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ABSTRACT 

 

CYTOTOXIC EVALUATION AND FACTORIAL ANALYSIS OF 3D 

PHOTOPOLYMERIZABLE THERMORESPONSIVE COMPOSITE 

NANOPARTICLE HYDROGELS FOR CONTROLLED DRUG 

DELIVERY IN RESTENOSIS AND WOUND HEALING 

 

Publication No. ______ 

 

Abhimanyu Rajaram Sabnis, M.S. 

 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Dr. Kytai T. Nguyen 

To develop a smart drug delivery system for restenosis and wound healing 

applications, we investigated photopolymerizable composite nanoparticle hydrogels 

which can release the drug in a temperature-responsive manner. Our novel system 

consisting of thermoresponsive poly(N-isopropylacrylamide-co-acrylamide) (PNIPA-

AAm) nanoparticles and poly(ethylene glycol) diacrylate (PEGDA) as photo cross-

linker can be formed in situ in presence of ultraviolet (UV) light and Irgacure 2959  
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photoinitiator (PI). The main aims of this project were to investigate the system 

cytotoxicity and optimize drug release characteristics by performing biocompatibility 

and factorial analysis studies, respectively.  We evaluated the cell survival of human 

vascular smooth muscle cells and NIH/3T3 fibroblasts upon exposure to UV light and 

photoinitiator concentrations. At conditions required for photopolymerization of our 

composite system (UV=5 minutes, PI=0.015% w/v), the cell survival for both cell types 

was not significantly decreased. Addition of an anti-oxidant reagent, ascorbic acid, to 

hydrogel precursor solution further improved cell survival at higher PI concentrations, 

but increased the gelation times.  Additionally, we performed a factorial analysis to 

evaluate the effects of PEGDA concentration (10% and 15% w/v) and molecular weight 

(3.4 KDa and 8 KDa) as well as PNIPA-AAm nanoparticle concentration (2% and 4% 

w/v) on the hydrogel gelation times, drug release profiles and swelling ratios.  Our 

studies showed PNIPA-AAm nanoparticle concentration was the most important factor 

affecting the drug release at 40
o
C and thermoresponsiveness of the system.  

Additionally, PEGDA concentration affected gelation times while PEGDA molecular 

weight governed the swelling ratio.  These findings have improved our understanding of 

the composite systems and will help in tailoring future systems with desired 

characteristics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Restenosis 

1.1.1. Coronary Artery Disease and Modes of Treatment 

Coronary arteries are responsible for supplying oxygen-rich blood to the heart. 

When plaque builds up in these arteries, blood flow to the heart will be reduced.  This 

leads to the heart being deprived of oxygen, causing symptoms ranging from mild chest 

pain to a fatal heart attack.
1
  This plaque buildup process is called atherosclerosis and is 

usually treated either by coronary artery bypass surgery (CABG) or by percutaneous 

transluminal angioplasty (PTCA), depending on the degree of plaque buildup.
1
  CABG 

is a process by which the diseased portion of the artery is bypassed by grafting a conduit 

taken from the healthy saphenous vein.  CABG is often used to treat arteries with a high 

degree of plaque buildup.  This procedure is highly invasive and involves opening the 

chest cavity, sawing the sternum and performing cardiopulmonary bypass.  CABG can 

be traumatic to patients and causes damage to the blood being passed through the heart-

lung machine when patient undergoes surgical procedure.  In addition, chest infection 

could require a second cardiac surgery, thereby increasing trauma to the patients.  

PTCA is a much less invasive procedure and is the most common mode of 

treatment to treat coronary artery disease with lesser plaque buildup.  An estimated 

850,000 PTCA procedures are carried out annually compared with 390,000 CABG 
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surgeries.
2
  This procedure involves entry of the catheter through a major artery, and 

concurrent progress of the catheter to the aorta under fluoroscopic guidance.  The 

catheter is then led to the left or right coronary artery, and positioned precisely at the 

obstruction.  The balloon located at the tip of the catheter is inflated one or more times 

so that the plaque is pressed up against the arterial wall, thereby clearing the 

obstruction.  Once the balloon is deflated, the catheter is retrieved and the wound is 

closed.  However, PTCA involves the risk of re-narrowing of the treated artery within 

six months of surgery.  Restenosis, the re-narrowing of the treated artery, is caused by a 

major loss of the endothelial cell population (a natural vascular barrier), the adherence 

and deposition of blood cells as well as resultant smooth muscle cell (SMC) migration, 

and subsequent proliferation at the injured arterial wall site.
3-5
  Restenosis needs to be 

treated immediately, usually by a repeat PTCA procedure. 

 

1.1.2. Current Methods for Prevention of Restenosis and Their Associated Problems 

To reduce restenosis after PTCA, several strategies such as implanting bare 

metal stents and drug eluting stents have been used.  For a stenting procedure, a metallic 

stent is implanted following inflation of balloon in PTCA.   Results from stenting have 

shown a reduction in the occurrence rates of restenosis.  However, 20-30% of patients 

undergoing coronary intervention with stent implantation require repeat procedures.
6
  

PTCA causes enlargement (and weakening) of the lumen and damage of the endothelial 

monolayer lining the blood vessel.  This leads to the exposure of the medial layer to the 



 

 3 

circulating blood, and thus results in platelet activation and aggregation, with the 

potential for formation of a platelet-rich thrombus and acute restenosis. 

 Recently, drug eluting stents have been developed to reduce the chances of 

restenosis.  Drug eluting stents can be of two types, namely stents which are coated with 

drugs, and stents which have a polymeric coating loaded with the drug.  Polymer loaded 

stents incorporating sirolimus and paclitaxel are already in the market.  These stents 

have been able to drastically reduce the chances of restenosis by delivering the drug 

over an extended period of time.  However, the problem associated with stents, remains 

to be that of biocompatibility and thrombogenicity.  Drug coated stents are also unable 

to release the drug over a longer time, thereby only delaying the occurrence of 

restenosis.  Significant research has shown that patients implanted with drug eluting 

stents (DES) show a larger risk of late stent thrombosis (>30 days) as compared to bare 

metal stents (BMS).  This risk is significant as fatal occlusions and myocardial 

infarctions are noted in a large percentage of those patients that exhibit late stent 

thrombosis (LAST).
7-9
  

 

1.2 Wound Healing 

1.2.1. Biological Mechanisms of Normal Wound Healing 

The general mechanism for normal healing of wounds follows three overlapping 

phases.
10,11

  The first event involves activation of the coagulation cascade, formation of 

a blood clot followed by inflammation.  The second stage consists of granulation tissue 

formation where a weak tissue is formed to temporarily act as the lost tissue.  Matrix 
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remodeling, formation of new blood vessels and replacement of the lost tissue by strong 

identical tissue occurs in the final stage of wound healing.
10,11

 

 

1.2.2. Moist Wound Healing 

Moist wound healing involves the healing of wounds under moist conditions.  

As described by Turner, an ideal wound dressing should be able to maintain high 

humidity at the wound-dressing interface.
12
  Such wound dressings which are able to 

keep the wounded area moist and thus promote moist wound healing are called 

occlusive dressings.
13
  The advantages of using moist wound healing over air drying of 

wounds include reduced dehydration and cell death, improved angiogenesis, increased 

re-epithelialization, formation of bacterial barrier and reduced infection rates, and 

decreased patient discomfort.
14
  In addition, although occlusive dressings have a higher 

initial cost, they require fewer dressings and reduce recovery time, therefore resulting in 

reduced overall costs.
14
   

 

1.2.3. Types of Occlusive Dressings and Their Associated Problems 

It is estimated that there are around 1000 different types of occlusive dressings 

available and these include films, foams, hydrocolloids and hydrogels.
13
  The choice of 

occlusive dressing depends upon the wound type and also surrounding area.  For 

example, hydrogels are effective for highly exudating wounds.
13
  Films are usually 

polyurethane based, retain moisture and are transparent, thereby allowing visual 

observation of the wound without removal of dressing.  However, films exhibit limited 
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or no absorption of the wound fluids.
13
  Foams are also polyurethane based, absorb 

large amounts of wound fluids and are best suited for wounds with heavy exudate.  

Foams, however, can dry the wound in absence of sufficient exudate.
13
  Hydrocolloids 

are best suited for wounds that exudate up to moderate volumes of wound fluid as 

heavy exudation cannot be handled by this type of wound dressing.  In addition, these 

dressings can break down in the wound and residue removal requires a lot of time.
13
  

Hydrogels are water based dressings which maintain a moist (not wet) micro 

environment at the wound.  These dressings are simple to apply and remove, allow 

greater comfort and provide a moist environment which promotes the cell migration.   

 

1.3 Our Novel Photopolymerizable Thermoresponsive Composite Nanoparticle 

Hydrogels 

1.3.1. Overview of Our System 

Our long term goal is to develop in situ photopolymerizable thermoresponsive 

composite nanoparticle hydrogels to aid in preventing restenosis and improving wound 

healing.  Our system, consisting of poly(N-isopropylacrylamide-co-acrylamide) 

(PNIPA-AAm) thermoresponsive nanoparticles, photo cross-linker poly(ethylene 

glycol) diacrylate (PEGDA) and UV photoinitiator 2-hydroxy-1-[4-(2-hydroxyethoxy) 

phenyl]-2-methyl-1-propanone (Irgacure 2959), would be photopolymerized at the 

injury site for local drug delivery.  The principle of our system, as shown in Figure 1.1, 

can be briefly described as follows.  Following injury or angioplasty, a precursor 

solution comprised of the drug-loaded PNIPA-AAm nanoparticles, photoinitiator, and 

PEGDA photo cross-linker solution would be delivered to the injury site.  In the 
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presence of UV light, these materials would form a hydrogel network entrapping the 

PNIPA-AAm nanoparticles, coating the injured area, and forming a protective barrier.  

Upon reaching body temperature, the PNIPA-AAm nanoparticles would undergo a 

reversible phase transition, collapse, and expel the drugs into the surrounding 

environment.   

 

 

Figure 1.1 Principle of the photopolymerizable thermoresponsive composite 

nanoparticle hydrogels. 

 

Photopolymerization of hydrogels has been investigated extensively for use in 

various biomedical applications, including drug delivery 
15-19

 and tissue engineering.
20-

28
  Upon exposure to UV light, photopolymerization allows rapid conversion of a liquid 

monomer or macromer solution into a gel in situ.
29,30

 Other advantages of 

photopolymerized hydrogels include spatial and temporal control of reaction kinetics, 

Collapsed  
PNIPA-AAm  
nanoparticles 

Photo cross-linker: PEGDA 

T > LCST 

Photoinitiator: Irgacure 2959 

Swollen drug-loaded 
 PNIPA-AAm nanoparticles 

UV light 

Hydrogels 

Therapeutic agents 
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fast curing rates to provide rapid polymerization, and effective control over cross-

linking density thereby governing the release rate.
31-33

  These advantages make 

photopolymerized hydrogels extremely desirable as systems for smart local drug 

delivery and cell microencapsulation.
30
   

The essential components needed to form a photopolymerized hydrogel network 

are the photo cross-linker, photoinitiator and UV irradiation.  Poly(ethylene glycol) 

(PEG) functionalized with diacrylate group (PEGDA) was chosen as the photo cross-

linker, as it cross-links quickly in the presence of UV light and photoinitiator to form 

hydrogels.
30,34

  Additionally, PEGDA is considered biocompatible and nontoxic as it is 

a derivative of PEG.
35
  When photoinitiator molecules are exposed to specific 

wavelengths of visible or UV light, they dissociate into free radicals, which initiates the 

polymerization reaction.
29,30

 

The inclusion of poly(N-isopropylacrylamide) (PNIPA) based nanoparticles 

enables this system to release the drug in a thermoresponsive manner.  At its lower 

critical solution temperature (LCST, around 32
o
C), PNIPA undergoes a reversible phase 

transition in aqueous solutions.  At temperatures below the LCST, PNIPA exhibits 

hydrophilic properties and exists in an individual chain with a coil conformation.  

Above the LCST, hydrophobic attractions become more favorable, resulting from a 

sharp transition from the coil to globule conformation.
34
  This unique property of 

PNIPA, to undergo a reversible phase transition at temperatures close to body 

temperature, makes it desirable for biomedical applications,
6,36-39

 including drug 

delivery.
40-42
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The LCST of PNIPA can be further increased to normal body temperature by 

copolymerizing with hydrophilic monomers, such as PEG.
34,43

  Previous work in our 

lab, by Rahimi and Wadajkar, had increased LCST to 40
o
C by copolymerizing N-

isopropylacrylamide with acrylamide.    Rahimi and Wadajkar also showed that this 

PNIPA – Acrylamide (PNIPA-AAm) copolymer has a sharper phase transition 

compared to PNIPA alone.  Since PNIPA-AAm is closer to the body temperature range, 

we incorporated PNIPA-AAm nanoparticles into our system instead of PNIPA.  

Utilizing the thermoresponsive property of the PNIPA-AAm copolymer allows us to 

load the hydrophilic drug at a low temperature and release it in vivo upon equilibration 

of PNIPA-AAm to normal body temperature.  Delivery of bioactive molecules such as 

proteins, genes, and peptides would be potential benefits of our composite hydrogel 

system compared to other drug delivery carriers as these molecules are easily denatured 

by heat and organic solvents.   

A comparison of two identical composite hydrogel systems maintained at two 

different temperatures, i.e. 25
o
C and 40

o
C, as well as a SEM image of the composite 

system is shown in Figure 1.2. 
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(a) 

 

 

(b) 

Figure 1.2 (a) Comparison of identical composite nanoparticle hydrogels 

incubated at 25
o
C (left) and 40

o
C (right).  (b) SEM image of composite 

nanoparticle hydrogels with 20% (w/v) PNIPA-AAm nanoparticles. 

 

 

 

15.6 mm 
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1.3.2. Advantages of Our Composite Nanoparticle Hydrogels 

The advantage of our composite nanoparticle hydrogels that it would provide 

both local and stimuli-responsive drug delivery capable of releasing a drug in response 

to temperature changes.
34
  The LCST of PNIPA-AAm nanoparticles (40

o
C) can be used 

for applications like wound healing, where heat is applied externally in an on-off 

fashion to accurately control the release of drug.  In addition to releasing the drug in a 

temperature responsive manner, the hydrogel film would also act as a protective barrier 

against the recruitment of blood cells such as platelets and leukocytes, major causes of 

thrombosis and inflammation at the damaged arterial wall.
44
  Another advantage of our 

system would be its ability to photopolymerize directly at the injury site.  Once 

developed, these composite hydrogels would provide the physician easy implantation 

and effective control over the release of the drug by applying heat to the composite 

system thus administering drug only when required.  

 

1.3.3. Specific Aims 

To develop the 3D photopolymerizable thermoresponsive composite hydrogel 

nanoparticle system, two specific aims were pursued. 

• Aim 1: Evaluate the cytotoxicity of composite system components such as UV 

exposure, photoinitiator concentrations and free radicals released during 

photopolymerization. 

• Aim 2: Perform factorial analysis to determine the effect of factors such as 

PEGDA molecular weight, PEGDA concentration and PNIPA-AAm nanoparticle 
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concentration on the composite hydrogel’s gelation time, drug release profile, 

thermoresponsiveness, and swelling ratio. 

 

1.3.4. Successful Outcome of This Research Project 

The successful outcome of this project would provide an improved 

understanding of the cytotoxicity of the composite system and the factorial influence on 

system characteristics.  It is expected that this study will help in designing composite 

systems with specific drug release and thermoresponsive profiles while maintaining 

biocompatibility of the system.  
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CHAPTER 2 

CYTOTOXIC EVALUATION OF THE COMPOSITE SYSTEM 

2.1 Introduction 

  The use of UV light and photoinitiator molecules makes it necessary to 

determine the compatibility of these composite nanoparticle hydrogels for biomedical 

applications.  The UV photoinitiator Irgacure 2959 was selected based on the results of 

previous studies that Irgacure 2959 was the most cytocompatible UV photoinitiator 

compared to other photoinitiators for different cell types.
29,31,45

  However, one such 

study on the effect of Irgacure 2959 also noted that different cell types displayed 

different sensitivities to the same concentration of this photoinitiator.
31
  Therefore, it is 

essential to determine the sensitivity of HASMCs and NIH/3T3 fibroblast cells 

specifically to Irgacure 2959.  Additionally, the cells can undergo cellular damage 

during photopolymerization as a result of exposure to photoinitiator molecules, reactive 

macromers, and free radicals.
29
   

For our system, inhibiting HASMC migration and proliferation is necessary to 

prevent restenosis.  However, the photoinitiating system must not have a deleterious 

effect on the existing HASMC population.  Similarly, for wound healing applications, 

further damage to fibroblasts by the system cytotoxicity cannot be tolerated.  To prevent 

damage to the cells present, it is critical to evaluate and minimize the cytotoxicity of the 

system components.  Thus, the aim of this research work was to evaluate the cytotoxic 
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effects of the composite system components, mainly the photoinitiator and UV light, on 

the HASMCs and NIH/3T3 fibroblast cells.  These cells were exposed to different 

photoinitiator concentrations and/or UV light exposure for various periods.  Cell 

survival after the exposure was then determined by PicoGreen DNA assays.  Ascorbic 

acid, an antioxidant, was also tested for its efficiency in reducing the cytotoxicity of free 

radicals.  Finally, studies were performed to evaluate the effect of antioxidant addition 

on the gelation time of our composite hydrogels.  

 

2.2 Materials and Methods 

2.2.1. Materials 

Chemicals, if not specified, were purchased from Sigma-Aldrich (St. Louis, 

MO), including N-isopropylacrylamide (NIPA), N, N’-methylenebisacrylamide (BIS), 

potassium persulfate (KPS), and sodium dodecyl sulfate (SDS).  

 

2.2.2. Human Aortic Smooth Muscle Cell (HASMC) and NIH/3T3 Fibroblast Culture 

Human aortic smooth muscle cells (Cascade Biologics, Portland, OR) and 

NIH/3T3 fibroblast cells were cultured in complete medium consisting of Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA).  Experiments were 

performed separately on both cell types to evaluate the cytotoxic effects of the 

composite system.  Upon 80-90% confluency, the cells were passaged or used for 

experiments.  For all experiments, the cells were seeded in 24-well plates (Corning Inc., 

Corning, NY) at a density of 7000 cells/well.  Following seeding, the cells were 
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incubated at 37
o
C and 5% CO2 in a humid environment for 2 days to allow cellular 

attachment and growth.  After 2 days, the HASMCs and fibroblasts were exposed to 

varying concentrations of the photoinitiator Irgacure 2959 (Ciba Specialty Chemicals, 

Tarrytown, NY) and/or UV exposure. 

 

2.2.3. Effects of UV Exposure Durations  

To evaluate the effects of UV exposure on cell survival, HASMCs and 

fibroblasts were seeded and cultured as described above.  The cells were then exposed 

to varying durations (1, 3, and 5 minutes) of long wave, 365 nm UV light (Model B-

100AP/R, UVP) at about 10 mW/cm
2
.  These durations of UV exposure were chosen 

because they are sufficient to photopolymerize the hydrogels.  Cells not exposed to UV 

light served as the control.  Following exposure, the cells were incubated for another 3 

days before lysing to evaluate the cell survival.  

 

2.2.4. Effects of Photoinitiator Concentrations 

To evaluate the cytotoxic effects of photoinitiator concentrations on HASMCs 

and fibroblasts, the cells were seeded and cultured as described above.  Irgacure 2959 

was directly dissolved in complete media to obtain final concentrations of 0.01%, 

0.02%, 0.04%, 0.08%, and 0.16% (w/v).  These photoinitiator concentrations were well 

within the range required for photopolymerization in a short period of time.  The 

photoinitiator solutions were carefully protected from exposure to light to preserve their 

activity.  These solutions were then sterilized using 0.2 µm syringe filters before adding 
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to the cells.  The control wells consisted of cells incubated with photoinitiator-free 

complete media.  After the addition of the photoinitiator, the cells were incubated for 3 

days and then lysed to assess the cell survival. 

 

2.2.5. Combined Effects of Photoinitiator and UV Exposure 

The cellular damage due to the combined effects of photoinitiator and UV 

exposure was evaluated using the previously described method.
31
  Briefly, the HASMCs 

and fibroblasts were seeded onto 24-well plates and allowed to grow for 2 days.  

Irgacure 2959 solutions with final concentrations of 0.01%, 0.015%, 0.04%, and 0.08% 

(w/v) in complete media were prepared.  After adding these solutions, cells were 

incubated for 30 minutes to allow for the mixing of the photoinitiator.  The well plates 

were then exposed to 1, 3, and 5 minutes of UV light.  Wells containing cells not 

exposed to either UV light or photoinitiator solution served as controls for this 

experiment.  Cell samples were incubated for 3 days and then lysed to measure the cell 

survival.   

 

2.2.6. Preparation of PNIPA-AAm Nanoparticles 

PNIPA-AAm nanoparticles (100 nm) were prepared by modifying the 

previously described method.
34,46,47

  Briefly, an aqueous solution (100 ml) containing N-

isopropylacrylamide (1.3644 g), acrylamide (0.1756 g), N, N’-methylenebisacrylamide 

(0.0262 g), and sodium dodecyl sulfate (0.0439 g) was stirred under argon gas for 30 

minutes.  Potassium persulfate (0.0624 g) was added and emulsion polymerization was 
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carried out in an oil bath at 70
o
C for 4 hours under argon.  The resulting particles were 

cooled to room temperature and dialyzed (10 kDa MW cutoff) against deionized water 

for 4 days to remove unreacted monomer and surfactant.  

 

2.2.7. Preparation of Photopolymerized Thermoresponsive Hydrogels 

Photopolymerized hydrogels were produced using the method outlined by 

Ramanan et al.
34
  Briefly, PNIPA-AAm nanoparticles (2% w/v) were added to a 

solution containing PEGDA (MW 3400, NEKTAR Therapeutics, Huntsville, AL) with 

a final PEGDA concentration of 100 mg/ml.  The UV photoinitiator, Irgacure 2959 was 

then added at a final concentration of 0.015% (w/v).  200 µl of this solution was added 

to a 48-well plate and exposed to long-wave, 365 nm UV light at about 10 mW/cm
2 
for 

five minutes to form the composite hydrogels.   

 

2.2.8. Effect of Antioxidants  

An additional study was performed to evaluate the efficiency of the antioxidant, 

ascorbic acid, in scavenging the free radicals in an effort to increase cell survival.  

Ascorbic acid was chosen based on the observation by Williams et al. that ascorbic acid 

present in bovine chondrocyte specific media may be responsible for reducing the 

cytotoxic effects of Irgacure 2959.
31
  HASMCs were exposed to 0.15% (w/v) solution 

of Irgacure 2959 in complete media supplemented with varying concentrations of 

ascorbic acid (50-1000mg/L).  After incubating for 30 minutes, the cells were exposed 

to 5 minutes of UV light and lysed after 3 days of incubation.  
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To evaluate the effect of added antioxidants, the gelation times, i.e. time 

required for the materials to form a gel, were determined.  For this study, 50 mg/L of 

ascorbic acid was added to the hydrogel precursor solution, containing 0.15% (w/v) 

Irgacure 2959.  The gelation times for hydrogels with or without added ascorbic acid 

were then compared. 

 

2.2.9. Cell Survival Using Pico-Green DNA Assays  

After experiments, cells were lysed with 1 ml of 1% Triton X-100 by incubation 

for one hour.  The lysed samples were analyzed for total cell DNA, which is correlated 

to the cell number, using PicoGreen DNA assays (Invitrogen) following the 

manufacturer’s instructions.  The standard curve was obtained by serial dilution of stock 

DNA solutions in 1% Triton X-100 and used to calculate the DNA concentrations 

contained within cell lysate samples.  Relative cell survival was obtained by dividing 

the DNA concentration of a cell sample by the mean DNA concentration of the control. 

 

2.2.10. Statistical Analysis 

Analysis of the results was performed using ANOVA tests with p < 0.05 

(ANOVA StatView 5.0 software, SAS Institute).  For each study, four samples were 

tested (n = 4) and all the results are given as mean ± SD.     
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2.3 Results 

2.3.1. Effect of UV Exposure Durations 

In our study, cells were exposed to UV light in the absence of photoinitiator 

molecules to determine the effects of UV exposure time only.  The HASMCs and 

fibroblasts were exposed to 1, 3, and 5 minutes of long-wave, 365 nm UV light at about 

10 mW/cm
2
, which is enough to photopolymerize the hydrogels.  Following exposure, 

cells were cultured for 3 days to evaluate the cytotoxic effects of the UV light.  Cells 

not exposed to ultraviolet light served as the control and were used to determine the 

relative cell survival rate.  The effects of varying durations of UV exposure on the 

HASMC and fibroblast survival are shown in Figure 2.1.  Exposure of HASMCs to 1, 3, 

and 5 minutes did not show any statistically significant decrease in cell survival and the 

relative cell survival rates were 1.39 ± 0.32, 1.21  ± 0.07, and 1.20 ± 0.18, respectively.  

Similarly, UV exposure of NIH/3T3 fibroblast cells for up to 5 minutes did not 

significantly decrease the cell survival.  The relative cell survival rates for the 

fibroblasts were 1.15 ± 0.049, 0.90 ± 0.05, and 0.95 ± 0.0724 for 1, 3 and 5 minutes of 

UV exposure respectively.  
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Figure 2.1 The effects of varying durations of long wave, 365 nm UV light 

exposure at about 10 mW/cm
2
 on the survival of human aortic smooth muscle 

cells and NIH/3T3 fibroblasts.  Controls were cells not exposed to UV light (0 

minutes of exposure). 

 

2.3.2. Effect of Photoinitiator Concentrations 

HASMCs and fibroblasts were incubated with various photoinitiator 

concentrations (0.01%, 0.02%, 0.04%, 0.08%, and 0.016% (w/v) Irgacure 2959) to 

evaluate the cytotoxicity of photoinitiator molecules.  The controls, consisting of wells 

exposed to photoinitiator-free media, were used to determine relative cell survival.  The 

cytotoxic effects of the varying photoinitiator solutions on HASMCs and fibroblasts are 

shown in Figure 2.2.  Irgacure 2959 did not show a significant decrease in cell survival 

when HASMCs were exposed to 0.01% (w/v) photoinitiator solution, and relative cell 
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survival was determined to be 0.981 ± 0.05 (Figure 2.3).  However, upon increasing the 

photoinitiator concentrations above 0.02% (w/v), a statistically significant decrease was 

noticed in the relative cell survival.  Varying the photoinitiator concentration from 

0.02% (w/v) to 0.16% (w/v) was found to progressively decrease the relative cell 

survival from 0.826 ± 0.02 to 0.45 ± 0.04, respectively.  NIH/3T3 fibroblast cell 

survival did not decrease significantly even when exposed to 0.08% (w/v) of Irgacure 

2959, and relative cell survival was found to be 0.81 ± 0.13.  However, cell survival 

drastically decreased upon increasing the Irgacure 2959 concentration to 0.16% (w/v), 

with relative cell survival being 0.37 ± 0.02. 
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Figure 2.2 The effects of photoinitiator (Irgacure 2959) concentrations on the 

survival of human aortic smooth muscle cells and NIH/3T3 fibroblasts in absence 

of UV light.  * = Significant Difference (p<0.05) 

 

2.3.3. Combined Effects of Photoinitiator and UV Exposure 

It is essential to evaluate cytotoxic effects of the free radicals formed when 

photoinitiator molecules are exposed to UV light.  For this study, the HASMCs and 

fibroblasts were treated with photoinitiator solutions (0.01%, 0.015%, 0.04%, and 

0.08% w/v) followed by exposure to UV light (1, 3, and 5 minutes).    Relative HASMC 

cell survival, shown in Figure 2.3 (a), was calculated using the control wells which were 

not exposed to either photoinitiator solution or UV light.  For 0.01% and 0.015% (w/v) 

of photoinitiator concentrations, the HASMCs did not show any statistically significant 
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decrease in relative cell survival for 1, 3, and 5 minutes exposure (n = 4).  At 0.04% 

(w/v) concentration of Irgacure 2959 in complete media, a significant decrease was 

observed at 1, 3, and 5 minutes of UV exposure, with relative cell survival values at 

0.80 ± 0.016, 0.48 ± 0.07, and 0.55 ± 0.04 of the control samples, respectively.  Finally, 

the relative cell survival rates were significantly reduced at 0.08% (w/v) photoinitiator 

concentration, ranging between 0.75 ± 0.04 and 0.41 ± 0.07 for the three durations of 

UV exposure.   

For the NIH/3T3 fibroblasts, the cell survival was considerably better than that 

of HASMCs (Figure 2.3 b). Fibroblast cell survival did not show a significant decrease 

at any photoinitiator concentration for 1 and 3 minutes of UV exposure, with relative 

cell survival ranging from 1.18 ± 0.09 to 0.85 ± 0.10.  In addition, cell survival was not 

significantly reduced for 5 minutes of UV exposure and up to 0.04% (w/v) of Irgacure 

2959, with a relative cell survival of 0.85 ± 0.07.  However, upon exposure of 

fibroblasts to 0.08% (w/v) and 5 minutes of UV light, relative cell survival decreased to 

0.66 ±0.06.  
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 (a) 

 

 
(b) 

Figure 2.3 The combined effects of photoinitiator concentrations (0.01%, 0.015%, 

0.04%, and 0.08% w/v) and UV exposure (1, 3, and 5 minutes) on the cell 

survival.  (a) Human aortic smooth muscle cells.  (b) NIH/3T3 fibroblasts.  * = 

Significant Difference (p<0.05) 
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2.3.4. Effect of Antioxidant 

To explore methods of reducing cytotoxicity due to the free radicals, a study 

was carried out to evaluate the efficiency of ascorbic acid, in reducing cellular damage 

caused by free radicals.  HASMCs were incubated in photoinitiator-media solutions 

supplemented with 50-1000 mg/L of ascorbic acid for 30 minutes before being exposed 

to UV light.  It was observed that even at low concentrations (50 mg/L), ascorbic acid 

was able to improve the relative cell survival rates by 47% compared to samples 

without ascorbic acid (Figure 2.4).  In addition, a parallel study was carried out to study 

the effect of antioxidant addition on the gelation time of the hydrogel.  Hydrogels with 

50 mg/L of ascorbic acid required 50% more time to form when compared to hydrogels 

with no antioxidant, with all other conditions remaining constant.   

Figure 2.4 Effect of Ascorbic Acid on the HASMC cell survival when exposed to 

0.15% (w/v) Irgacure 2959 and 5 minutes of UV exposure.  Control was not 

exposed to photoinitiator and UV light.  * = Significant Difference (p<0.05) ** = 

significant difference (p<0.05) with respect to 0mg/L Ascorbic acid concentration. 
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2.4 Discussion 

Photopolymerizable hydrogel systems have been used in several applications 

including drug delivery and tissue engineering.  The ability to rapidly form a hydrogel 

in situ using photopolymerization makes this system highly desirable for biomedical 

applications.
34
  In our particular applications, we are developing a thermoresponsive 

composite nanoparticle hydrogels to aid in wound healing and prevention of restenosis.  

Following injury or restenosis (and subsequent angioplasty), the hydrogel would be 

photopolymerized at the injured site to release drugs.  It is critical that the drug delivery 

system components do not cause additional damage on the surrounding cells and 

tissues.  Hence, the aim was to evaluate the cytocompatibility of the components of the 

photoinitiating system, including the UV light and photoinitiator.  HASMCs, normally 

present at the injured arterial site, were chosen for the evaluation of the cytotoxic effects 

of the system components for the restenosis application.  Similarly for wound healing, 

fibroblasts which are present at injured skin wound sites were chosen to evaluate the 

cytotoxicity of the composite system. 

Short-time exposure to UV light did not cause significant cytotoxicity as shown 

in our studies (Figures 2.1) and previous studies from other investigators.  Our study, 

evaluating the cytotoxicity of varying times of UV exposure, showed that UV light did 

not cause any significant decrease in both HASMC (1.20 ± 0.18) and NIH/3T3 

fibroblast (0.90 ± 0.05) survival after 5 minutes of exposure.  Similar studies by others 

conducted on NIH/3T3 fibroblasts cells have shown relative cell survival rates of 1.08 ± 

0.03 (n = 2) even after 10 minutes of UV exposure.
29
  Williams et al. performed an 
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extensive study evaluating the effects of UV exposure on six different cell types, 

including human fetal osteoblasts, bovine chondrocytes, rabbit corneal epithelial cells, 

human mesenchymal stem cells, goat mesenchymal stem cells, and human embryonic 

germ cells, and found that short time UV exposure (5 minutes) did not alter cell survival 

significantly.
31
  These results, combined with our data, confirm that while its cytotoxic 

effects may vary slightly among cell types, UV exposure does not significantly 

contribute to cell death at conditions (short-time exposure) required for 

photopolymerization. 

Our second study evaluated the effects of different photoinitiator concentrations 

on the survival of HASMCs and NIH/3T3 fibroblasts (Figure 2.2).  It was important to 

evaluate the cytocompatibility of Irgacure 2959 as these cells would be exposed to the 

photoinitiator molecules prior to polymerization.  Additionally, it is possible that some 

undissociated photoinitiator molecules could harm the cells after polymerization.
29
  

Several groups have investigated the cytotoxicity of different, commercially available, 

visible light and UV photoinitiators.
21,45,48

  Williams et al. studied the cytocompatibility 

of three UV photoinitiators with six different cell lines and found Irgacure 2959 to be 

the most cytocompatible amongst these six cell lines with different cell types reacting 

differently to the same concentration of a single photoinitiator.
31
  Based on the results 

from these studies, we selected Irgacure 2959 as a photoinitiator for our composite 

hydrogel system, and thus, it was important for us to evaluate the cytocompatibility of 

Irgacure 2959 specific to our cell types.  In our study, HASMCs have shown a higher 

sensitivity to Irgacure 2959 compared to different cell types studied by other groups.  
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Our results showed that below 0.02% (w/v) concentration, there was no significant 

decrease in cell survival.  At concentrations ≥ 0.02% (w/v), the cytotoxicity of Irgacure 

2959 increased with increasing photoinitiator concentrations and significantly affected 

cell survival.  It is also important to note that even low photoinitiator concentrations 

(0.015%) can photopolymerize the hydrogels within short periods of UV exposure (5 

minutes).  Additionally, the HASMCs were exposed to Irgacure 2959 for 3 days 

whereas in vivo the cells would be exposed to the photoinitiators for a shorter period.  

For the fibroblast study, we found Irgacure 2959 to be significantly more 

cytocompatible with no significant decrease in cell survival even at 0.08% (w/v) 

concentration.  These results are in agreement with previous studies by Bryant et al, 

which showed Irgacure 2959 did not affect fibroblast survival at concentrations ≤ 0.05% 

(w/w).
29
 

The cellular damage caused by photopolymerization was also evaluated by 

studying the combined effects of photoinitiator molecules and UV light.  It was 

essential to perform this study as photoinitiator molecules dissociate into free radicals 

upon exposure to light and can damage cellular membranes.
29
  In our studies, at lower 

photoinitiator concentrations (0.01% and 0.015% w/v) and UV exposure times (1, 3, 

and 5 minutes), HASMC survival rates were not statistically different from the control 

(Figure 2.3 a).  However, at 0.04% and 0.08% (w/v) photoinitiator concentrations, a 

significant decrease was noted in HASMC survival rates for all durations of UV 

exposure.  In the fibroblast study (Figure 2.3 b), significant cell death was observed 

only at 0.08% (w/v) of Irgacure 2959 and 5 minutes of UV exposure, with relative cell 
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survival being 0.66 ± 0.06 at these conditions.  As seen from the HASMC study, for 

high photoinitiator concentrations, the combined effects of UV and photoinitiator 

exposure were much higher than the individual effects of each component.  This 

increased cell death can be attributed to the free radicals released during 

photopolymerization.  Following polymerization, cells may also be exposed to a toxic 

environment consisting of photoinitiator by-products and undissociated photoinitiator 

molecules in addition to generated free radicals.
29
  However, during 

photopolymerization, the reactive macromers would react with the free radicals, thereby 

reducing the harmful effects of the radicals on the cells.
31
  

Finally we tried to reduce the cytotoxic effects by scavenging the free radicals 

released during the photopolymerization process.  Williams et al. reported that the 

presence of antioxidant ascorbic acid in the culture media for bovine chondrocytes 

might have reduced the sensitivity of these cells to the toxic effects of Irgacure 2959.
31
  

In our study to evaluate the ability of ascorbic acid to scavenge free radicals and reduce 

photoinitiator toxicity, it was found that ascorbic acid, even at low concentrations (50 

mg/L), significantly increased cell survival (Figure 2.4).  It was previously reported that 

different cell types might respond differently to a single photoinitiator due to variations 

in their expression of antioxidant enzymes,
49
 receptors for antioxidant enzymes,

50,51
 and 

the addition of antioxidants to their culture media.
52,53

  Our results confirm these 

findings as we were able to significantly alter cell survival rates by adding an 

antioxidant.  However, it is important to note that free radicals are critical to the 

polymerization process.  Hence, it was necessary to determine whether the presence of 
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ascorbic acid altered the gelation time of the hydrogel.  Our studies showed that upon 

addition of 50 mg/L concentration of antioxidant ascorbic acid, the time required for 

gelation increased by 50% compared to the gelation time in the absence of an 

antioxidant.  Although the addition of ascorbic acid significantly improved cell survival, 

its increased gelation time may result in increased photoinitiator and UV exposure, 

making ascorbic acid unattractive for use in our system.  

 

2.5 Conclusion 

The focus of this chapter was to investigate the cytotoxicity of the 

photoinitiating components of our composite hydrogel system on human aortic smooth 

muscle cells and NIH/3T3 fibroblasts.  Studies conducted to evaluate the effects of UV 

dose, photoinitiator concentrations, and combined effects conclusively showed the 

photoinitiator and free radicals were the most cytotoxic components while UV light did 

not significantly affect cell survival.  Further, the two cell lines were shown to be 

affected to different degrees by the same photoinitiator concentrations.  Additionally, it 

was shown that ascorbic acid could increase cell survival by 47%, but it also increased 

the gelation times of the hydrogel by 50%, potentially inducing cellular damage due to 

prolonged exposure times.   
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CHAPTER 3 

FACTORIAL ANALYSIS 

3.1 Introduction 

After evaluating the cytotoxicity of the composite hydrogel, it was necessary to 

optimize the composite system characteristics for two reasons.  Firstly, the 

photoinitiator toxicity imposed certain limits (specific to the cell lines) on the 

photopolymerization conditions. For instance, lower photoinitiator concentrations must 

be used for better cell biocompatibility; however, low photoinitiator would increase 

gelation times.  Secondly, in our system, the thermoresponsive drug-loaded 

nanoparticles are entrapped within the PEGDA hydrogel network.  Therefore the drug 

release from the composite system is governed by diffusion of drug through this 

network.  The components of our composite system that can affect the network structure 

and characteristics (and thus drug release) include the PEGDA cross-linker and PNIPA-

AAm nanoparticles.  This made it necessary to evaluate the effect of factors such as 

PEGDA molecular weight and concentration as well as the amount of PNIPA-AAm 

nanoparticles on the gelation times, drug release profiles and swelling ratios.   

It was expected that low MW PEGDA networks may contain shorter cross-

linker chains and may result in a denser and more compact network by forming shorter 

cross-links.  This compact network might impede the drug diffusion from the network.  

Alternatively, high MW PEGDA networks would form looser and more flexible 
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networks, thus allowing better diffusion of released drug.  With respect to PEGDA 

concentrations, our hypothesis was that a high concentration of cross-linker would 

result in a tighter network due to the increased number of PEGDA chains.  This, in turn, 

would result in lower release of drug from the composite system.  Finally, an increased 

amount of drug-loaded PNIPA-AAm nanoparticles entrapped within the hydrogel 

network would theoretically translate into a higher drug release.  However, it remains to 

be seen to what extent this drug release would be impeded or aided by the other factors, 

namely, PEGDA MW and concentration. 

Hence the aim of the factorial analysis study was to investigate the system 

characteristics, such as gelation time, drug release and swelling ratio, in response to 

changes in the 3 factors (PEGDA MW, PEGDA concentration and PNIPA-AAm 

nanoparticle concentration) using a standard factorial design method.   Different 

combinations of high and low levels of the 3 factors were selected based on the factorial 

design, and half-factorial model was selected was analysis of our system.  The 

responses were then determined experimentally and the collected data was analyzed to 

evaluate the individual effects of the 3 factors on the composite system behavior.  

 

3.2 Materials and Methods 

3.2.1. Preparation of Poly(ethylene glycol diacrylate) (PEGDA) 

Factorial design of our hydrogel system required evaluation of two molecular 

weights (MW) (3.4 kDa and 8 kDa) of the cross-linker, PEGDA.  PEGDA was 

synthesized by modifying the previously described methods.
54,55

  Briefly, 12 grams of 
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poly(ethylene glycol) (3.4 kDa or 8 kDa ) was dissolved in 36 ml of anhydrous 

dichloromethane.  1.3 ml of triethylamine (TEA) was added to the flask and the solution 

was bubbled with argon gas for 5 minutes.  0.61 ml of Acryloyl chloride (AC) was then 

dissolved in 10 ml of dichloromethane and added dropwise slowly (over an hour) to the 

flask on ice.  The solution was stirred under argon for 2 days on an ice bath.  After 

stirring, the solution was washed with 2M K2CO3 to separate the dichloromethane 

phase, followed by drying with anhydrous MgSO4.  PEGDA was then precipitated using 

ethyl ether..  Finally the product was filtered and dried for 12 hours under vacuum at 

room temperature.  

 

3.2.2. Factorial Analysis using Design of Experiments 

Our factorial studies utilized design of experiments (DOE) to minimize the 

number of runs required to elucidate the effect of individual factors on the hydrogel 

system.  Using DOE, it was possible to design a half-factorial experiment (4 instead of 

8 runs) for 3 factors with 2 levels.  The 3 factors (independent variables) included the 

PEGDA MW (3.4 kDa, 8 kDa) and concentration (10%, 15% w/v) and PNIPA-AAm 

nanoparticle concentration (2%, 4% w/v).  The evaluated responses (dependent 

variables) were included the gelation time, drug release (25
o
C versus 40

o
C) and the 

swelling ratio of the hydrogels.  According to the half-factorial design, 4 runs were 

chosen by splitting the full 3-factor 8-run design to accurately evaluate the effects of the 

3 factors by halving the number of experimental runs.  The resulting factorial design is 

shown below.  PEGDA MW, concentration and PNIPA-AAm nanoparticle 
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concentration have been represented as M, P and N respectively.  The experiments were 

performed based on the factorial design and the data collected was analyzed to evaluate 

the effect on the responses as the factors changed from low to high levels. 

 

Table 3.1 Low and High Levels for the Half Factorial Design 

Level M (Da) P (% w/v) N (% w/v) 

Low (0) 3.4 k 10 2 

High (1) 8 k 15 4 

 

 

Table 3.2 Coded Values of the Half Factorial Design 

Run # M (Da) P (% w/v) N (% w/v) 

1 0 0 0 

2 1 0 1 

3 1 1 0 

4 0 1 1 

 

 

Table 3.3 Actual Values of the Half Factorial Design 

Run # M (Da) P (% w/v) N (% w/v) 

1 3.4 k 10 2 

2 8 k 10 4 

3 8 k 15 2 

4 3.4 k 15 4 
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3.2.3. Preparation of Photopolymerized Thermoresponsive Hydrogels     

PNIPA-AAm nanoparticles were prepared as previously described in section 

2.2.6.  The nanoparticles were then dispersed in deionized water to get a 5% (w/v) stock 

suspension.  Bovine serum albumin (BSA), as a model protein, was added to the stock 

suspension at a concentration of 5% (w/v) and incubated at 4
o
C for 4 days.  The 

photoinitiator solution consisting of 0.125 g of Irgacure 2959 in 10 ml PBS was then 

prepared and protected from light.  Hydrogels (n=4) for the factorial analysis were 

prepared based on the table 3.3.  For example, run 1 was prepared by dissolving 0.1 g of 

PEGDA (3.4 kDa) in 400 µl of BSA-loaded PNIPA-AAm nanoparticle suspension and 

400 µl of PBS.  200 µl of the photoinitiator stock solution was finally added to this 

solution to make 1 ml total solution with final PEGDA and PNIPA-AAm nanoparticle 

concentrations of 10% (w/v) and 2% (w/v), respectively.  To form the hydrogel, 200 µl 

of the precursor solution was added to a 48-well plate and exposed to UV light at about 

10 mW/cm
2
.   

  

3.2.4. Effects on Gelation Time 

    The time taken to form the hydrogels, i.e. gelation time, was measured to 

evaluate its dependence on the factors.  For each run, 4 hydrogels were 

photopolymerized and an average gelation time value for these hydrogels was 

calculated, following which the factorial analysis was carried out. 
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3.2.5. Effects on Drug Release 

    To evaluate the effect of the factors on drug release, protein loaded 

nanoparticle hydrogels (n=4) for each run were incubated at room temperature (25
o
C) 

and LCST (40
o
C) in 24-well plates with 1 ml of PBS solution.  At the pre-determined 

time points (1, 2, 4, 8, 12, 24 and 48 hours), the PBS solution from the wells was 

replaced with 1 ml of fresh PBS solution.  The samples collected at various time points 

were then analyzed using the BCA protein assay (Pierce, following manufacturer’s 

instructions) to evaluate the amount of protein released from the hydrogel.  The data 

was analyzed and the drug release profiles for each run at 25
o
C and 40

o
C were plotted.  

 

3.2.6. Effects on Swelling Ratio 

    The swelling ratios for the hydrogels from different runs were determined to 

better understand how the factors such as PEGDA MW and concentration as well as 

PNIPA-AAm nanoparticle concentration affected the hydrogel structure.  After 

photopolymerization, the hydrogels (n=4) were allowed to swell with PBS solution at 

room temperature for 4 days.  These swollen hydrogels were then dried with moistened 

filter paper and weighed to get the WS, the swollen weight of the hydrogels.  The dry 

weight of the hydrogels, WD, was calculated after allowing the hydrogels to dry at room 

temperature for 4 days followed by weight measurement.   

The swelling ratio (S.R.) of the hydrogels was calculated using the equation 3.1. 

                               

DW
RS DS W-W
.. =                                                                                        (3.1) 
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3.3 Results 

3.3.1. Effects on Gelation Time 

    Hydrogels were formed according to the half-factorial design (Table 3.3) and 

for each run, the average gelation time was measured (Table 3.4).  Using factorial 

analysis, the effect of each factor (at low and high level) on gelation time was 

evaluated.  The results of study showed that the gelation time was reduced by varying 

degrees as each factor changed from low to high levels (Figure 3.1).  Each factor 

exhibited an inverse relationship to the gelation time, i.e. as the factor level changed 

from low to high, the gelation time reduced.  However maximum reduction in gelation 

time (21.44 seconds) was observed as the PEGDA concentration changed from 10% to 

15% (w/v).  As PEGDA MW changed from 3.4 kDa to 8kDa, the gelation time reduced 

by 11.56 seconds while changing PNIPA-AAm nanoparticle concentrations from 2% to 

4% (w/v) resulted in 10.44 seconds reduction in gelation time.  Thus our results showed 

that PEGDA concentration was the single most important factor in determining the 

gelation time of our composite hydrogels.   

 

Table 3.4 Effects of Factors on Gelation Time. 

Run # M (Da) P (% w/v) N (% w/v) Gelation Time (seconds) 

1 3.4 k 10 2 118.5 

2 8 k 10 4 96.5 

3 8 k 15 2 85.5 

4 3.4 k 15 4 86.625 
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Figure 3.1 The effects on gelation time as the 3 factors are changed from low to 

high level. 

 

Figure 3.2 (a) and (b) show the variations in gelation time as a function of 

PEGDA MW and PNIPA-AAm nanoparticle concentration at low and high levels of the 

most significant factor, PEGDA concentration. 
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(b) 

Figure 3.2 Variation in gelation time with (a) 10% (w/v) and (b) 15% (w/v) 

PEGDA concentration. 
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3.3.2. Effects on Drug Release 

To evaluate the effect of the factors on the drug release and thermoresponsive 

behavior of the hydrogel composite system, the drug release study was performed.  The 

cumulative protein release for different runs was plotted to represent the drug release 

profiles at 25
o
C and 40

o
C (Figure 3.3).   

 

 

Figure 3.3 Cumulative drug release profiles of the different composite hydrogels 

as an effect of the 3 factors. RT= 25
o
C; 40=40

o
C  

 

  The drug release profiles from the different runs were also plotted individually 

to better visualize the thermoresponsive behavior of the hydrogels (Figures 3.4). 
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Figure 3.4 Drug release profiles at 25
o
C and 40

o
C 

 

From the drug release profiles above, it can be observed that all runs showed a 

biphasic drug release, with an initial burst release (up to 8 hours) followed by a plateau 

release (up to 48 hours).  Most of the protein was released within the first 8 hours of the 

release study.  In addition, all 4 runs showed a thermoresponsive release behavior with 

hydrogels at 40
o
C releasing a significantly higher amount of protein as compared to 

hydrogels at 25
o
C, over the same time duration.  Hydrogels from run 2 showed the 

highest cumulative drug release among the 4 different runs, followed by run 4.  Runs 1 

and 3 showed the lowest drug release among the runs. 
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3.3.2.1 Dependence of Drug Release on Factors     

  To better understand which factors governed the drug release characteristics 

from the hydrogels, the drug release rates were calculated for the different runs at both 

temperatures (Figure 3.5).  Drug release rates were calculated by using equation 3.2. 

 

            

Drug Release Rate, 
12

12

t-t

D-D
=R                                                                    (3.2) 

    

Where:  

R is the drug release rate between two time points (µg/hr) 

D1, D2 are amounts of drug released at time t1 and t2 respectively (µg)   

 t1, t2 are time points at which drug release was quantified (hours) 

 

Table 3.5 Drug Release Rates at t1 = 0 hours and t2 = 48 hours 

Run # M (Da) P (% w/v) N (% w/v) Release Rate 

25
o
C (µg/hr) 

Release Rate 

40
o
C (µg/hr) 

1 3.4 k 10 2 46.523 63.232 

2 8 k 10 4 77.383 105.191 

3 8 k 15 2 44.679 56.676 

4 3.4 k 15 4 39.732 90.282 

 



 

 42 

 

Figure 3.5 Drug release rates for different hydrogels (Run 1-4) at 25
o
C and 40

o
C. 

 

At both temperatures, drug release rates calculated for all runs with t1=0 hours 

and t2=48 hours are shown in table 3.5 and figure 3.5.  Using the release rate values, a 

factorial analysis was performed to evaluate the effect of individual factors on drug 

release profiles.  At 25
o
C, it was observed that changing PEGDA MW and PNIPA-

AAM nanoparticle concentration from low to high levels had positive effects on the 

drug release rate, i.e. these factors increased the drug release (Figure 3.6).  However, 

changing the PEGDA concentration from 10% to 15% (w/v) actually reduced the drug 

release rate significantly.  Increasing PEGDA molecular weight to 8 kDa was found to 

increase the drug release rate by 17.9 µg/hr while increasing PNIPA-AAm nanoparticle 

concentration to 4% (w/v) resulted in an increase of 12.4 µg/hr.  On the other hand, 
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PEGDA concentration reduced the drug release rate by 19.75 µg/hr.  Thus, from the 

factorial analysis it was possible to conclude that PEGDA MW and concentration were 

the most important factors in increasing and reducing the drug release rate, respectively. 

 

Figure 3.6 Effect of factors on drug release rates at 25
o
C. 

 

Figures 3.7 (a) and (b) show the variations in drug release rates at 25
o
C as a 

function of PEGDA MW and PNIPA-AAm nanoparticle concentration at low and high 

levels of the most significant factor, PEGDA concentration. 
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(b) 

Figure 3.7 Variation in drug release rate at 25
o
C with (a) 10% (w/v) and (b) 15% 

(w/v) PEGDA concentration. 

 

At 40
o
C, however, PNIPA-AAm nanoparticle concentration was the most 

important factor and increased the drug release rate by 37.78 µg/hr as compared to 

PEGDA MW which only increased the release rate by 4.18 µg/hr (Figure 3.8).  PEGDA 

concentration still caused a reduction of 10.73 µg/hr in the release rate when its 
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concentration increased from 10% to 15% (w/v).   Contrary to 25
o
C, the PNIPA-AAm 

nanoparticle concentration was the most significant factor affecting the drug release rate 

at 40
o
C.  

 

 

Figure 3.8 Effect of factors on drug release rates at 40
o
C. 

 

Figures 3.9 (a) and (b) show the variation in drug release rates at 40
o
C as a 

function of PEGDA MW and PEGDA concentration at low and high levels of the most 

significant factor, PNIPA-AAm nanoparticle concentration. 
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(b) 

Figure 3.9 Variation in drug release rate at 40
o
C with (a) 2% (w/v) and (b) 4% 

(w/v) PNIPA-AAm nanoparticle concentration. 
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Analyzing the drug release rates gave us an idea of how different factors 

affected the drug release at 40
o
C over the duration of drug release study (48 hours).  

However, as seen from figure 3.3, the drug release is biphasic and exhibits an initial 

burst release in which most of the protein is released during the first 8 hours.  Hence, it 

was important to evaluate the release dynamics over two periods, namely, 0 to 8 hours 

and 8 to 48 hours.  The drug release rates at 40
o
C for these two periods were then 

calculated and analyzed for factorial influence.  Since the drug release will occur in the 

body temperature range, only the drug release at 40
o
C was further analyzed. 

 

Table 3.6 Drug Release Rates at 40
o
C 

Run # M (Da) P (% w/v) N (% w/v) Release Rate 

(µg/hr) 

t1 = 0 hrs,  

t2 = 8 hrs 

Release Rate 

(µg/hr) 

t1 = 8 hrs,  

t2 = 48 hrs 

1 3.4 k 10 2 338.567 8.165 

2 8 k 10 4 575.833 11.063 

3 8 k 15 2 287.552 10.501 

4 3.4 k 15 4 499.140 8.511 

 

At t1 = 0 hr and t2 = 8 hrs (Figure 3.10), it can be seen that run 2 showed the 

highest drug release rate, followed by run 4.  Runs 1 and 3 showed lower yet similar 

drug release rates over 8 hours.  The influence of the factors on the early drug release 

(0-8 hours) was then analyzed and shown in figure 3.11.  It was observed that at 8 

hours, an increase in PNIPA-AAm nanoparticle concentration resulted in a 224.42 µg/hr 

increase in drug release rate and was the single most important factor governing drug 
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release.  PEGDA MW changes affected the drug release rate positively (12.83 µg/hr) 

while PEGDA concentration changes reduced the release rate by 63.85 µg/hr.   
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Figure 3.10 Drug release rates at 40
o
C for t1 = 0 hrs and t2 = 8 hrs. 
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Figure 3.11 Effect of factors on the drug release rates at 40
o
C for t1 = 0 hrs and 

t2 = 8 hrs. 

 

Figures 3.12 (a) and (b) show the variation in drug release rates at 40
o
C (t1 = 0 

hrs and t2 = 8 hrs) as a function of PEGDA MW and PEGDA concentration at low and 

high levels of the most significant factor, PNIPA-AAm nanoparticle concentration. 
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(b) 

Figure 3.12 Variation in drug release rate at 40
o
C with (a) 2% (w/v) and (b) 4% 

(w/v) PNIPA-AAm nanoparticle concentration. (t1 = 0 hrs and t2 = 8 hrs) 
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The drug release rates between 8 and 48 hours are shown in Figure 3.13.  The 

factorial analysis revealed that PEGDA MW was the major factor governing drug 

release during the plateau release phase, i.e. 8 to 48 hours, and changed the release rate 

by 2.44 µg/hr (Figure 3.14).  PNIPA-AAm nanoparticle concentration (0.454 µg/hr) had 

a small positive effect on the release rate while PEGDA concentration (0.10 µg/hr) 

negligibly reduced the release rate. 

 

 

Figure 3.13 Drug release rates at 40
o
C for t1 = 8 hrs and t2 = 48 hrs. 
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Figure 3.14 Effect of factors on the drug release rates at 40
o
C for t1 = 8 hrs and  

t2 = 48 hrs.   

 

Figures 3.15 (a) and (b) show the variation in drug release rates at 40
o
C (t1 = 8 

hrs and t2 = 48 hrs) as a function of PNIPA-AAm nanoparticle concentration and 

PEGDA concentration at low and high levels of the most significant factor, PEGDA 

MW. 
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(b) 

Figure 3.15 Variation in drug release rate at 40
o
C with (a) 3.4 kDa and (b) 8 kDa 

MW PEGDA (t1 = 8 hrs and t2 = 48 hrs). 
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3.3.2.2 Dependence of Thermoresponsiveness on Factors     

One of the main reasons to perform the factorial analysis on the 

photopolymerized hydrogel composite systems was to elucidate the relationship 

between the factors and the hydrogel thermoresponsive behavior, i.e. higher drug 

release at 40
o
C than at 25

o
C.  From figure 3.3, it is clear that all four runs showed a 

significant thermoresponsive behavior.  However, from figure 3.5, the difference in the 

drug release for all runs is not constant, i.e. all runs do not show the same degree of 

thermoresponsive behavior.  To better understand this effect, the release rate difference 

(up to 8 hours) between 25
o
C and 40

o
C (Figure 3.16) for all four runs was plotted to 

show the degree of thermoresponsiveness.  Release rates differences were only 

measured from 0 to 8 hours since most of the thermoresponsive behavior was observed 

within this time period. 

It is interesting to note that run 4 showed a greater degree of thermoresponsive 

behavior compared to other runs, with a release difference of 310.93 µg/hr between the 

two temperatures (Figure 3.16).  Additionally, run 2 showed a difference of 193.1 µg/hr 

whereas runs 1 and 3 showed a difference of 95 µg/hr and 84.75 µg/hr respectively.  On 

analyzing the factorial influence on the thermoresponsive behavior, changing PNIPA-

AAm nanoparticle concentration to the high level was found to result in a 161.639 µg/hr 

increase in thermoresponsive behavior (Figure 3.17).  Interestingly, PEGDA 

concentration was found to have a positive effect on the thermoresponsive behavior and 

showed an effect of 53.29 µg/hr.  Finally, changing from 3.4 kDa to 8 kDa MW 

PEGDA resulted in a reduction of 64.54 µg/hr in the thermoresponsive behavior.   
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Figure 3.16 Difference between the drug release rates at 25
o
C and 40

o
C for the 

four hydrogel runs (up to 8 hrs). 
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Figure 3.17 Effect of the factors on the thermoresponsiveness of the 4 hydrogel 

runs (up to 8 hrs). 

 

Figures 3.18 (a) and (b) show the variations in difference between drug release 

rates at 25
o
C and 40

o
C (up to 8 hrs) as a function of PEGDA MW and PEGDA 

concentration at low and high levels of the most significant factor, PNIPA-AAm 

nanoparticle concentration. 
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(b) 

Figure 3.18 Variation in difference between drug release rates at 25
o
C and 40

o
C 

with (a) 2% (w/v) and (b) 4% (w/v) PNIPA-AAm nanoparticle concentration  

(t1 = 0 hrs and t2 = 8 hrs). 
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3.3.3. Effects on Swelling Ratio 

To evaluate the effects of the factors on the swelling ratio, the swollen weights 

(WS) and dry weights (WD) of the hydrogels (n=4) were measured.  The swelling ratios 

of the hydrogels were then calculated using the equation 3.1 (Table 3.7).  A factorial 

analysis was then performed to recognize the factors responsible for affecting the 

swelling ratios of the hydrogels (Figure 3.19).  The factorial analysis on the hydrogel 

swelling ratio revealed that increasing the PEGDA MW from 3.4 kDa to 8 kDa was the 

most important factor in increasing the swelling ratio.  Changes in PEGDA MW 

increased the swelling ratio by 13.62.  On the other hand, changing both PEGDA 

concentration and PNIPA-AAm nanoparticle concentration to the high levels reduced 

the swelling ratio by 4.59 and 1.10, respectively.   

 

Table 3.7 Effects of Factors on Swelling Ratio. 

Run # M (Da) P (% w/v) N (% w/v) Swelling Ratio 

1 3.4 k 10 2 12.79 

2 8 k 10 4 19.05 

3 8 k 15 2 17.31 

4 3.4 k 15 4 9.95 
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Figure 3.19 Effect of the factors on the hydrogel swelling ratio. 

 

Figures 3.20 (a) and (b) show the variations in swelling ratio as a function of 

PNIPA-AAm nanoparticle concentration and PEGDA concentration at low and high 

levels of the most significant factor, PEGDA MW. 
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Figure 3.20 Variation in swelling ratio with (a) 3.4 kDa and (b) 8 kDa MW 

PEGDA.  
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3.4 Discussion 

The characteristics of photopolymerizable hydrogel systems, such as gelation 

time, drug release and swelling ratio are affected by its components, namely, the 

PEGDA (cross-linker) MW and concentration as well as the PNIPA-AAm nanoparticle 

concentration.  In addition, for a thermoresponsive hydrogel system, it was important to 

evaluate how these factors affected the thermoresponsive behavior of the system.  Thus, 

a factorial design was prepared to evaluate the effects of the factors on the hydrogel 

characteristics.  Experiments were performed based on this factorial design and the 

results were subjected to factorial analysis which helped in elucidating the factorial 

influences on the hydrogel characteristics. 

To evaluate the effects of the factors on gelation time, hydrogels from different 

runs of the factorial design were formed and their gelation times were measured (Table 

3.4).  It was found that as factors were changed from low to high levels, all factors 

resulted in a decrease in gelation time (Figure 3.1).  However, for reducing gelation 

time, PEGDA concentration was the most important factor and results showed gelation 

time was inversely proportional to the PEGDA concentration.  Previously, results by 

Ghosh et al. have shown that increasing gelation times (from 5 to 19 minutes) are 

observed as PEGDA concentration is reduced from 9% to 3% (w/v) in thiol-

functionalized hyaluronan PEGDA hydrogels.
56
  These lower gelation times observed in 

high 9% w/v) PEGDA concentration hydrogels are due to the increased number of 

cross-links formed, as a result of higher PEGDA concentration.
56
  Therefore, it is 

possible that more number of binding sites are present and result in a reduced time 
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required to form the 3-dimensional gel network as a result of higher PEGDA 

concentrations. 

The drug release from the composite systems was divided into two parts, 

namely, drug release profiles and thermoresponsiveness.  From figure 3.3, different 

amounts of drug were released by composite systems from different runs during the 

same time period, making it important to analyze the factorial influence.  Similarly, 

from figure 3.5, it is seen that the difference in drug release rates between 25
o
C and 

40
o
C are not same for the 4 runs, i.e. each run shows a varying degree of 

thermoresponsive behavior, making it important to understand how different factorial 

combinations affected the thermoresponsive behavior of the composite systems.  

The factorial analysis of drug release rates over 48 hours showed that PEGDA 

concentration had the most significant effect on the drug release at 25
o
C (Figure 3.6).  It 

is reported that the higher PEGDA concentration presents greater number of cross-

links.
56
  These increased number of cross-links might affect the network structure by 

forming a denser and close-knit network, thereby hindering the drug release.  

Additionally, increasing the PEGDA MW weight to 8 kDa resulted in an increased drug 

release rate (Figure 3.6).  The higher cross-linker  MW may produce a network in which 

the cross-links are formed farther apart from each other (due to longer chain length) 

when compared to the lower MW network, thereby resulting in a more “porous” 

network.  The more porous network might allow easier diffusion of the released drug 

and hence a higher release rate.  It has also been previously reported that an increase in 

molecular weight might increase the pore sizes of the PEGDA hydrogel networks.
35
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Finally, since the LCST of the PNIPA-AAm nanoparticles is higher than 25
o
C, the drug 

release rate is affected by the nanoparticle concentration to a lesser extent at 25
o
C 

(below LCST) when compared to PEGDA MW and concentration.   

In contrast to drug release at 25
o
C, the factorial analysis of the drug release 

profile at 40
o
C revealed that PNIPA-AAm nanoparticle concentration was the most 

significant factor (Figure 3.8).  In contrast, both PEGDA MW and concentration did not 

have a significant effect on the release rate.  At 40
o
C, i.e. LCST of PNIPA-AAm, the 

structure of the PNIPA-AAm nanoparticles undergoes a sharp phase transition from coil 

to globule conformation and exhibits hydrophobic behavior.
34
  Thus, most of the 

hydrophilic drug is expelled out of the PNIPA-AAm nanoparticles as the nanoparticles 

collapse above the LCST.  Therefore, the drug release profiles at 40
o
C are completely 

governed by the phase transition of the PNIPA-AAm nanoparticles.  As the PNIPA-

AAm nanoparticle concentration was increased (2% to 4% w/v), a higher drug release 

was induced showing PNIPA-AAm nanoparticle concentration was the most significant 

effect on the drug release at 40
o
C. 

Since our drug release profiles are biphasic for all 4 runs (Figure 3.3),  it is 

important to consider the factorial influence on drug release during the two separate 

phases (burst and plateau).  Additionally, since the thermoresponsiveness of the 4 runs 

has already been established, only the drug release at 40
o
C has been further 

investigated.  The release profiles exhibit an initial burst release (up to 8 hours) where 

most of the protein is released.  Following the burst phase, the profile shows a plateau 

region (8 to 48 hours) exhibiting a slow sustained drug release.  During the first 8 hours, 
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the factorial analysis showed that PNIPA-AAm nanoparticle affected the release rate 

most significantly (Figure 3.11).  It is possible that PNIPA-AAm phase transition is the 

major factor in deciding the drug release rate.  Most of the drug will be released when 

the PNIPA-AAm nanoparticles’ structures collapse and expel the drug.  Contrary to the 

initial burst period, the factorial analysis showed that, PNIPA-AAm nanoparticle 

concentration was not the deciding factor for drug release rate and only had a small 

positive effect during the plateau region (Figure 3.14).  On the other hand, PEGDA MW 

was able to increase the drug release rates most significantly during the plateau region 

of the drug release profile at 40
o
C.  Since drug release out of the composite system 

occurs through diffusion, the “porosity” of the high MW PEGDA allows better 

diffusion of the drug entrapped in the network and thereby presents the higher drug 

release rate during the later period.   

To evaluate the dependence of thermoresponsiveness on the 3 factors, we 

calculated the difference between the drug release rates at both temperatures, i.e. 25
o
C 

and 40
o
C for the first 8 hours (Figure 3.24).  Since the thermoresponsive behavior was 

evident in the first 8 hours, only the drug release rates from this period were considered.  

The factorial analysis determined that PNIPA-AAm nanoparticle concentration was the 

most significant factor in affecting the thermoresponsiveness.  As PNIPA-AAm 

nanoparticles are the only thermoresponsive components of the system, it is obvious 

that they would have the greatest effect on the thermoresponsiveness.  However, it is 

interesting to note that PEGDA MW has a negative effect on thermoresponsiveness.  

Similarly, PEGDA concentration has a positive effect on the thermoresponsiveness.  It 
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is possible that these 2 factors affect thermoresponsiveness by affecting the diffusion of 

the drug already expelled by nanoparticles but entrapped in the hydrogel network.   

Finally, the factorial analysis on the swelling ratio data showed that PEGDA 

MW had the highest effect on the swelling ability of hydrogels, with more swelling 

observed as the MW increased (Figure 3.19).  DiRamio et al. have also shown 

previously that for their PEG methacrylate/dimethacrylate hydrogels, the swelling ratios 

increased as the MW of the cross-linker increased.
57
  Evaluating the hydrogel swelling 

ratios was important as it further corroborated the theory that the lower MW cross-

linker would have shorter chains than high MW cross-linker, and thus form a tighter 

and more compact network due to the closer cross-links.  Therefore, as low MW cross-

linker will not allow hydrogel to swell sufficiently (compared to high MW), diffusion of 

the water into and drug out of the hydrogel is limited.  This explains how increasing the 

PEGDA MW had a positive effect on the hydrogel drug release studies.   

 

3.5 Conclusion 

The factorial analysis was performed to evaluate the effects of 3 factors 

(PEGDA MW and concentration, and PNIPA-AAm nanoparticle concentration) on 

gelation time, drug release, thermoresponsiveness and swelling ratio of the hydrogels.  

PEGDA concentration was found to have the most significant effect on lowering 

gelation time. For drug release, at 40
o
C, PNIPA-AAm nanoparticle concentration was 

shown to affect drug release most significantly during the initial burst region while 

PEGDA MW governed release in the plateau region.  PNIPA-AAm nanoparticle 
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concentration was the major factor controlling degree of thermoresponsiveness of the 

hydrogel systems.  Further, for swelling ratio, PEGDA MW was found to be the most 

important factor.  Therefore, on the basis of the factorial analysis study, a system could 

be chosen with appropriate levels of these 3 factors to tailor the system and obtain 

desired system characteristics.  
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CHAPTER 4 

CONCLUSION 

The overall goal of our project was to develop the 3D photopolymerizable 

thermoresponsive composite nanoparticle hydrogels as controlled drug delivery systems 

for wound healing and restenosis applications.  The specific aims were to evaluate the 

cytotoxicity of the composite system and perform factorial analysis to gain a better 

understanding of factors governing the system characteristics.  Cytotoxicity studies on 

HASMCs and NIH/3T3 fibroblasts revealed that the photoinitiator and free radicals 

released during photopolymerization were the most cytotoxic factors.  Further, the 

cytotoxicity of the photoinitiator at same concentrations was found to be different for 

both cell types.  Additionally, although use of ascorbic acid improved cell survival, 

gelation times were increased which may potentially cause additional cell toxicity due 

to the prolonged exposure times. 

In addition to the cytotoxicity evaluation, the factorial analysis was performed to 

evaluate the effects of 3 factors (PEGDA MW, PEGDA concentration, and PNIPA-

AAm nanoparticle concentration) on gelation time, drug release, thermoresponsiveness 

and swelling ratio of the composite systems.   Based on the factorial analysis study, the 

influence of each individual factor on the different system characteristics was 

delineated.  The most significant factor affecting each composite system output was 

also identified.  Using this information, future composite systems can be accurately 
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designed to have specific drug release profiles, thermoresponsive behavior, or structural 

properties while maintaining the system’s biocompatibility.  
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CHAPTER 5 

LIMITATIONS AND FUTURE WORK 

The cytotoxic evaluation and factorial analysis undertaken in this project were 

initial steps towards developing the 3D photopolymerizable thermoresponsive 

composite hydrogel nanoparticle system for use in wound healing and prevention of 

restenosis.  Some limitations observed in our system are noted below: 

• For restenosis application, delivery of the precursor solution and subsequent UV 

irradiation may be difficult.  This limitation might be overcome by using newer 

technologies such as microporous balloon catheter for delivery and UV optical 

fibers for irradiation. 

• Gelation times need to be minimized to use this system in prevention of 

restenosis.  This limitation can be overcome by finding a trade-off between 

photoinitiator concentration, PEGDA concentration and the biocompatibility of the 

system. 

• Since drug loading onto PNIPA-AAm nanoparticles is done below its LCST, the 

drugs chosen must be hydrophilic in nature. 

 

Some suggestions for future work include: 

• Rheological experiments must be conducted to evaluate the strength of the 

composite hydrogels. 
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• Shear stress studies will need to be conducted to test the system’s ability to 

adhere to the arterial wall after implantation. 

• PNIPA-AAm nanoparticles may be modified to prolong the drug release from 

the composite hydrogels.  Β-cyclodextrin has been used successfully for this 

purpose by other groups by forming inclusion complexes with the drug.
58
  

• Modifications to obtain a faster response of PNIPA-AAm to temperature 

changes should be investigated. This will help in improved control of delivering 

drugs in an on-off fashion. 

• Investigation of other anti-oxidants in reducing the cytotoxicity while 

maintaining gelation times should be performed. 
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