite

Sample (source) Surface Area | Density (g/cm’) Diameter (um)
(m’/g)
Hydroxyapatite (synthetic 1.8589 2.6897 1.2000
Riman Lab)
Hydroxyapatite (commercial 16.0942 2.9207 0.12764
Sigma Aldrich)

Subsequently, the synthetic hydroxyapatite was analyzed as a potential coating on
metal implants using an ASTM.?’ The peel test was performed on hydroxyapatite-coated
titanium disks, shown in Figure 3.1, to measure the adhesivity of the hydroxyapatite
coating to the titanium substrates. This method provided qualitative information about
adhesivity from digital photographs and SEM images before and after the test. This
method has been used to measure the adhesivity of other hydroxyapatite coatings as
well.*

The digital images in Figure 3.1 showed that the X-cuts on the hydroxyapatite
coated samples remained the same after tape removal. The scanning electron microscopy
(SEM) images in the lower half of Figure 3.1 showed that the hexagonal morphology of

the hydroxyapatite crystals was also unchanged after the tape test.  Overall,

hydroxyapatite adheres tightly to the titanium alloy surface.
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Figure 3.1. Peel test results for hydroxyapatite coated on sandblasted Ti alloy disks

3.4.2. SA-based PAE: Hydroxyapatite Composites

After the composites were compression-molded into 6 mm disks, their bulk
properties were examined, including polymer molecular weight (My,) and contact angle
measurements. The composites were analyzed for any changes in M,, to ensure that
polymer did not degrade or decompose during the composite preparation. Figure 3.2
shows overlaid gel permeation chromatography (GPC) plots comparing the elution of the

polymer alone and the two composite ratios. The plot shows no difference in the polymer
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Figure 3.2. Gel Permeation Chromatography Plot Showing the Comparison of

polymer My, before and after composite preparation

M, after the composite preparation. The actual M,, values are exhibited in Table 3.2; no

significant change, in degradation or decomposition is observed upon preparation of the

polymer:hydroxyapatite composites.

Table 3.2. M, of the SA-based PAE before and after composite preparation

Sample M.,
SA-based PAE 16,500
90:10 SA-based PAE:Hydroxyapatite 16,200
Composite
50:50 SA-based PAE:Hydroxyapatite 17,000
Composite

Hydroxyapatite is more hydrophilic*' than the polymers (SA-based PAE and

PLGA) used to make the composites. As a result, the static contact angle of the

composites was measured to elucidate the relative hydrophobicity of each composition.

The hydroxyapatite surface was unstable to the sessile water droplet, so the contact angle
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for hydroxyapatite alone was not measured. Sessile contact angle measurements are
shown in Table 3.3. As expected, the contact angle decreased as the amount of

hydroxyapatite increase; in other words, increasing hydroxyapatite content increased

Table 3.3. Contact Angle of Polymer:Hydroxyapatite Composites

Sample Contact Angle
PLGA 69.0°
90:10 PLGA:HA 56.3°
90:10 PLGA:HA:SA 67.0°
50:50 PLGA:HA 60.0°
SA-based PAE 71.5°
90:10 SA-based PAE:HA 69.4°
50:50 SA-based PAE:HA 65.0°

hydrophilicity. However, when salicylic acid is admixed into the PLGA, the contact
angle increases significantly. This effectively nullifies the effect of hydroxyapatite on the
PLGA hydrophobicity. This effect was not seen in the SA-based PAE composites

because the salicylic acid is already chemically bound within the polymer backbone.
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3.4.3. Mechanical Analysis of Poly(anhydride-ester): Hydroxyapatite

Composites

The compressive moduli of the SA-based PAE composites were compared to
determine the effect of the hydroxyapatite content. A representative stress vs. strain

curve of hydroxyapatite alone is shown in Figure 3.3.

3.00E+05

2.50E+05 -

2 00E+05 | y = 112514X - 3538.6
R® = 0.9949

1.50E+05 -

Stress (Pa)

1.00E+05 -

5.00E+04

0.00E+00
0
Strain (%)

Figure 3.3. Representative stress vs. strain curve of hydroxyapatite (commercial).

The compressive modulus is represented as the slope at 2% strain.

For all samples, the compressive modulus was calculated by measuring the slope at 2 %
strain. The final results for the compressive moduli are depicted in Table 3.4. The

modulus increases as the ratio of hydroxyapatite increases, and with linear dependence on

the hydroxyapatite content.
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Table 3.4. Compressive Modulus of Polymer:Hydroxyapatite Composites

Sample Compressive Modulus at 2% Strain (Pa)
SA-based PAE 1,845.0
90:10 SA-based PAE: HA 6,631.0
50: 50 SA-based PAE: HA 21,926
10:90 SA-based PAE: HA 35,866
HA 121,010

3.4.4. In Vitro Degradation of Polymer: Hydroxyapatite Composites

The composites were degraded in PBS to simulate physiological conditions, and
pH changes, mass loss, water uptake, and salicylic acid release rates were monitored over
the course of one week. As hydroxyapatite is extremely brittle, the samples with 90 wt %
hydroxyapatite were too brittle for the degradation study, and it was concluded that these

samples have no potential as implant materials using the disk fabrication method.

3.4.4.1. pH of Degradation Media

The pH of the degradation media was monitored during the degradation study,
and summarized in Table 3.5. The pH values ranged from 7.33 to 7.64. Overall, no
significant change in the pH was observed; the hydroxyapatite may be neutralizing the
acidic polymer degradation products. The pH began to decrease more noticeably at the 7
day time point.

Table 3.5. pH of Polymer:Hydroxyapatite Composites Degradation Media

Sample pH after 1 day | pH after 3 days pH after 7 days
90:10 PLGA:HA 7.55 7.48 7.47
90:10 PLGA:HA:SA 7.54 7.41 7.43
50:50 PLGA:HA 7.60 7.61 7.45
90:10 SA-based PAE:HA 7.63 7.64 7.37
50:50 SA-based PAE:HA 7.40 7.46 7.46
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3.4.4.2. Mass Loss and Water Uptake Measurements

Mass loss and water uptake measurements provide information about the general
degradative and erosion mechanisms of polymer:hydroxyapatite composites. Mass loss
is a measure of the amount of composite material lost at each degradation study time
point. The mass loss results for the 90:10 and 50:50 polymer:hydroxyapatite composites
are shown in Figures 3.4 and 3.5, respectively. The 50:50 SA-based PAE:
hydroxyapatite composites had a slightly higher mass loss percentage than the 50:50
PLGA:hydroxyapatite composites. PLGA tends to have a longer initial lag phase, due to
its crystalline domains, that is quickly overcome during the linear degradation phase.
The results for the 90:10 composites in Figure 3.4 show that the SA-based PAE
composites were solubilized much faster than the PLGA composites. However, when
salicylic acid was physically admixed within the PLGA composite matrix, similar mass
loss rates were observed. A similar trend was observed in the water uptake experiments.

Water uptake is the amount of water able to penetrate into the sample matrix, and
also a qualitative measure of sample swelling. Water uptake measurements provide
general information about sample degradation profiles, as well. The water uptake results
comparing the SA-based PAE composite to the PLGA composite with and without

admixed salicylic acid are shown in Figure 3.6. Water penetrates into the PLGA with
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Figure 3.6. Water Uptake from Polymer:Hydroxyapatite Composites

admixed salicylic acid and the SA- based PAE matrices more rapidly than PLGA:HA
composites. After 24 hours, both composites have absorbed more than 100 % their mass
in water. On the other hand, the PLGA composite without admixed salicylic acid absorbs
less than 50% its mass in water. PLGA is partially crystalline, while the SA-based PAE
is completely amorphous. The crystalline domains are more effective at preventing water
penetration into the polymer matrix. However, the SA-based PAE’s water uptake is more

controllable than the PLGA with admixed salicylic acid.

3.4.4.3. Salicylic Acid Release During Polymer Degradation
Salicylic acid release was monitored for its possible use to prevent the

inflammation and pain associated with the foreign body response. Figure 3.7 depicts the
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based PAE:hydroxyapatite composites, 50:50 and 90:10. The addition of hydroxyapatite
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Figure 3.7. Cumulative Salicylic Acid Release from Polymer:Hydroxyapatite

Composites During 1 week

greatly slows down the salicylic acid release. Thus, the salicylic acid release is more
controllable and it eliminates both lag and burst phases. The composite with 90 wt %
SA-based PAE has a slightly faster release rate than the composite with 50 wt % SA-
based PAE.

Figure 3.8 shows the cumulative release of salicylic acid from the 90:10 SA-

based PAE:hydroxyapatite composite and the 90:10 PLGA:hydroxyapatite composite

admixed with salicylic acid. The release curves show that salicylic acid release is better

controlled when it is chemically bonded within the polymer backbone, as opposed to
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physically admixed within the polymer matrix. The salicylic acid release from the PLGA
admixed with salicylic acid shows more of a burst release phase, but the salicylic acid

release from the chemically bonded SA-based PAE is first order.

—— 10
PLGA:HA:admixed SA

90:10SA-based
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Cumulative Salicylic Acid Release (%)
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Figure 3.8. Cumulative Salicylic Acid Release from Polymer:Hydroxyapatite
Composites (comparing release profiles of physically admixed SA and

chemically bonded SA)

3.5. Conclusions

The SA-based PAE:HA composites had properties comparable to or better than
PLGA:HA composites with the same ratios. No significant change was observed in the
pH of the degradation media and SA-based PAE composites appear to have no lag phase

based on water uptake and mass loss studies. SA-based PAE:hydroxyapatite composites
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are more stable during the release of salicylic acid, while the PLGA-based composites
degraded very quickly and did not control the salicylic acid release rate. Overall, the SA-
based PAE:hydroxyapatite composites may have more potential as biomaterials for bone

applications due to their controlled release of salicylic acid.

3.6. Acknowledgements

I would like to acknowledge Dr. Richard Riman (Department of Materials
Science and Engineering, Rutgers University) and his research group, specifically, Ana
Sever, Dan Haders, Eugene and Rui Zhou, who helped me with materials, access to
instruments, and general questions. I would also like to acknowledge Yamalia Roberts,
who was the undergraduate summer student who helped with much of the work in this

chapter.

3.7. References

1. Durucan C, Brown PW. Biodegradable Hydroxyapatite-Polymer Composites.
Adv Eng Mater 2001;3(4):227-231.

2. Katti KS. Biomaterials in total joint replacement. Colloids and Surfaces B:
Biointerfaces 2004;39:133-142.

3. Ma PX. Biomimetic materials for tissue engineering. Adv Drug Deliv Rev
2008;60:184-198.

4, Nazhat SN, Kellomaki M, Tormala P, Tanner KE, Bonfield W. Dynamic
Mechanical Characterization of Biodegradable Composites of Hydroxyapatite and
Polylactides. J Biomed Mater Res 2001;58:335-343.



10.

11.

12.

13.

14.

15.

16.

60

Ural E, Kesenci K, Fambri L, Migliaresi C, Piskin E. Poly(D,L-lactide/e-
caprolactone)/hydroxyapatite composites. Biomaterials 2000;21:2147-2154.

Russias J, Saiz E, Nalla RK, Gryn K, Ritchie RO, Tomsia AP. Fabrication and
mechanical properties of PLA/HA composites: A study of in vitro degradation.
Mater Sci Eng C 2006;26:1289-1295.

Kasuga T, Ota Y, Nogami M, Abe Y. Preparation and mechanical properties of
polylactic acid composites containing hydroxyapatite fibers. Biomaterials
2001;22:19-23.

Kikuchi M, Koyama Y, Takakuda K, Miyairi H, Shirahama N, Tanaka J. In vitro
change in mechanical strength of B-tricalcium phosphate/copolymerized poly-L-

lactide composites and their application for guided bone regeneration. J Biomed
Mater Res 2002;62:265-272.

Chen B, Sun K. Poly (e-caprolactone)/hydroxyapatite composites: effects of
particle size, molecular weight distribution and irradiation on interfacial
interaction and properties. Polym Test 2005;24:64-70.

Kay MI, Young RA. Crystal Structure of Hydroxyapatite. Nature 1964;204:1050-
1052.

Skrtic D, Antonucci JM, Eanes ED. Amorphous Calcium Phosphate-Based
Bioactive Polymeric Compostites for Mineralized Tissue Regeneration. J. Res.
Natl. Inst. Stan. 2003;108(3):167-182.

Orlovskii VP, Komlev VS, Barinov SM. Hydroxyapatite and Hydroxyapatite-
Based Ceramics. Inorganic Materials 2002;38(10):1159-1172.

Raikar GN, Ong JL, Lucas LC. Hydroxyapatite Characterization by XPS. Surf Sci
Spectra 1997;4(1):9-13.

Wang J, Layrolle P, Stigter M, de Groot K. Biomimetic and electrolytic calcium
phosphate coatings on titanium alloy: physicochemical characteristics and cell
attachment. Biomaterials 2004;25:583-592.

Ishikawa K, Miyamoto Y, Nagayama M, Asaoka K. Blast Coating Method: New
Method of Coating Titanium Surface with Hydroxyapatite at Room Temperature.
J Biomed Mater Res (Appl Biomater) 1997;38:129-134.

Casaletto MP, Kaciulis S, Mattogno G, Mezzi A, Ambrosio L, Branda F. XPS
characterization of biocompatible hydroxyapatite-polymer coatings. Surf.
Interface Anal. 2002;34:45-49.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

61

Yang YC, Chang E, Lee SY. Mechanical properties and Young's modulus of
plasma-sprayed hydroxyapatite coating on Ti substrate in simulated body fluid. J
Biomed Mater Res 2003;67A:886-899.

Haddock SM, Debes JC, Nauman EA, Fong KE, Arramon YP, Keaveny TM.
Structure-function relationships for coralline hydroxyapatite bone substitute. J
Biomed Mater Res 1999;47:71-78.

Li H, Chang J. pH-compensation effect of bioactive inorganic fillers on the
degradation of PLGA. Composites Sci and Tech 2005;65:2226-2232.

Sigmund WM, Bell NS, Bergstrom L. Novel Powder-Processing Methods for
Advanced Ceramics. ] Am Cerem Soc 2000;83(7):1557-1574.

Marra K.G. SJ, Kumta PN, DiMilla PA, Weiss LE. In vitro analysis of
biodegradable polymer blend/hydroxyapatite composites for bone tissue
engineering. J Biomed Mater Res 1999;47:324-335.

Rizzi SC, Heath DJ, Coombes AGA, Bock N, Textor M, Downes S.
Biodegradable polymer/hydroxyapatite composites: Surface analysis and initial
attachment of human osteoblasts. J Biomed Mater Res 2001;55:475-486.

Causa F, Netti PA, Ambrosia L, Ciapetti G, Baldini N, Pagani S, Martini D,
Giunti A. Poly-e-caprolactone/hydroxyapatite composites for bone regeneration:

in vitro characterization and human osteoblast response. J] Biomed Mater Res
2006;76A:151-162.

Kim H-W. Biomedical nanocomposites of hydroxyapatite/polycaprolactone
obtained by surfactant mediation. J Biomed Mater Res 2007;83A:169-177.

Kim S-S, Park MS, Jeon O, Choi CY, Kim B-S. Poly(lactide-co-
glycolide)/hydroxyapatite composite scaffolds for bone tissue engineering.
Biomaterials 2006;27:1399-1409.

Devin JE, Attawia MA, Laurencin CT. Three-dimensional degradable polymer-
ceramic matrixes for use in bone repair. J Biomater Sci: Polym Edit
1996;7(8):661-669.

Chen J, Chu B, Hsiao BS. Mineralization of hydroxyapatite in electrospun
nanofibrous poly(L-lactic acid) scaffolds. J] Biomed Mater Res 2006;79A:307-
317.

Moharram MA, Allam MA. Study of the Interaction of Poly(acrylic acid) and
Poly(acrylic acid-Poly acrylamide) Complex with Bone Powders and
Hydroxyapatite by Using TGA and DSC. J Appl Polym Sci 2007;105:3220-3227.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

62

Cushnie EK, Khan YM, Laurencin CT. Amorphous hydroxyapatite-sintered
polymeric scaffolds for bone tissue regeneration: Physical characterization
studies. J Biomed Mater Res 2008;84A:54-62.

Cool SM, Kenny B, Wu A, Nurcombe V, Trau M, Cassady Al, Grondahl L.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) composite biomaterials for bone
tissue regeneration: /n vitro performance assessed by osteoblast proliferation,

osteoclast adhesion and resorption, and macrophage proinflammatory response. J
Biomed Mater Res 2007;82A:599-610.

Whitaker-Brothers K, Uhrich K. Poly(anhydride-ester) fibers: Role of copolymer
composition on hydrolytic degradation and mechanical properties. J Biomed
Mater Res 2004;70A:309-318.

Reynolds MA, Prudencio A, Aichelmann-Reidy ME, Woodward K, Uhrihc KE.
Non-steroidal anti-inflammatory drug (NSAID)-derived poly(anhydride-esters) in
bone and periodontal regeneration. Curr Drug Deliv 2007;4(3):233-239.

Schmeltzer R, Anastasiou TJ, Uhrich KE. Optimized synthesis of salicylate-based
poly(anhydride-esters). Polym. Bull. 2003;49(6):441-448.

Prudencio A, Schmeltzer RC, Uhrich KE. Effect of linker structure on salicylic
acid-derived poly(anhydride-esters). Macromolecules 2005;38:6895-6901.

Fagerlund G. Determination of specific surface by the BET [Brunauer, Emmett,
Teller] method. Materiaux et Constructions (Paris) Materials and Structures
1973;6(33):239-245.

Salvador F, Sanchez-Jimenez C, Sanchez-Montero MJ, Salvador A. A review of
the application of the BET equation to experimental data. The C parameter.
Studies in Surface Scienct and Catalysis 2002;144:379-386.

ASTM D 3359. West Conshohocken, PA: ASTM International; 1998.

Akbari H, D'Emanuele A, Atwood D. Effect of fabrication technique on the
erosion characteristics of polyanhydride matrices. Pharm. Dev. Technol.
1998;3(2):251-259.

Whitaker-Brothers K, K. Uhrich. Investigation into the erosion mechanism of
salicylate-based poly(anhydride-esters). J. Biomed. Mater. Res. 2006;76A:470-
479.

Wei M, Swain MV, Ruys AJ, Milthorpe BK, Sorrell CC. Adhesive strength
testing of hydroxyapatite coatings. II. The adhesive tape test and Rockwell
indentation. Materials Engineering 1998;9(1):19-30.



63

41.  Henriques M, Azeredo J, Oliveira R. Adhesion of Candida albicans and Candida
dubliniensis to acrylic and hydroxyapatite. Colloids and Surfaces B: Biointerfaces
2004;33:235-241.



64

CHAPTER 4: NOVEL POLY(ANHYDRIDE-AMIDE) COATINGS FOR METAL

DEVICES

4.1. Abstract

The goal of this research was to create uniform polymer coatings with consistent
amounts of ampicillin for localized, controlled drug delivery. A biodegradable
ampicillin-based poly(anhydride-amide) coating was solvent-cast onto stainless steel
substrates. The in vitro polymer degradation was monitored to determine the release
rates of the ampicillin diacid intermediate as well as the free ampicillin. At physiological
conditions (in PBS pH 7.4 and 37 °C) only the ampicillin diacid was observed because
free ampicillin release requires amide bond cleavage that does not occur under these
experimental conditions. The coatings were further tested for activity against biofilm
growth in Staphylococcus aureus. The ampicillin diacid prevented biofilm formation,
whereas the polymer itself was inactive. Based upon these results, the ampicillin-based
poly(anhydride-amide) may be useful, upon hydrolytic degradation, to prevent and treat

bacterial infections in medical devices following implantation.

4.2. Introduction

Due to increased life expectancy, improved medical implant materials are needed

to repair damaged tissue.! Further, an increasing need to prevent bacterial infections

from occurring following implantation of medical devices exists. Metal implants,
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especially stainless steel, provide a surface amenable to bacteria growth which
exacerbates the problem.”® Improvements in the performance and safety of metal
implant materials have been made, but a relatively high occurrence of revision surgeries
are needed due to biofilm formation and bacterial resistance.*® Stainless steel has been
used in medical devices such as cardiac stents and hip implants because of its corrosion
resistance and mechanical properties.’

Bacterial infections have consistently been a safety issue with medical implants,
including stainless steel materials and are becoming extremely difficult to treat due to the
development of resistant biofilm networks that are not susceptible to traditional
antibiotics.® Such infections often lead to multiple revision surgeries, and in some cases,
death.’

Typically, bacterial infections are systemically treated with a course of antibiotics.
However, systemic treatments expose the entire body to the drug such that the implant
site may not receive the dosage necessary to kill the bacteria.” Often, this lowered dose
results in the development of resistant bacteria, and ultimately biofilm formation.'
Unfortunately, systemic antibiotics are rendered ineffective upon biofilm formation and,

10-12

as a result, increased numbers of antibiotic resistant strains of bacteria. Biofilms can

cause the deterioration of the systems designed to control them, such as antibiotic-loaded

cement, thus it is extremely important to develop effective systems to prevent biofilm

. 13,14
formation.

The most commonly studied localized antibiotic therapy is the physical admixture

15-18

of antimicrobials within polymer matrices to treat bacterial infections. However,

novel drug delivery vehicles have widened the options for treatment."” Specifically, the
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development of a device coating to mediate the initial bacterial infection may be
beneficial. Polymer coatings for medical device applications have been characterized

throughout the literature.”**

Motivation for device coatings originates from the need to
reduce bacterial attachment while concurrently increasing cell attachment and bone
growth.”> Implant coatings with the added benefit of controlled antibacterial compound
release is an important advancement.

Comparatively, current treatments for medical device-related bacterial infections
are somewhat effective in preventing biofilm adhesion, but do not prevent the initial
bacterial contamination.”® For orthopedic applications, the antibiotic can be locally
delivered at the time of surgery by antibiotic-loaded cement.”’” Localized antibiotic
delivery ensures effective delivery without exposure to the patient’s entire body. Other
novel treatment options being studied include anti-adhesive surface modifications with
heparin, albumin, and poly(ethylene oxide).*

Biodegradable polymers as drug delivery vehicles, with and without the drug
chemically bonded in the polymer, have been under examination as a novel way to treat

and prevent bacterial infections and biofilm formation.”*?

This research highlights an
ampicillin-based poly(anhydride-amide)*® as a novel coating for controlled, localized
delivery of antibiotics at the implant site. This drug-based polymer may better control
and sustain drug release compared to other polymer systems because of the aliphatic
linker covalently linked through amide bonds to each ampicillin molecule. Ultimately,

ampicillin-based polymer coatings may facilitate new bone growth and integrate into the

surrounding tissue.
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4.3. Materials and Methods

4.3.1. Materials

Ampicillin was purchased from MP Biomedicals (Solon, OH).  N,N-
Dimethylformamide (DMF), acetic anhydride, dichloromethane, diethyl ether, pyridine,
and triethylamine were purchased from Aldrich (Milwaukee, WI). All other reagents and
solvents were purchased from Fisher Scientific (Fair Lawn, NJ) and used as received.
Triethylamine was dried over calcium hydride, all other reagents were used without

further purification.

4.3.2. Ampicillin-based Poly(anhydride-amide) Synthesis

The solution polymerization method used to prepare the ampicillin-based
poly(anhydride-amide) (1 in Figure 4.1) was published elsewhere.”> Briefly, the
ampicillin-based diacid (2 in Figure 4.3) was prepared in DMF with pyridine as a base at
0°C. The polymer (1) was synthesized using triphosgene as a coupling agent and
triethylamine as an acid acceptor at 0 °C under nitrogen. The resulting polymer (1) was
isolated by pouring over diethyl ether, drying under vacuum at room temperature, and

had a My, = 86,000 and PDI=1.1.
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Figure 4.1. Structure of the ampicillin-based poly(anhydride-amide).

4.3.3. Coating Preparation and Characterization

A 5 % (w/v) ampicillin-based poly(anhydride-amide) (1) solution was prepared in
DMF for solvent-casting. The polymer solution (150 pL) was pipetted onto 316L
stainless steel coupons (McMaster-Carr, cut to 10 x 30 mm by Rutgers Physics
Department Machine Shop). The solvent was evaporated using one of three methods: 1)
ambient conditions overnight; ii) heating samples to 60 °C for two hours; and iii) heating
under vacuum to 60 °C for 45 minutes. Additionally, the ampicillin-based diacid
precursor was precipitated onto stainless steel substrates for comparison to the polymer
coatings.

Peel tests were conducted using the x-cut method in American Standard Test
Method (ASTM) D 3359-02 (n=5).>* Two 10 mm X-cuts were scratched into coated
coupons using a fresh razor blade. Permacel P-99 tape was adhered to the surface and
peeled away at a 180° angle after 90 seconds. Each sample was examined for coating
removal and ranked according to the following scale: 5A-no peeling or removal; 4A-
trace peeling or removal; 3A-jagged removal along incisions; 2A-jagged removal along
most of the incisions; 1 A-removal from most of the area of the X under the tape; and 0A-

removal beyond the area of the X.
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Sessile contact angle measurements were completed using deionized water on a
model 250 Rame-Hart goniometer (Mountain Lakes, NJ) with DROPimage software.
One water drop was placed on each coating and measured in real time with a camera.
The contact angle was measured as the average value from five water droplets with three
angle measurements taken for each drop. The final contact angle value is the average of
at least 15 measurements.

Digital microscope images were taken using a Keyence VHX-100 Digital
Microscope (Woodcliff Lake, NJ). The coating surfaces were examined up to a

magnification of 3000x to monitor coating uniformity.

4.3.4 In Vitro Degradation Study

[In vitro degradation studies were conducted at the Office of Science and
Engineering Labs in the Division of Chemistry and Materials Science at the Food and
Drug Administration in Rockville, MD]

Polymer-coated stainless steel coupons were placed into individual chambers and
degraded in the SOTAX USP 4 CE 7 Drug Dissolution Testing System (Allschwil,
Switzerland) with a CP 7 ceramic pump, Agilent 8453 UV detection, and WinSOTAX

3536
software.”™

The samples were degraded at 37 °C in 0.1 M phosphate buffer solution
(PBS) pH 7.4. In-line UV detection measurements were taken every five minutes for 4
hours and every hour subsequently at 210 nm. Preliminary experiments were done on a

Varian 400-DS USP 7 Dissolution Instrument (Palo Alto, CA) under the same conditions

outlined above and with the degradation media separated by HPLC with UV detection.
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4.3.5. Bacterial Adherence

[Bacterial adherence studies were conducted by Innovotech Inc., Calgary,
Alberta, Canadal

Bacterial adherence testing was completed at Innovotech Inc. (Calgary, Alberta,
Canada) using the Biofilm Eradication Surface Testing (BEST) Assay method.
Staphylococcus aureus (ATCC 29213) was obtained from ATCC (Manassas, VA). The
coatings were exposed to the Staphylococcus aureus bacteria cells at the required density
for biofilm formation (10° colony forming units (CFU)/mL) for 24 hours at 37 °C.
Adherent bacteria cells were recovered and quantified compared to negative uncoated

controls.

4.3.6. In Vitro Degradation with Bacteria Present

Polymer-coated coupons were degraded in BHI (Brain Heart Infusion) media
(Fisher, Fair Lawn, NJ) with S. aureus cells for five days (cells were maintained by Linda
Rosenberg, Department of Food Science, Rutgers University). The media was sampled
at each time point, filtered through 0.45 pm surfactant-free cellulose acetate (SFCA)
syringe filters (Nalgene, Rochester, NY), and stored at room temperature until HPLC
analysis. The samples were transferred to HPLC vials and analyzed on a Waters 2695
Separations module with a 2487 Dual Wavelength UV Detector and Empower 2
software. The HPLC method was developed to separate the free ampicillin released from
the ampicillin diacid at 210 nm on a Gemini C18 column (150 x 4.6 mm, 5 pm,
Phenomenex, Torrance, CA). The method was a linear gradient with a mobile phase

consisting of 20 mM monobasic potassium phosphate pH 4.0 and methanol. Five point
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calibration curves were generated for both the ampicillin and the ampicillin diacid with
concentrations ranging from 0.005 mg/mL to 0.5 mg/mL. The degradation media was
diluted in monobasic potassium phosphate, if needed, to calculate release within the
calibration curve. Before HPLC analysis, the samples were filtered once more through
0.45 um PTFE syringe filters (Nalgene, Rochester, NY). Full system automation and
data analysis were completed using Empower 2 software Build 2154. Complete
ampicillin release was ensured by observing complete polymer degradation and

calculating the total ampicillin content in the polymer.

4.3.7. In Vitro Cytotoxicity

[Cell studies were performed by Natasha Piracha, Department of Cell Biology
and Neuroscience, Rutgers University/

Cytotoxicity of the polymer coatings was analyzed by culturing cells in media
containing degraded polymer. Individual ampicillin-based polymer-coated stainless steel
plates were placed in 50 mL of cell culture media for 48 hours. Media consisted of
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma, St. Louis, MO), 10% v/v fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA), penicillin/streptomycin, and L-
glutamine.

L929 mouse areolar/adipose fibroblasts (Department of Biomedical Engineering,
Rutgers University, Piscataway, New Jersey) were sustained in a cell culture incubator at
37°C and an atmosphere containing 5% CO,, Confluent fibroblasts were removed from
the cell culture flask via trypsinization. After media removal, trypsin (2 mg/mL, Sigma,

St. Louis, MO) was placed on cells and incubated at 37°C for five minutes to allow cell
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detachment from the surface of the flask. Trypsin activity was ceased with addition of
media and the solution centrifuged for 2 min at 2000 rpm (Thermo Electron 5682 3L GP,
Franklin, MA). Cells were seeded at a concentration of 100,000 cells/well in media
containing polymer degradation media and analyzed after 24, 48, and 72 hours. All
samples were studied in triplicate. A standard curve was generated with cells seeded at
25,000, 50,000, 100,000, and 500,000 cells/well in cell culture media without polymer,
analyzed after 24 hours.

Imaging was performed with a fluorescent microscope (Olympus 1X81, Center
Valley, PA) with a 10x phase-contrast objective and cell morphology assessed by
observation at 24, 48, and 72 hours.

Cell growth was quantified using Calcein AM staining as a live cell assessment
every 24 hours for 72 hours. At each time point, cell culture media was removed and
cells washed twice with phosphate buffered saline (PBS, pH 7.4, MP Biomedical,
Aurora, OH) and refrigerated with 200 pL Calcein AM stain (8 pM, Molecular Probe,
Carsbad, CA) for 30 minutes at 4°C. Fluorescent intensity was quantified using a
fluorescence plate reader (Cytofluor ® Series 4000, Applied Biosystems, Woodinville,
CA) at 485 nm excitation and 530 nm emission. For the three days, live cell numbers

were quantified against the standard curve using Microsoft Excel ®.

4.4. Results and Discussion

4.4.1. Coating Preparation and Characterization



73

Smooth, uniform polymer coatings containing an average of 12 mg ampicillin-
based poly(anhydride-amide) were solvent-cast onto 316L stainless steel. Several
parameters were investigated to produce uniform polymer coatings: solvent evaporation
rate, time, and temperature. Of these processing factors, we focused on two solvents
(DMF and methanol) and three solvent evaporation rates. Optical microscope images of

the processes are compared in Figure 4.2. Coatings with solvent evaporation at ambient

conditions (room temperature and atmospheric pressure) produced cracked surfaces

Figure 4.2. Digital images of coating surfaces showing solvent evaporation at a) ambient
conditions, b) with heat to 60 °C, and c¢) with heat to 60 °C and vacuum. (Scale bars
equal 50 um (a and b) and 10 pm (c).
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(Figure 4.2a). Solvent evaporation with heat produced fewer cracks than ambient
evaporation (Figure 4.2b), but the faster evaporation rate produced a more uniform
coating (Figure 4.2¢). Solvent evaporation with heat and vacuum was deemed most
successful because it reproducibly produced smooth, uniform polymer coatings.

The quality of the polymer coatings was further assessed by an ASTM peel test.>*
The results from the qualitative peel test are summarized in Table 4.1. The X-cut peel

test®* examines the adhesion strength of polymer-coated stainless steel substrates. Peel

Table 4.1. Peel Test Analysis of Coating Stability

PolyAmpicillin (vacuum and Trace peeling along
heat processing) incisions (4A)
PolyAmpicillin (heat only Jagged removal along
processing) most of incisions (3A)
ASTM Peel Test Scale

5A-no peeling or removal
4A-trace peeling or removal
3A-jagged removal along incisions
2A-jagged removal along most of the incisions
1A-removal from most of the area of the X under the tape
0A-removal beyond the area of the X

results showed trace coating removal along x-cut incisions, but overall, the coatings
strongly adhere to the stainless steel substrates. These results may be due to a
nonspecific chemical interaction between the steel and the coating, ultimately causing the
coating to strongly adhere to the stainless steel surface without modification. To our
knowledge, this work is the first example of a polymer adhering to a metal substrate
without a pre-coating or surface modification prior to applying the polymer.

Upon examination of the heat-processed samples, a jagged removal along the x-

cut incisions was noted. Thus, the heat-processed samples produce a weaker coating.
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This result correlates with the dissolution data in which these coatings flaked off the
metal substrate soon after immersion in degradation media (see Section 4.4.2.).
Alternatively, the vacuum and heat processed samples are the most promising, as these
coatings are strong enough to withstand the standard peel test.

The contact angle of the polymer coatings was about 45°, regardless of the
solvent evaporation method. These coatings have intermediate contact angles, which are
amenable to degradation, yet not immediately solubilized in aqueous media.

The decomposition temperatures of the polymer coatings prepared by various
processing methods were measured by TGA to ensure polymer stability during
processing (Table 4.2). Polymer (1) displayed a slight increase in the decomposition
temperature following the coating preparation, increasing to a T4 of about 210 °C. Most

importantly, during the coating process, the polymer does not decompose.

4.4.2. In Vitro Degradation Study

The hydrolytic degradation scheme for the polymer (1) is shown in Figure 4.3.
The anhydride bonds are most labile, whereas the amide bonds in the diacid (2)
intermediate are expected to hydrolyze slowly and require enzymatic degradation.
Initially, the samples were degraded in the SOTAX USP 4 Dissolution system, which
measures cumulative degradation products with real-time UV detection. Digital images
of coated stainless steel during a dissolution experiment are shown in Figure 4.4. Note
that the coatings prepared with the fast solvent evaporation (Fig. 4¢, heat and vacuum)
degrade uniformly compared to the coatings prepared with the slower solvent evaporation

(Fig. 4b, heat only).
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Table 4.2. Decomposition temperatures as measured by TGA (n=3) for each coating
condition to ensure no polymer decomposition during processing. A fast evaporation
rate indicates solvent evaporation under vacuum at 60 °C and a slow evaporation rate
indicates solvent evaporation at 60 °C.

1 (unprocessed

polymer)

2 DMF heat and 211
vacuum

3 DMF heat only 210

4 MeOH  heat and 208
vacuum

5 MeOH  heat only 208

The in vitro degradation results of the ampicillin-based polymer (1) coatings are
compared in Figure 4.5. Polymer 1 hydrolyzed in a more controlled manner with more

than 70 % of the ampicillin-based polymer (1) coating degraded by 60 hours.



Figure 4.3. Proposed degradation scheme of ampicillin-based poly(anhydride-amide)
(1). The polymer is expected to hydrolyze quickly at the anhydride bonds and under
basic conditions the amide bond will hydrolyze to yield free ampicillin (3) and sebacic
acid (4).

77
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Figure 4.4. Representative images of coating degradation. Image 4a (top) shows a
representative coating prior to degradation. Image 4b (bottom left) shows a coating
prepared with solvent evaporation with heat to 60 °C only after 2 hours degradation.
Image 4c (bottom right) shows a coating prepared with relatively fast solvent evaporation
under vacuum and with heat to 60 °C after 2 hours degradation.

Additional release data was obtained from a Varian USP 7 Dissolution Instrument
with the ability to separate degradation products by HPLC. In these studies, the free
ampicillin drug was not detected because the degradation media was PBS at pH 7.4. The
conditions were not amenable to amide bond hydrolysis such that ampicillin was not

observed in the HPLC chromatogram (results not shown). Again, the diacid intermediate

(2) was the final degradation product released from the coatings.
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Figure 4.5. Cumulative degradation product release from coatings of polymer 1 prepared

with heat and vacuum and heat alone with real-time UV detection.

4.4.3. Bacterial Adherence Study

Staphylococcus aureus growth was monitored during exposure to diacid (2) and
polymer (1) coatings, as well as uncoated stainless steel controls. The bacteria were
seeded to facilitate biofilm growth and were exposed to the coatings for 24 hours. The
results of the study are shown in Table 4.3. The ampicillin-based diacid (2)
demonstrated complete prevention of Staphylococcus aureus biofilm. In contrast,

polymer 1 itself did not inhibit biofilm formation, indicating that the diacid 2 is one of the
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bioactive compounds. No significant difference in bacterial growth was observed
between the uncoated control and the polymer samples. Given that Staphylococcus
aureus does not grow on the diacid (2) coating over longer time periods the diacid
intermediate release from degrading polymer will prevent bacteria cell growth and

biofilm formation.

Table 4.3. Staphylococcus aureus growth following exposure to ampicillin-based diacid
(2) and polymer (1) coating for 24 hours.

Coating Log + Std. Dev. Log R S. aureus
(n=3) 10(Average Biofilm
Cell Count Prevention
(CFU/mm?))
Uncoated
Control 1.79 0.69 Control N/A
Polymer 1
(heat and 2.38 0.04 -0.59 no
vacuum
Polymer 1 1.71 0.31 0.08 no
(heat only)
Diacid 2 0 0 1.79 yes

4.4.4. In Vitro Degradation in the Presence of Bacteria

The degradation profile was studied in more detail by measuring the degradation
media following exposure of the coatings to Staphylococcus aureus for 5 days. The
HPLC method yields ampicillin with a retention time of 17 minutes and the diacid (2)
with a retention time of 6.5 minutes (Figure 4.6). The bacteria should aid in the

complete degradation of the ampicillin-based poly(anhydride-amide) (1) to free
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Figure 4.6. Representative HPLC chromatogram showing separation of ampicillin diacid

and ampicillin.

ampicillin, but the HPLC results only showed the release of the diacid (2). The diacid

release profile is shown in Figure 4.7 and is similar to the cumulative release profile

obtained from the SOTAX USP 4 Dissolution System (Section 4.4.2.).

4.4.5. Cytotoxicity Assessment

Fibroblasts were tested in media containing degraded polymer coatings through

heat or through a heat and vacuum methods. Cell proliferation was quantified through 72

hours of culture. Fibroblast culture growth was not impeded by the use of polyampicillin
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Figure 4.7. In vitro release profile from ampicillin-based polymer coatings exposed to

Staphylococcus aureus for 5 days.

in the cell culture medium, as shown by the graph in Figure 4.8. All samples showed
positive growth throughout the duration of testing with neither polymer impeding cell
proliferation and amplification.

Cell morphology was compared to cells cultured in the control, which contained
media without any polymer present (Figure 4.9). The cells displayed their natural,
heterogeneous morphology. Generally, the fibroblasts readily attached and remained
attached to the surface despite washing and showed characteristic spreading and
extensions. However, cells cultured in media containing polymer 1 coatings prepared
with fast solvent evaporation (heat and vacuum) do not extend and spread fibers as
frequently as the control and polymer 1 coatings prepared with slow solvent evaporation
(heat). Nonetheless, cells showed stellate morphology through 72 hours, proving a low

cytotoxicity to the polymer degradation products.
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Figure 4.8. In vitro cytotoxicity of ampicillin-based polymer coatings
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Figure 4.9. 1.929 fibroblasts samples of control (A), polyampicillin-heat only (B), and
polyampicillin-heat and vacuum (C)

4.5. Conclusions

Ampicillin-based poly(anhydride-amide) coatings are a novel development that
may improve current clinical therapies for bacterial infections. The coatings had strong
adhesion properties to 316L stainless steel which had not been demonstrated in any other

polymer system without first modifying the metal surface. The in vitro degradation
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studies yielded the ampicillin-based diacid as the final degradation product, in PBS pH
7.4. The detection of the ampicillin-based diacid (2) in degradation media indicates that
the biodegradable polymer coating is useful in preventing biofilm formation upon
hydrolytic degradation, which is not possible with free ampicillin. Although the
polymer (1) itself is inactive against bacteria growth, it degrades to the more hydrophilic
diacid (3), which completely eradicates Staphylococcus aureus growth and biofilm
formation. Overall, these poly(anhydride-amide) coatings may be able to circumvent the
need for systemic administration and may also reduce bacterial resistance through the

controlled release mechanism.
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CHAPTER 5: CONTROLLED RELEASE OF NERVE GROWTH FACTOR
(NGF) FROM SALICYLIC ACID-BASED POLY(ANHYDRIDE-ESTER)

MICROSPHERES

5.1 Abstract

Salicylic acid-based poly(anhydride-ester) (SA-based PAE) microspheres
containing encapsulated nerve growth factor (NGF) were evaluated with respect to their
influence on nerve regeneration. The NGF-loaded SA-based PAE microspheres have the
potential to increase nerve growth as a result of the novel SA-based PAE properties to
relieve pain and inflammation. The morphology of the microspheres was analyzed
before and during degradation using scanning electron microscopy (SEM). Nerve growth
factor release was quantified with an enzyme-linked immunosorbent assay (ELISA). The
NGF-loaded SA-based PAE microspheres showed comparable results to NGF-loaded
PLGA microspheres, except for increased acidity of the SA-based PAE media during
degradation. The microspheres, which simultaneously release a non-steroidal anti-
inflammatory drug (NSAID), salicylic acid, and a growth-promoting factor, NGF, can be
combined into nerve guidance conduits prior to insertion in the injured site and may

decrease current recovery times.
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5.2 Introduction

Polymeric microspheres have been studied in depth for their ability to encapsulate
and release various drugs and proteins in a controlled manner.'® Research has shown

that poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and/or copolymers of the two

3

(PLGA) can be used as microspheres to deliver various growth factors.”"> However,

PLGA has been reported to create an acidic environment, eventually causing a foreign

14,15

body response with increased macrophage activity, inflammation, etc. Based on

1017 salicylic acid-based poly(anhydride-esters) (SA-based

favorable in vivo studies,
PAEs) (Figure 5.1) have been formulated into microspheres.'® In addition to a physical
encapsulation of actives, these polymers have the added benefit of releasing a non-

steroidal anti-inflammatory drug (NSAID) that reduces inflammation and prevents the

foreign body response upon hydrolytic degradation.'

~

Figure 5.1. Chemical structure of the SA-based PAE with adipic linker.

In the past decade, controlled delivery from polymeric microspheres has been
more focused on protein delivery.?®?' From growth factors to bone morphogenic proteins
(BMPs), researchers have studied ways to protect and sustain delivery of sensitive

proteins.***?° However, controlled protein delivery has proven to be extremely difficult
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because of the thermal, solvent, and enzymatic sensitivity of proteins. Researchers have
studied ways to alter the microsphere preparation methods to better stabilize the proteins
with polymer matrices.”"'

Nerve growth factor (NGF) is particularly interesting for controlled release
studies because it enhances nerve differentiation and growth.>*** Recently, NGF was
found to cause inflammation and pain following injury.”>*® As excess NGF is needed to
heal nerve damage, an anti-inflammatory agent may help stop the inflammation and pain
caused by the increased NGF. Neurons respond favorably to SA-based PAEs,”” as such,
these polymers may be useful for the encapsulation and controlled release of NGF.

In this study, NGF was loaded into an SA-based PAE using a solvent evaporation
microsphere preparation technique. The microspheres were characterized, degraded in
vitro and the release of NGF and salicylic acid monitored. 50:50 PLGA was loaded with
NGF and used as a polymer control for this study. Neurons grown on the SA-based
PAEs with NGF dissolved in the media have shown positive axonal growth profiles.”’

Therefore, NGF-loaded SA-based PAE microspheres may provide similar results in

future studies with nerve guidance conduits.

5.3. Materials and Methods

5.3.1. Materials
Recombinant rat B-NGF and the corresponding enzyme-linked immunosorbent
assay (ELISA) kit were purchased from R&D Systems (Minneapolis, MN). 50:50

poly(lactic-co-glycolic acid) (PLGA) was received as a gift (BPI, Cupertino, CA) and
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purchased from Sigma-Aldrich (St. Louis, MO). The salicylic acid-based
poly(anhydride-ester) (SA-based PAE) was prepared using previously described

38,39
methods.”™

Dulbecco’s phosphate buffered saline (PBS) without Ca and Mg was
purchased from MP Biomedicals (Solon, OH). All other reagents were purchased from

Aldrich (Milwaukee, WI) and used as received.

5.3.2. Preparation of Microspheres

Microspheres of each polymer, 50:50 PLGA and SA-based PAE, were prepared as
controls for the NGF-loaded polymer microspheres using a solvent evaporation method.
A method to prepare SA-based PAE microspheres has been previously published'® and
modified here. For this study, polymer (0.1 g) was dissolved in dichloromethane (2 mL).
The polymer solution was added to 1% PVA (30 mL) and homogenized (IKA T8 Ultra
Turrax, Wilmington, NC) at 8,000 rpm for 1 minute. The resulting emulsion was poured
over an additional 1% PVA (200 mL) and mechanically stirred for 3 hours at room
temperature. The microspheres were isolated by vacuum filtration and dried overnight

under vacuum.

5.3.3. Preparation of NGF-loaded Microspheres

The NGF-loaded microspheres were prepared by a solvent evaporation method.
One milliliter of 10 pg/mL NGF was added to the polymer solution (SA-based PAE and
50:50 PLGA) and gently inverted to mix. The NGF solution also contained 0.1 % bovine
serum albumin carrier protein (BSA) in PBS and was mixed with SA-based PAE (0.1

mg) in dichloromethane and vortexed lightly. The NGF/polymer mixture was added
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dropwise to 30 mL 1 % PVA on ice and homogenized for 1 minute at 5,000 rpm. The
resulting solution was poured over 200 mL 1 % PVA solution and mechanically stirred
for 3 hours to remove dichloromethane and form microspheres. The microspheres were
isolated by filtration, washed with water, and lyophilized overnight. The filtrate was
diluted and examined by an ELISA to calculate the exact encapsulation efficiency of the

NGF in the polymer. The value was calculated using the following equation:

Encapsulation =~ Theoretical amount NGF loaded (mg) — Amount NGF in microsphere filtrate (mg)
efficiency (%) = *100

Theoretical amount NGF loaded (mg)

5.3.4. SEM of Microspheres

The microsphere morphology was characterized by scanning electron microscopy
(SEM). A thin layer of microspheres were affixed to a sample holder using non-
conducting adhesive tabs (Electron Microscopy Services, Fort Washington, PA). An
amalgam of Au-Pd was then sputtered onto the polymer samples (25 nm thickness) with a
Baltec SCD 004 Sputter Coater. The samples were analyzed on an AMRAY 1830 I
(AMRAY, Inc., Bedford, MA) with FlashBus FBG 4.2 software on Windows 2000

software to capture images.

5.3.5. In Vitro Degradation of Microspheres
Microspheres (20 mg) were placed in 15 mL centrifuge tubes and degraded in
triplicate in 2 mL Dulbecco’s PBS. The samples were incubated at 37 °C at 40 rpm and

the media was exchanged at 4, 8, 12, 18, 24, 36, and 48 hours. Following the 48 hour
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timepoint, the media was exchanged daily to continue to monitor the NGF and salicylic
acid release for a total of 10 days. The samples were centrifuged (Hettich Zentrifugen
EBA 12, Tuttlingen, Germany) at 3000 rpm for 10 minutes to remove the degradation
media supernatant for analysis. The 2 mL PBS was replaced at each time point to
maintain sink conditions. The spent degradation media was examined by ELISA to
quantify the amount of NGF released and by HPLC to quantify the amount of salicylic

acid released.

5.3.6. pH Measurement of Degradation Media
The pH of the degradation media was monitored at each time point during
degradation with a Fisher Scientific Accumet AR15 pH meter (Pittsburg, PA). The pH at

each time point is the average of three measurements from three samples.

5.3.7. Salicylic Acid Release from Microspheres

High pressure liquid chromatography (HPLC) was performed using a Waters
2695 Separations Module with a Waters 2487 Dual Wavelength Absorbance Detector set
to 210 nm. Salicylic acid was separated on a CI8 column (150 x 4.6 mm, 5 pm,
Phenomenex, Torrance, CA) with a flow rate of 1 ml/min in an isocratic mobile phase of
75% 20 mM phosphate buffer solution pH 2.5 and 25% acetonitrile. Five point
calibration curves were generated for each compound with concentrations ranging
between 0.01 mg/ml and 0.4 mg/ml. The degradation media was diluted using PBS if

needed to ensure measurements within the calibration curve and filtered through 0.45 pm
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poly(tetrafluoroethylene) (PTFE) syringe filters (Nalgene, Rochester, NY). Full system

automation and data analysis were completed using Empower 2 software Build 2154.

5.3.8. NGF Release from Microspheres

NGF release was quantified using an ELISA. The samples were diluted, as
necessary, to keep NGF amounts within the calibration curve. A six-point calibration
curve was used to quantify the NGF release. The experiment was run in triplicate and
repeated in its entirety in duplicate. The 96-well ELISA plates were read using an EL808

Ultra Microplate reader (Bio-Tek Instruments, Winooski, VT) with KC Junior software.

5.4. Results and Discussion

5.4.1. Microsphere Characterization

The microspheres loaded with NGF were prepared with a range of sizes between
10 and 30 pum. Representative SEM images of the NGF-loaded SA-based PAE
microspheres are shown in Figure 5.2. Upon drying, the solvent evaporation processing
technique caused some very small pores to form on the microsphere surface. The pores
were prevented in future samples by allowing the microspheres to stir longer in the PVA
solution until all of the dichloromethane evaporated. The NGF encapsulation efficiency
was calculated by measuring the amount of NGF remaining in the filtrate following

microsphere preparation with an ELISA. This method was chosen, over other general
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Figure 5.2. Representative SEM images of NGF-loaded SA-based adipic PAE

microspheres. The average diameter of the microspheres was 20 pm.

protein measurement assays, such as the bicinchoninic assay (BCA), because it is specific
for active NGF and does not measure the BSA used to stabilize the NGF or process-
deactivated NGF. The average NGF encapsulation efficiency in the SA-based PAE was

72 %, which is comparable to reports of NGF encapsulation efficiency.'"*

5.4.2. In Vitro Degradation of NGF-loaded Microspheres
The NGF-loaded SA-based PAE microspheres were degraded in PBS at pH 7.4 and
monitored for structural changes. Changes in pH of the degradation media were
monitored as well because a significant pH drop may negatively affect the NGF stability.
Figure 5.3 shows representative SEM images of NGF-loaded microsphere degradation
over 10 days. These images depict the development of a large pore network during the
microsphere degradation, the result of water penetration into the microspheres. A larger
portion of the microsphere begins to erode after 2 days degradation, while after 10 days,
the pores permeate deep into the microsphere core. The pore network serves as the path

for the simultaneous release of NGF and salicylic acid.
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Figure 5.3. SEM images of NGF-loaded SA-based adipic polymer microspheres during

degradation at 0 hours (top), 2 days (middle), and 10 days (bottom).
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The pH change in the degradation media over 48 hours was monitored for the
PLGA control and the SA-based PAE, and the pH values are reported in Figure 5.4. A
decrease of about 1 pH unit for the SA-based PAE microspheres was observed while the
pH of media exposed to PLGA remains near 7.6. The pH differences can be explained by
the differences in molecular weight (My,), crystallinity, and pKa for the two polymers.
Specifically, the PLGA microspheres are expected to degrade slower than the SA-based
PAE microspheres because it has a higher M,, crystalline domains,*' and its breakdown

products, lactic (3.85) and glycolic (3.83) acids, have slightly higher pKa values than

7.8

7.6 gttt
7.4

72 1
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Figure 5.4. pH change in degradation media for the SA-based PAE and the PLGA

during the initial 48 hours of degradation.

salicylic acid (2.97). The SA-based PAE is completely amorphous and thus allows water

to penetrate beyond the microsphere surface relatively quickly. Although the SA-based
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PAE microspheres show a decrease of one pH unit after 48 hours, they are expected to

release NGF and SA in a controlled manner to positively influence nerve regeneration.

5.4.3. NGF Release from Microspheres

NGF release was quantified using an ELISA, which measures the amount of
active NGF released into the media based on the rat f-NGF antigen binding to the goat
anti-rat B-NGF antibody. The ELISA tests for active NGF only, and will not include
bovine serum albumin (stabilizing protein) and inactive NGF, if present. The cumulative
NGF release profile from the SA-based PAE and PLGA microspheres is shown in Figure

5.5. The curves show a near-zero order release with increasing amounts of NGF over the
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Figure 5.5. NGF release from SA-base PAE and PLGA microspheres over 48 hours.
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48 hour time period resulting in approximately 5 % of the loaded NGF. Overall, the SA-
based PAE microspheres released twice as much NGF as the PLGA microspheres. Song
and Uhrich reported using a concentration of 12.5 ng/mL NGF to cell media to culture
dissociated neurons.* Based on those previously reported methods, NGF release from
the PLGA microspheres is slightly below the amount required for neuronal cell culture,
while the SA-base PAE microspheres released slightly more than the required 12.5
ng/mL NGF.

Salicylic acid release is likely important for reducing inflammation during nerve
regeneration. While PLGA degradation products tend to increase inflammation in
vivo,"" SA-based PAE should mitigate inflammation."” The cumulative salicylic acid
release profile shows a lag phase for the initial 20 hours, and the start of a continuous
release phase that continues in Figure 5.6, which shows cumulative salicylic acid release
from the NGF-loaded SA-based PAE microspheres over 10 days. The final phase of the
salicylic acid release is the plateau phase, in which the release rate levels off.

The salicylic acid and NGF release rates in Figures 5.5 and 5.6 correlate with the
pH measurements in Figure 5.4. Factors, such as pKa, molecular weight, and
crystallinity, affect degradation and drug release rates in the same ways they affect the
pH of the degradation media.* The NGF-based SA-based PAE microspheres release

NGF and salicylic acid.
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SA-based PAE microspheres loaded with NGF were prepared at biologically

relevant loadings while maintaining the protein activity. NGF release from the SA-based

PAE microspheres was comparable to NGF release from PLGA (50:50) microspheres

controls loaded with NGF. The NGF-loaded SA-based PAE microspheres may have

more potential because of the ability to concurrently reduce inflammation caused by

excess NGF. Future research will study the biological effects of the microspheres on

dissociated DRGs to compare axonal outgrowth without the microspheres to outgrowth

with both the NGF-loaded PLGA and SA-based PAE microspheres.
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CHAPTER 6: THERMAL AND MECHANICAL PROPERTIES OF

POLYANHYDRIDE BLENDS FOR NERVE GUIDANCE TUBES

6.1. Abstract

Blends of two polyanhydrides, poly(lactic acid anhydride) (PLAA) and poly(o-
carboxyphenoxyxylene) (poly(o-CPX)), were fabricated into hollow nerve guidance
tubes then characterized for changes in thermal and mechanical properties. The thermal
properties of the raw polymers and the tubes were characterized, which included glass
transition temperature (T,) and decomposition temperature (Tq) measurements by
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA),
respectively. The polymer blend tubes were degraded, in vitro, for 4 weeks. During the
degradation study, the mechanical strength of the tubes was characterized with
compliance measurements in 3-point bending mode and water uptake monitored to
determine the permeability and swelling. Future studies will assess the biological activity

for nerve regeneration.

6.2. Introduction

Nerve guidance conduits containing new materials, such as biodegradable and
natural polymers, are being studied by many researchers for nerve regeneration
applications.'”  Naturally-derived materials have been approved for use, including

Salumedica’s Salubridge (Atlanta, GA)* and Integra’s NeuraGen™ and NeuraWrap™
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(Plainsboro, NJ).” Additionally, research efforts are focusing on synthetic materials such

° while other

as poly(lactic acid), poly(glycolic acid), and copolymers of the two,*
systems use poly(methyl methacrylate) copolymers'® and poly(glycerol sebacate).’ With
these systems showing positive results, the next studies focus on blending polymers to
achieve specific physical, thermal, and mechanical properties.

Polymer blending may be an important feature of new nerve guidance conduits to
achieve the desired physical, thermal, and mechanical properties. Researchers have

examined phase separation and drug distribution in polyanhydrides.'*"*

Physical
properties, including mass loss and water uptake, have been correlated to mechanical
properties.”” Specifically, for nerve guide tubes, poly(glycolic acid) has been coated with
collagen and then crosslinked,'® but there was no physical blending of materials for the
conduits. Polymer miscibility is important as nerve guidance conduits are developed
with polymer blends for improved properties.

This chapter focuses on the development and characterization of a polymer blend
with potential to guide nerve regeneration. The thermal and mechanical properties of the
polymer blends were assessed prior to and during in vitro degradation. In the future, the
nerve guidance conduits described here may be filled with the nerve growth factor
(NGF)-loaded salicylic acid-based poly(anhydride-esters) (SA-based PAEs) microspheres

described in Chapter 5 of this dissertation. This novel polymer blend tube, filled with

NGF-loaded microspheres, has great promise to advance the field of nerve regeneration.
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6.3. Materials and Methods

6.3.1. Materials

Poly(lactic acid anhydride) (PLAA) was provided by Bioabsorbable Therapeutics
Inc. (BTI) (Menlo Park, CA) and is a propriety polymer. The iodinated salicylic acid-
based polymer (iodo-SA PAE) and poly(o-carboxyphenoxyxylene) (poly(o-cpx) were

prepared by previously described methods.'”"®

Hollow polymer tubes were
manufactured at BTI using a melt extrusion process. Dulbecco’s Phosphate buffered
saline without Mg*" and Ca®" was purchased from MP Biomedicals (Solon, OH). All

other reagents and supplies were purchased from Fisher Scientific (Fairlawn, NJ).

6.3.2. Scanning Electron Microscopy (SEM)

The polymer tube surface morphology was visualized using scanning electron
microscopy (SEM; AMRAY 1830 I, Bedford, MA). The tubes were affixed to specimen
mounts (Electron Microscopy Sciences, Fort Washington, PA) using non-conducting
adhesive tabs (Electron Microscopy Sciences). Cross-section and surfaces of samples
were gold-coated using a Sputter Coater (BALZER SCD 004; Baltec, Tuscon, AZ) and
examined at an electron voltage of 20 kV. The images were captured with FlashBus FBG

4.2 software on Windows 2000.

6.3.3. Differential Scanning Calorimetry (DSC)
Samples of the unprocessed polymer, polymer tubes, and polymer-blended tubes

were examined using DSC. The glass transition temperature (Ty) of each sample was
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measured on a TA Instruments Q200 DSC (New Castle, DE). The polymer samples (5
mg) were heated under dry nitrogen gas with heating and cooling rates of 10 °C/min.
Glass transition temperatures were calculated as the inflection point in the step change on

the second heating cycle of a heat-cool-heat experiment.

6.3.4. Thermal Gravimetric Analysis (TGA)

TGA was performed using a Perkin Elmer TGA 7 analyzer with a TAC 7/DX
instrument controller. Polymer samples (10 mg) were heated under dry nitrogen gas at a
heating rate of 10 °C/min. Decomposition temperatures were defined as the onset of
decomposition. Perkin-Elmer Pyris software was used for data collection on a Dell

OptiPlex GX110 computer.

6.3.5. In Vitro Degradation

The polymer tubes were cut in half using a warm Accu-Knife™ (Control Co.,
Houston, TX). Each tube was 10 mm long and mass of approximately 40 mg. The tubes
were degraded in 20 mL scintillation vials containing 10 mL Dulbecco’s PBS without
Ca®" and Mg for four weeks. The degradation study was conducted at 37 °C and 70
rpm in a New Brunswick Scientific Series 25 Controlled Environment Incubator Shaker
(Edison, NJ). At weekly intervals, the PBS was exchanged to maintain sink conditions,
and the polymer tubes were analyzed for water uptake and changes in mechanical

properties.
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6.3.6. Water Uptake

Water uptake was determined by obtaining the mass of each sample using an
analytical balance (Mettler Toledo Columbus, OH). At predetermined time points during
the degradation study, the samples were removed from the degradation media, rinsed in
deionized water to remove residual phosphate salts, and patted with Kimwipes®”

(Kimberly-Clark, Neenah, WI). The water uptake was calculated using Equation (1):

Wh - WO
WA(%)=———X 100 (1)
W,
where WA is water absorbed by the sample or water uptake, W; is the mass of the
hydrated sample, and W, is the mass of the sample prior to degradation. Five samples

were measured and averaged for each time point (n = 5). Statistical error was shown by

error bars denoting the standard deviation of the five measurements.

6.3.7. Dynamic Mechanical Analysis (DMA) by Three-
Point Bending

Three-point bending testing was conducted on the 10 mm polymer tubes at each
weekly time point (0, 1, 2, 3, and 4 weeks). The 5 mm bending platform with a 3 mm
knife probe was calibrated prior to analysis. The testing method was a static force scan
from 0 mN to 8000 mN at 400 mN/minute at 22 °C. The compliance was calculated as
the initial slope of the static force, measured in milliNewtons (mN) versus the probe
position movement in millimeters. The data was reported as the average compliance of

five samples with error bars showing the standard deviation of the five measurements.
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6.4. Results and Discussion

6.4.1. Hollow Polymer Tubes of PLAA, Poly(o-cpx), and lodo-SA PAE
The polymer tubes were melt-extruded with dimensions of approximately 20 mm
long, 0.22 mm thickness, and 3.5 mm inner diameter. Representative SEM images are

shown in Figure 6.1.

#AEAE*

Figure 6.1. Representative SEM images of PLAA tubes. (A) cross section. (B)
surface.
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6.4.2. Thermal Characterization of Polymer Tube Blends
The thermal properties of the polymer tubes were characterized by DSC and TGA to
determine whether the polymer blends in the tubes were miscible, and whether the melt
extrusion processing damaged the polymer structure. A representative DSC thermogram
is shown in Figure 6.2. The thermal properties are displayed in Table 6.1. The table
compares the T, and T4 values of the raw polymers, PLAA and poly(o-cpx), as well as
blends of the two polymers in the form of hollow tubes. The blends of PLAA and
poly(o-cpx) are labelled 15:85, 30:70, and 50:50 poly(o-cpx):PLAA. Two different Tgs
are noted for the blends, but the decreased value shows that the polymers are interacting
and partially miscible. The poly(o-cpx) may be acting as a plasticizer to effectively

lower the Tgs of both polymers in the blends. Although a general lowering of
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Figure 6.2. Representative DSC thermogram of 50:50 Poly(o-cpx):PLAA tube.
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the polymer T,s was noted, no trend was observed as the amount of poly(o-cpx)

increased.

Table 6.1. Thermal analyses (DSC and TGA) of raw polymer and polymer tubes to
monitor changes in Tg and Td as a result of processing. (* Thermal transition
not observed)

Sample Composition Sample Type Tgl °O) T42(°C) Tq (°C)
PLAA (BTI) Raw Polymer 49.8 & 322
PLAA Tube 50.5 * 322
Poly(o-cpx) Raw Polymer 82.2 * 320
15:85 Poly(o-cpx):PLAA Tube 472 66.3 312
30:70 Poly(o-cpx):PLAA Tube 43.5 57.4 311
50:50 Poly(o-cpx):PLAA Tube 45.2 68.8 314

Increasing the amount of poly(o-cpx) had no significant effect on the T4 of the
blends, and polymer decomposition was not observed as a result of the melt extrusion

processing technique.

6.4.3. Water Uptake of Polymer Tubes
The water uptake of the polymer tubes was monitored during the four week in
vitro degradation study. Water uptake provides important information about water

permeability and polymer degradation as a function of tube geometry. The water uptake
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analysis is shown in Figure 6.3. Multiple facts are noted about the water uptake of the

polymer tubes. Initially, the tubes containing 50:50 poly(o-cpx):PLAA had very little

PLAA

Water Uptake (%)
i
(=)
(=)

—— 15:85 poly(o-cpx):PLAA

—4&—30:70 poly(o-cpx):PLAA

—%—50:50 poly(o-cpx):PLAA

Time (weeks)

Figure 6.3. Water uptake of polymer blend tubes over 4 weeks.

water uptake. Generally, for the first three weeks of the study, as the amount of poly(o-
cpx) increases, the water uptake decreases. These initial results are promising because
significant tube swelling would have a negative effect on nerve regeneration, as the area
where a tube would be placed may not be able to accomodate any tube swelling.
However, at week four, the 50:50 poly(o-cpx):PLAA tubes absorbed 80 % of their

weight in water. It appears that at this point, the poly(o-cpx) begins to allow more water

into its matrix as it begins to degrade quicker.

6.4.4. Mechanical Characterization of Polymer Tube Blends During In Vitro

Degradation
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The mechanical testing was conducted on the polymer tubes throughout in vitro
degradation to determine their level of flexibility or compliance as applicable to nerve
regeneration. The tube cannot be extremely stiff because this may cause brittleness as
well as particulate generation at the injury site. Three-point bending analysis was
performed to identify the most compliant tube composition. Digital images of the three-
point bending setup during testing are shown in Figure 6.4. The image on the left of
Figure 6.4 shows the sample prior to testing, and the image on the right shows the
sample during testing.

A representative plot of the three-point bending data to measure compliance is
shown in Figure 6.5. The probe position is plotted versus the static stress values, and the

inverse of the initial slope gives the compliance of the tubes. The data shown in

Figure 6.4. Representative images of 3-point bending testing performed on

polymer tubes to measure compliance.

Figure 6.6 is a representative stress versus strain curve. The modulus of the tubes is
calculated as the initial slope of the stress versus strain curve. The sample shown in

Figure 6.6 has high stress values and low strain which is indicative of a hard, brittle
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material with low toughness."® The compliance value was the focus of the mechanical
testing in this chapter because it provides valuble insight into the flexibility of the tubes
when they are placed at the injury site.

Initially, the compliance of an iodo-SA PAE tube was compared to that of a
poly(o-cpx) tube to determine which material was most flexible. The iodo-SA PAE
would be advantageous because it can be seen under x-ray once it is implanted in the
body, while the poly(o-cpx) is know to have enhanced thermal and mechanical
properties.'”  Therefore, the poly(o-cpx) may be useful by imparting strength and
flexibility to the tubes. The results from those intial polymer tube testing studies are

shown in Figure 6.7. Although the iodo-SA PAE has the advantage of radiopacity,'®

35000
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Figure 6.7. Compliance results for the 5-iodo SA polymer and the o-CPX polymer in 3-

point bending testing mode.

it does not have the same compliance as poly(o-cpx). Prior to degradation, the two

polymers appear to have the same compliance, but after one day and after 7 days in
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aqueous media, a marked decrease in the iodo-SA PAE compliance was observed. Based
on these results, the poly(o-cpx) tubes were the focus of the remaining mechanical testing
studies.

The poly(o-cpx) was physically mixed with the PLAA to form hollow tubes
containing, 15:85, 30:70, and 50:50 poly(o-cpx):PLAA. The compliance of each
polymer blend was compared to PLAA polymer tubes. The complete results for the

compliance testing during in vitro degradation for four weeks are depicted in Figure 6.8.
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Figure 6.8. Compliance results for polymer tubes with increasing amounts of poly(o-

cpXx).

The general trend is that as the percentage of poly(o-cpx) is increased, flexibility
increases. After four weeks in PBS pH 7.4, differences between the compositions are
less significant, but the trend still holds that adding poly(o-cpx) imparts flexibility to the

polymer tubes.
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6.5. Conclusions

The hollow polymer tubes prepared by melt extrusion were characterized for the
appropriate thermal, mechanical, and physical properties for nerve regeneration
applications. The tubes do not undergo significant degradation during the melt extrusion
process. Although the tubes that contain polymer blends are immiscible, the blends
impart a plasticizer effect in which the polymers’ Tgs are lowered and the tubes become
more flexible. The compliance was quantified, the most flexible tubes may have the most
relevance for nerve regeneration, as they can be manipulated for insertion. The hollow
polymer blend tubes containing poly(o-cpx) and PLAA will be tested in future studies for
neuron outgrowth. In terms of chemical and physical characterization, the tubes have the

most promising properties for use as nerve guidance conduits.
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CHAPTER 7: BASE HYDROLYSIS OF POLY(ANHYDRIDE-ESTERS) AND

POLY(ANHYDRIDE-AMIDES)

7.1. Abstract

Salicylic acid-based poly(anhydride-esters) (SA-based PAEs) and ampicillin-
based poly(anhydride-amides) (PAAs) were hydrolyzed in basic media (pH 10) to
accelerate the degradation process. The salicylic acid release rates from the SA-based
PAEs prepared by both melt-condensation and solution polymerization methods were
compared. The ampicillin-based PAAs, prepared by solution polymerization, were also
degraded; the release of ampicillin and its degradation products were monitored. The
studies with the SA-based PAE proved that the salicylic acid release profiles are the same
for both polymerization methods. The SA-based PAEs fully degraded into salicylic acid
with no residual oligomers or unanticipated side products. The base hydrolysis of the
ampicillin-based PAA showed that the B-lactam may hydrolyze prior to the amide
hydrolysis in the diacid. For the ampicillin-based PAA, the major degradation products
were the ampicillin diacid, instead of the free ampicillin. Overall, base hydrolysis of
these polyanhydrides yielded valuable information as to whether the active compounds’
structures change during polymer degradation and whether polymerization methods

impact degradation rates and drug release rates.
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7.2. Introduction

Polyanhydrides can be prepared by a number of different polymerization
methods, including interfacial, melt-condensation, ring-opening, and solution.'” Each of
these polymerization methods may yield slightly different polymer properties. For
example, melt-condensation polymerization usually yields higher molecular weight
polyanhydrides than the solution polymerization method. However, heat-sensitive
monomers may not be amenable to melt-condensation polymerization because the
polymerization occurs at temperatures ranging from 160 °C to 180 °C. Although it may
not be useful for all monomers, the melt-condensation method can be produced at a
reproducible rate and on a larger scale. In contrast, solution polymerization requires exact
stoichiometry and often yields lower molecular weight polymers, particularly when
prepared on a small scale because any deviation from the required stoichiometry can
lower the final molecular weight.

The Uhrich laboratory has developed and studied the synthesis and
characterization of salicylic acid-based poly(anhydride-esters) (SA-base PAEs) for over a
decade. The SA-based PAEs hydrolytically degrade to release salicylic acid, so it is
important to compare the degradation and drug release profiles of polymers prepared by
different polymerization methods. For thermally sensitive molecules, such as ampicillin,
it is critically important to monitor changes in the drug structure and activity as a function
of polymer synthesis, processing, and in vitro degradation.

8-11

Polyanhydrides are known to degrade faster under basic conditions,  the base-

catalyzed hydrolysis breaks the anhydride bonds between the polymer repeat units. Other
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researchers have monitored polymer degradation under basic conditions to accelerate
degradation, and to develop mechanisms of base hydrolysis."*'*  Additionally,
researchers have studied the hydrolytic degradation of drug molecules such as ampicillin
that degrade to yield the active, hydrolyzed form of the drug.'”"” The SA-based PAEs
and the ampicillin-based PAA were characterized in basic media to quickly and
efficiently determine the final degradation products.

The objective of this chapter was to elucidate how polymer may be influenced by
the polymerization method. Two polymerization methods, melt-condensation and
solution are compared then degraded in vitro and compared again for degradation
changes/differences. The ampicillin-based PAA was degraded in vitro as well to monitor
ampicillin’s sensitivity to heat resulting in changes in the chemical structure. Using base
hydrolysis as a method to quickly analyze polymer degradation may be important as a

potential screening mechanism regardless of the polymer structure.

7.3. Materials and Methods

7.3.1. Materials
The polymers, SA-based sebacic PAEs (1 and 2 prepared by melt-condensation
and solution polymerization, respectively ) and ampicillin-based PAA (3 prepared by

1821 Sodium

solution polymerization), were prepared by previously described methods.
hydroxide (NaOH), hydrochloric acid (HCI), and all other reagents were purchased from

Fisher Scientific (Fairlawn, NJ) and used as received.
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7.3.2. Base-hydrolyzed Degradation

Ground polymers of 1, 2, and 3 (20 mg, n=3) were degraded in 10 ml aqueous
NaOH solution (pH 10) over 5 days for polymers 1 and 2 and over 48 hours for polymer
3. The media was replaced daily to maintain sink conditions. Samples were prepared in

triplicate. The degradation media was stored at room temperature until HPLC analysis.

7.3.3. High-Pressure Liquid Chromatography Method

High-pressure liquid chromatography (HPLC) was performed using a Waters
2695 Separations Module with a Waters 2487 Dual Wavelength Absorbance Detector set
to 210 nm. Salicylic acid was separated on a C18 column (150%4.6 mm, 5 um,
Phenomenex, Torrance, CA, USA) with a flow rate of 1 ml/min in an isocratic mobile
phase of 75% 20 mM phosphate buffer solution (PBS) pH 2.5 and 25% acetonitrile. Five
point calibration curves were generated for salicylic acid with concentrations ranging
between 0.01 mg/ml and 0.4 mg/ml.

Ampicillin was separated on a C18 column (150%4.6 mm, 5 pm, Phenomenex,
Torrance, CA, USA) with a flow rate of 1 ml/min in 20 mM monobasic potassium
phosphate (KH,PO4) and methanol modified from a previous method.”> A gradient
method was used to separate ampicillin starting with 100 % 20 mM monobasic KH,PO4
for five minutes, then a 20 minute gradient to 50 % KH;PO4 50 % methanol for one
minute, and finally a 14 minute gradient back to 100 % KH,PO4. Ampicillin eluted at
about 17 minutes. Five point calibration curves were generated for ampicillin with

concentrations ranging between 0.01 mg/ml and 0.4 mg/ml
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Prior to injection, degradation study samples were neutralized to pH 7 with 1 M
HCI solution, when needed, and diluted using PBS pH 7.4 to ensure measurements within
the calibration curve and filtered through 0.45 um PTFE syringe filters (Nalgene,
Rochester, NY, USA). Full system automation and data analysis were completed using

Empower 2 software Build 2154.

7.4. Results and Discussion

7.4.1. Comparison of SA-based PAE Degradation: Melt vs. Solution
Polymerization

The release of the non-steroidal anti-inflammatory drug, salicylic acid (SA), from
the polymer backbone was monitored during polymer degradation. SA release is directly
dependent on the hydrolytic cleavage of the anhydride and ester bonds within the
polymer backbone (see Scheme 1.1 in Chapter 1). Given that the polymerization method
appears to change the type and ratio of anhydride and ester bonds®', we compared the
hydrolytic degradation behavior of the melt-made (1) and solution-made (2)
poly(anhydride-esters).

Poly(anhydride-esters) prepared by melt (1) and solution (2) methods were
completely degraded in an alkaline solution. Degradation was monitored by HPLC; SA
was the only aromatic product observed for polymers 1 and 2 by reverse phase
chromatography, with a retention time of approx. 8 min. Figure 7.1 shows representative
HPLC chromatograms of the degradation media from each polymerization method. The

chromatograms are overlaid to demonstrate that both polymerization methods yield
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Figure 7.1. Representative HPLC separation of salicylic acid for both the melt-

condensation and solution polymerization methods.

the same degradation product, SA. No additional aromatic degradation products were
observed, demonstrating that regardless of the preparation method, both the melt-
condensation (1) and solution (2) polymers degraded into SA. Note that sebacic acid is
the other final degradation product, but is not a strong chromaphore and thus not
observed.

Cumulative release curves of SA show similar profiles for PAEs prepared from
either polymerization method (Figure 7.2). These results again demonstrate that polymer

degradation is not affected by polymerization method.
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Figure 7.2. Cumulative profiles of salicylic acid released from melt-condensation (1) and

solution (2) polymers upon base hydrolysis.

7.4.2. Ampicillin-based PAAs: Degradation
The ampicillin-based PAA is not amenable to complete degradation at
physiological pH 7.4 because the amide bonds require more aggressive conditions, such

20,23
as enzymes or extreme pH.”™

Previously, the polymer was found to release only
ampicillin-based diacid.**** Therefore, base hydrolysis was performed to fully degrade
the polymer to free ampicillin. The cumulative ampicillin release over 48 hours is shown
in Figure 7.3. Only about 20 % of the free ampicillin in the polymer was detected by this

method. As a result, the chemistry of ampicillin degradation was examined in more

detail.
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Figure 7.3. Cumulative free ampicillin release during base hydrolysis for 48

hours.

Based on the HPLC studies, the ampicillin is not stable in aqueous media and
could not be detected before it degraded in solution. The B-lactam is known to hydrolyze
to the active form of ampicillin, aminobenzyl-penicilloic acid (Figure 7.4).”> During our
experiments, a color change in the degradation media was noted from orange to yellow
was noted, which may be an indication of the ampicillin degradation. Although the free
ampicillin is not stable in aqueous media, this instability does not affect ampicillin’s

activity.”*  Additionally, the ampicillin-based diacid has shown activity against

Staphylococcus aureus.”
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Figure 7.4. Synthetic scheme showing the decomposition of ampicillin in the presence

of a strong base.
7.5. Conclusions

Regardless of the polymerization method, both the melt-made (1) and solution-
made (2) SA-based PAEs completely hydrolyzed into SA under basic conditions.
However, the ampicillin-based PAAs mostly degraded into the ampicillin-based diacid.
Additionally, free ampicillin readily hydrolyzed further at the B-lactam to yield its own
degradation product.

Although different mechanisms govern the synthesis of SA-based PAEs , HPLC
results of the degradation media clearly indicate that the final degradation products are
the same - salicylic acid. Furthermore, the SA-based PAEs degrade and release

comparable amounts of salicylic acid, regardless of polymerization method.
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CHAPTER 8: ADDITIONAL STUDIES: SALICYLIC ACID ADMIXTURE AND
RELEASE FROM SALICYLIC ACID-BASED POLY(ANHYDRIDE-ESTERS)

AND POLYDIMETHYLSILOXANE (PDMS)

8.1. Abstract

Salicylic acid has been physically admixed into salicylic acid-based
poly(anhydride-esters) (SA-based PAEs) and polydimethylsiloxane (PDMS). The
samples were degraded in vitro to determine the effect of physically admixed salicylic
acid on the polymer degradation and salicylic acid release rate. The salicylic acid (SA)
and SA-based PAE- loaded PDMS was degraded over 24 hours, while the SA-loaded SA-
based PAE was degraded over 72 hours. In the first part of this study, SA release was
compared for SA-loaded and SA-based PAE loaded PDMS, and SA release was more
controlled from the SA-based PAE. The second part compared SA-loaded and SA
diacid-loaded SA-based PAE at 1, 5, and 10 wt %. The cumulative release profiles
showed no significant change, but the lag phase was shortened for both the admixed SA

and SA diacid.

8.2. Introduction

Drug release from polymer matrices is examined for controlled drug release

systems,'” where most systems release drugs based on diffusion from the polymer

matrix. The diffusion-based drug delivery systems are typically composed of non-
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degradable matrices.>* Some degradable polymer systems release drugs based on erosion
of the polymer matrix, while other systems release drugs based on a combination of
diffusion and erosion mechanisms.’

SA-based PAEs can release physically admixed drugs based on a combination of
diffusion and erosion mechanisms.” Additionally, as the SA-based PAEs degrade, they
release salicylic acid by hydrolysis of the anhydride and ester bonds in the polymer
backbone.’

By comparison, PDMS is a soft, permeable system that releases drugs based on

the diffusion mechanism.”®

PDMS is non-degradable, so the matrix maintains its shape
during degradation; the drug travels through the matrix and is released into the
surrounding media.” PDMS has some water uptake, but this effect may be altered
because of the influence of admixed drug.

This study has two parts: 1) examination of SA release from SA-loaded and SA-
based PAE-loaded PDMS and 2) examination of SA release from SA-loaded and SA
diacid-loaded SA-based PAEs. The salicylic acid release rates were compared to
determine how the polymer permeability affects SA release. This study also provided
insight about the affect of physically admixing additional salicylic acid into a polymer
that already contains salicylic acid in its backbone SA-based PAE. In the future,

additional amounts of salicylic acid may be admixed to determine whether there is any

continued linearity or dose dependence on the salicylic acid release.
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8.3. Materials and Methods

8.3.1. Materials

The SA diacid and SA-based PAE were prepared using previously described
methods.'”!"  The polydimethylsiloxane (PDMS) was prepared from the SYLGARD®
elastomer kit obtained from Dow Chemical (Midland, MI). All other chemicals were

obtained from Aldrich (Milwaukee, WI) and used as received.

8.3.2. Methods

8.3.2.1. Preparation of Salicylic Acid-loaded PDMS Slabs

Two sets of drug-loaded PDMS slabs were prepared. The first set contained
10 wt% SA in the PDMS and the second set contained 10 wt% SA-based PAE in PDMS.

The silicone elastomer base (4 g) and curing agent (0.4 g) were mixed in a 50 mL
beaker at a 10:1 ratio (w/w) and poured into a petri dish to set. For samples containing
salicylic acid or polymer, the admixed component (0.44 g) was mixed at 10 wt% in the
beaker with the elastomer base and curing agent prior to setting in the petri dish and
stirred with a glass stirring rod. The PDMS samples were cured at 55 °C for 1 hour.
After curing, the samples were cut into quarters and removed from the petri dish. Digital
images were taken of the samples, and they were placed into individual 20 mL

scintillation vials for in vitro degradation.
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8.3.2.2. Preparation of SA-loaded and SA Diacid-loaded SA-based PAE
Disks

The SA and the SA diacid were separately incorporated into the SA-based PAE at
1 %, 5 %, and 10 % (w/w). For each composition, polymer was heated in a 150 mL
PTFE beaker (FisherBrand, Pittsburg, PA) with a heat gun for approximately 2 minutes
or until the polymer began to flow at 65°C. Salicylic acid was added to the molten
polymer and stirred for one minute with a glass stirring rod. The mixture was then
cooled to room temperature and then ground for 30 seconds in a coffee grinder (Mr.
Coffee, Rye, NY).

The ground salicylic acid or diacid-polymer mixture (45.0 = 5.0 mg) was placed
into an IR pellet die (International Crystal Laboratories, Garfield, NJ) and pressed at
4,000 psi at room temperature for 5 minutes in a Carver Press (Carver, Wabash, IN). The
resulting disks were 6.0+£0.2 mm diameter and 1.0+0.2 mm thick, as determined by

vernier caliper measurements (Mitutoyo, Japan).

8.3.2.3. In Vitro Degradation

The PDMS samples loaded with SA and SA-based PAE were degraded in 20 mL
scintillation vials containing 10 mL PBS pH 7.4. All degradation media for the PDMS
samples was monitored for salicylic acid release by HPLC at 8 and 24 hours.

SA-loaded and SA diacid-loaded SA-based PAE samples were degraded in 20 mL
scintillation vials containing 10 mL PBS pH 7.4. The degradation media for the SA-
based PAE samples was monitored for salicylic acid release by HPLC at 4, 8, 12, 18, 24,

48, and 72 hours.
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8.3.2.4. High Pressure Liquid Chromatography of Salicylic Acid

High-pressure liquid chromatography (HPLC) was performed using a Waters
2695 Separations Module with a Waters 2487 Dual Wavelength Absorbance Detector set
to 210 nm. Salicylic acid was separated on a C18 column (150%4.6 mm, 5 um,
Phenomenex, Torrance, CA, USA) with a flow rate of 1 ml/min in an isocratic mobile
phase of 75% 20 mM phosphate buffer solution (PBS) pH 2.5 and 25% acetonitrile. Five
point calibration curves were generated for salicylic acid with concentrations ranging
between 0.01 mg/ml and 0.4 mg/ml. Prior to injection, degradation study samples were
filtered through 0.45 um PTFE syringe filters (Nalgene, Rochester, NY, USA). Full
system automation and data analysis were completed using Empower 2 software Build

2154.

8.4. Results and Discussion

8.4.1. Salicylic Acid and SA-based PAE Admixed into PDMS

Prior to and during degradation, digital images of the SA-based PAE and SA-
loaded PDMS slabs were taken to monitor visual changes in the matrices. Representative
images are shown in Figure 8.1. The PDMS samples containing admixed salicylic acid
(top images of Figure 8.1.) were very sticky and tacky after the PDMS set, even before

degradation. By comparison, the SA-based PAE-loaded PDMS samples were more
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10 wt% SA in PDMS 10 wt% SA in PDMS
0 hrs 24 hrs

10 wt% SA-based PAE in PDMS 10 wt% SA-based PAE in PDMS
0 hrs 24 hrs

Figure 8.1. Digital images of PDMS loaded with 10 wt% SA-based PAE (top) and 10

wt% SA (bottom)

uniform and similar in structure to unloaded PDMS. Overall, few changes were visible
over the 24 hour time period.

Quantitative changes were monitored by water uptake and mass loss
measurements during the degradation. The SA-based PAE-loaded PDMS samples
absorbed approximately 1 % of their weight in water, while the SA-loaded PDMS

samples did not absorb water and lost about 2 % of their mass after 24 hours.
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8.4.2. Salicylic acid Release from PDMS Matrix

Salicylic acid release from the PDMS loaded with salicylic acid and SA-based
PAE is compared in Figure 8.2. Over the 24 hour time period, the physically admixed
salicylic acid was released significantly faster than the salicylic acid from the SA-based
PAE. While about 20 % of the admixed salicylic acid was released after 24 hours, only 3
% of the salicylic acid from the SA-based PAE was released in the same time period.
Although the SA-based PAE releases salicylic acid in a slower, more controlled manner,
the faster salicylic acid release may be useful for some applications requiring a burst

release.
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Figure 8.2. Salicylic acid release from PDMS samples loaded with SA and SA-

based PAE.

8.4.3. Admixed SA and SA Diacid in SA-based PAEs on SA Release Rate
Although SA is already incorporated into the SA-based PAE backbone, admixing

additional salicylic acid may increase the release rate and prevent a lag phase. Figure 8.3
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Figure 8.3. Cumulative SA release from SA-based PAE alone and admixed with

additional SA over 72 hours.

depicts salicylic acid release over 72 hours when salicylic acid is admixed in the SA-
based PAE. Figure 8.4 shows salicylic acid release over 72 hours when SA diacid is
admixed in the SA-based PAE. Overall, no significant difference in the release profile of
salicylic acid is observed in the tested compositions.

However, when the initial 24 hours is examined, differences are readily
observable; the lag phase of salicylic acid is reduced as the admixed salicylic acid or
diacid content is increased. The free admixed salicylic acid was released at a slightly
faster rate than the admixed diacid because the diacid requires additional time for the

ester bonds to hydrolyze (see Scheme 1.1 in Chapter 1).
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Figure 8.4. Cumulative SA release from SA-based PAE alone and admixed with various

percentages (1, 5, and 10 %) SA diacid over 72 hours.
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Figure 8.5. Cumulative SA release over 24 hours from SA-based PAE admixed with
varying amounts of SA (1, 5, and 10 %).
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Figure 8.6. Cumulative SA release over 24 hours from SA-based PAE loaded with SA

diacid (1, 5, and 10 %).

8.5. Conclusions

By chemically incorporating SA into a polymer, the resulting release of SA is
prolonged relative to physically admixed SA. Generally, salicylic acid release is more
controlled when it is released from the SA-based PAE within another, non-degradable
delivery matrix, such as PDMS. In comparison, salicylic acid admixed in PDMS does
not show the same controlled release profile, and has over 15 % of its salicylic acid
released within the first 8 hours.

Additionally, when salicylic acid or salicylic acid-based adipic diacid are admixed

into SA-based PAE, the overall degradation rate is unchanged, but the initial 24 hours
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show a dose dependent increase in salicylic acid release. Admixing salicylic acid into the
SA-based PAEs may be a way to overcome the initial lag phase in these degradable

systems.
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APPENDIX 1: SYNTHETIC SCHEMES OF POLYANHYDRIDES STUDIED

Al.1. Synthesis of Salicylic acid-based Adipic Poly(anhydride-ester) by Melt-

Condensation Polymerizationl’2

© OH HO (0]
(@) OH
OH 0 o
)j\ ))k THF o CHo) o
2 + Cl (CHyJ, €l pyridine \”/ 24\"/
room temp 0 0
Salicylic Acid Adipoyl Chloride Diacid
excess
O O
)l\o)j\
room temp
0 0 o) \[(O (0] (0) O\n/
160°C
O _(CHp)~__O -« O O\H/(CHz)an/O o
\”/ \n/ vacuum
(o) O (6] (6]

X

Polymer Monomer
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Al.2. Synthesis of Poly(o-carboxyphenoxy-p-xylene) by Melt Condensation

. . 3
Polymerization
MeO._ O o o)
Br, Br o. 0.
OH \_Q_/ NaH MeO OMe
B
THF
excess
Methyl Salicylate p-Dibromoxylene Methyl Ester
1) NaOH
MeOH/H,0
2)H;0"
o 0o o
O 0 )j\
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180°C
2 mm Hg

oo
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A1.3. Synthesis of Salicylic Acid-based Sebacic Poly(anhydride-ester) by Melt-

condensation and Solution Polymerization Methods'**

Melt-Condensation Polymerization
o OH

0 OH HO (0]
OH 0 Q
J\ ))k i» O.__(CHy) o
2 + o’ NeHg cl pyridine g S
room temp 0 o)
Salicylic acid Sebacoyl Chloride Diacid
excess
O O
)LOJJ\
room temp
o 0 0 \H/O o) (@) O\n/
170°C
o (CHL)3 o - o) O\[I/(CHz)WO 0
\n/ \n/ vacuum
o] o] o %
Polymer Monomer

Solution Polymerization

(0]
Triphosgene 0o 0 o
(CHZ)S\H/ 00C
o) (CH,) o)
T NE, Y

CH,CI, o} o

Diacid Polymer
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Al.4. Synthesis of Ampicillin-based Poly(anhydride-amide) by Solution

Polymerization5
o]
S H H 0 cl
SN - + cl
2 N— M NH, o)
HO\“\\‘ H o Sebacoyl Chloride
O  Ampicillin
pyridine
DMF
0°C
s. . H H o] o] H H ¢
f\N i i N |
N— H  HN NH H Ly
R o W ..
o Diacid 0
1
Cl;7 070" Cly
NEts, CH,Cl,
0°C
s.H H O o H H 4
r\N i . N |
N—& H  HN N H Ly
- ‘ o \[/\/\M/\/\}/ o
\ 4 o__
\\5 H I 2 X WO
B X

Polymer
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