1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Nanomedicine. 2009 September ; 5(3): 305-315. doi:10.1016/j.nano.2008.11.003.

Factorial Analyses of Photopolymerizable Thermoresponsive
Composite Hydrogels for Protein Delivery

Abhimanyu Sabnis, MSl'T, Aniket S. Wadajkar, MSlyT, Pranesh Aswath, PhD2, and Kytai T.
Nguyen, Ph pl.*

1Department of Bioengineering, University of Texas Southwestern Medical Center at Dallas and
University of Texas at Arlington

2Department of Material Science, University of Texas at Arlington

Abstract

A smart protein delivery system for wound healing applications was developed using composite
nanoparticle hydrogels that can release protein in a temperature-responsive manner. This system can
also be formed in situ in the presence of ultraviolet light and Irgacure 2959 photoinitiator. The system
consists of temperature sensitive poly(N-isopropylacrylamide-co-acrylamide) (PNIPAM-AAmM)
nanoparticles embedded in a poly(ethylene glycol) diacrylate (PEGDA) matrix. A factorial analysis
was performed to evaluate the effects of PEGDA concentration (10% and 15% w/v) and PEGDA
molecular weight (3.4 kDa and 8 kDa), as well as PNIPAM-AAmM nanoparticle concentration (2%
and 4% wi/v) and temperature (23°C and 40°C) on the protein release profiles and swelling ratios of
the hydrogels. Results indicate PNIPAM-AAmM nanoparticle concentration and temperature were the
most important factors affecting the protein release during the burst release phase. Additionally,
PEGDA molecular weight was the most important factor affecting the protein release in the plateau
region. It was also an important factor that controlled the hydrogel swelling ratio. A dual layered
hydrogel was further developed to produce a protein delivery system with a better sustained release.
These findings have improved our understanding of the composite hydrogel systems and will help
in tailoring future systems with desired release profiles.
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Introduction

Photo cross-linking hydrogels, incorporated with therapeutic agents, have been investigated
extensively as drug delivery systems since the major benefit of these hydrogels is that they can
be formed in-situ at a specific site by photopolymerization [1]. Various photopolymerizable
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polymers have been studied. Examples include (di)methacrylic or (di)acrylic derivatives of
poly(ethylene glycol) (PEG) [2,3], poly(ethylene oxide) [4,5], poly(vinyl alcohol) [6], and
diethyl fumarate/poly(propylene fumarate) [7]. Of the photo cross-linking hydrogels, poly
(ethylene glycol) (PEG)-based materials are widely investigated for biomedical applications
due to their advantageous properties such as biocompatibility, low immunogenicity, and the
ease of use [8-14]. PEG functionalized with diacrylate (PEGDA) or dimethacrylate groups
cross-link to form nondegradable hydrogels that are used in various biomedical applications
such as the microencapsulation of islets [9,10], controlled release vehicles [3,15], adhesion
prevention barriers [8,16], and bone restorations [11].

Inaddition to photo cross-linking hydrogels, environmentally responsive drug delivery systems
have also been investigated for controlled drug delivery applications. Such stimuli-responsive
systems undergo phase transitions in response to changes in ionic strength, pH, light, electric
field, irradiation, or temperature [17]. In particular, among the temperature-sensitive hydrogels
reported to date, poly(N-isopropylacrylamide) (PNIPAM) and its copolymers have been widely
used for pharmaceutical and tissue engineering applications because of their thermal properties
[18]. For example, the release of drugs embedded in these hydrogels can be controlled by
changing the local temperature [17]. The unique property of PNIPAM to undergo a reversible
phase transition at temperatures close to body temperature makes it desirable for biomedical
applications [19-23]. This phase transition occurs in aqueous solutions at a lower critical
solution temperature (LCST) around 32°C for PNIPAM. At temperatures below the LCST,
PNIPAM exhibits hydrophilic properties and exists in an individual chain with a coil
conformation. Above the LCST, hydrophobic attractions become more favorable, resulting in
a sharp transition from the coil to globule conformation, leading to the collapse of the structure
to release drugs from the material [24]. The LCST of PNIPAM can be further increased to
above body temperature by copolymerizing with hydrophilic monomers such as PEG [24,25]
and acrylamide (AAm) [26].

In this study we combined both photopolymerizable and thermoresponsive hydrogels to
develop a composite hydrogel system for drug/protein delivery applications. This system can
be formed at a specific location in-situ via photopolymerization and the drug release from this
system can be controlled by changing the temperature locally. The principle of the system,
shown in Figure 1, can be briefly described as follows. A precursor solution comprised of the
drug- or protein-loaded PNIPAM-acrylamide (PNIPAM-AAmM) nanoparticles, photoinitiators
(Irgacure 2959), and photo cross-linkers (PEGDA) would be delivered at the injured or wound
site. In the presence of ultraviolet (UV) light these materials would form a hydrogel network
entrapping the PNIPAM-AAmM nanoparticles at the injured site to form a protective barrier.
When the local temperature is increased to or above the LCST (39-40°C), the PNIPAM-AAM
nanoparticles would undergo a reversible phase transition, collapse, and expel the drugs or
proteins into the surrounding tissue.

Controlled release studies of proteins and/or drugs from temperature sensitive PNIPAM bulk
gels and PNIPAM nanoparticle networks have been previously investigated. For example,
PNIPAM gels have been used for controlled release of drugs and proteins in response to
changes in temperature [27-30]. In addition, PNIPAM nanoparticle networks by either
covalently crosslinking neighboring particles or a seed-and-feed method [31,32] have also been
developed for loading and releasing drugs/proteins. In contrast to these drug delivery systems,
our current strategy of controlled release is to first load PNIPAM-AAmM nanoparticles with
drugs/proteins and then to entrap drug-loaded nanoparticles within the PEGDA hydrogel.
Delivery of bioactive molecules such as proteins, genes, and peptides would be a potential
benefit of this composite hydrogel system compared to other drug delivery carriers as these
molecules are easily denatured by extreme heat and organic solvents [33]. These molecules
are also released quickly if they are directly loaded in the bulk hydrogels. In contract, the PEG
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hydrogel cross-linking density and thermoresponsive property of PNIPAM-AAmM
nanoparticles in our system might affect the release of such bioactive molecules, thus providing
a more controlled and sustained release of these molecules.

The aim of this study was to investigate the system characteristics, such as protein release and
hydrogel swelling ratio, in response to changes in different factors (PEGDA molecular weight,
PEGDA concentration, PNIPAM-AAmM nanoparticle concentration, and temperature) using a
factorial design approach. In addition, a double layer hydrogel with the inner layer containing
the protein was developed to examine the role of a diffusion layer on the protein release
characteristics.

Chemicals, if not specified, were purchased from Sigma-Aldrich (St. Louis, MO), including
poly(ethylene glycol), anhydrous dichloromethane, triethylamine, acryloyl chloride, pottasium
carbonate, magnesium sulfate, ethyl ether, N-isopropylacrylamide, N, N’-
methylenebisacrylamide, potassium persulfate, and sodium dodecyl sulfate.

Preparation of Poly(ethylene glycol) diacrylate (PEGDA)

The factorial design of the hydrogel system required evaluation of two molecular weights
(MW) (3.4 kDa and 8 kDa) of the cross-linker polymer, PEGDA. PEGDA was synthesized by
modifying the previously described methods [34,35]. In brief, 12 g of poly(ethylene glycol)
(3.4 kDa or 8 kDa) was dissolved in 36 ml of anhydrous dichloromethane. 1.3 ml of
triethylamine was added to the flask and the solution was bubbled with argon gas for 5 minutes.
0.61 ml of acryloyl chloride was then dissolved in 10 ml of dichloromethane and added drop
by drop slowly (over an hour or two) to the flask. The solution was stirred under argon for 2
days on an ice bath. The solution was then washed with 2M K,CO3 to separate the
dichloromethane phase, followed by drying with anhydrous MgSO,4. PEGDA was then
precipitated using ethyl ether. Finally, the product was filtered and dried for 12 hours under
vacuum at room temperature.

Preparation of Poly(N-isopropylacrylamide-co-acrylamide) (PNIPAM-AAm) Nanoparticles

PNIPAM-AAmM nanoparticles (100 nm in size) with the volume transition temperature of 39.2°
C were prepared by modifying the previously described methods [1,26,36]. An aqueous
solution (100 ml) containing N-isopropylacrylamide (1.3644 g), acrylamide (0.1756 g), N,
N’-methylenebisacrylamide (0.0262 g), and sodium dodecy! sulfate (0.0439 g) was stirred
under argon gas for 30 minutes. Potassium persulfate (0.0624 g) was added and radical
polymerization was carried out at 70°C for 4 hours under argon. The resulting particles were
cooled to room temperature and dialyzed (6-8 kDa MW cutoff) against deionized water for 4
days to remove unreacted monomers and surfactants.

Factorial Analysis using Design of Experiments

The factorial studies utilized Design Expert, a design of experiments (DOE) software from
Stat-Ease, to elucidate the effect of individual and multiple factors on the protein release rate
and swelling ratio of the composite hydrogel system. Using DOE, it was possible to design a
half-factorial experiment (8 instead of 16 runs) for four factors for the protein release
experiments. The four factors (independent variables) included the PEGDA MW (3.4 kDa and
8 kDa), PEGDA concentration (10% and 15% w/v), PNIPAM-AAmM nanoparticle
concentration (2% and 4% wi/v), and temperature (23°C and 40°C). For the hydrogel swelling
experiments, a half-factorial experiment (4 instead of 8 runs) for three factors (temperature
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was constant at 23°C) was designed. The evaluated responses (dependent outcomes) included
the protein release rate and the swelling ratio of the hydrogels. The resulting factorial design
is shown in Tables 1-3. PEGDA molecular weight, PEGDA concentration, PNIPAM-AAM
nanoparticle concentration, and temperature are represented as M, P, N, and T, respectively.

Preparation of Photopolymerized Thermoresponsive Hydrogels

PNIPAM-AAM nanoparticles were dispersed in deionized water to get a 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°C for 4 days. Hydrogels (n=4 for each run) for
the factorial analysis were prepared based on Table 2. For example, run 1 was prepared by
dissolving 0.1 g of PEGDA (3.4 kDa) in 800 ul of BSA-loaded PNIPAM-AAmM nanoparticle
suspension. 200 pl of the photoinitiator stock solution (0.0125 g/ml) was then added to this
solution to make 1 ml total solution with final PEGDA and PNIPAM-AAmM nanoparticle
concentrations of 10% (w/v) and 2% (w/v), respectively. To form the hydrogel, 200 pl of the
precursor solution was added to a 48-well plate and exposed to UV light at about 10 mW/
cm? for less than 5 minutes. In our previous work, we optimized the concentration of the
photoinitiator and duration of UV exposure by evaluating cytotoxic effects of the photoinitiator
and UV exposure on fibroblast and smooth muscle cell viability [37].

Effects of Factors on Protein Release

To evaluate the effect of the factors on protein release, protein loaded nanoparticle hydrogels
(n=4) for each run were incubated at room temperature (23°C) (below LCST) and at 40°C
(above LCST) 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 protein release profiles for
each run at both temperatures were plotted.

Effects of Factors on Swelling Ratio

The swelling ratios for the hydrogels from different runs were determined to better understand
how the factors such as PEGDA molecular weight and concentration as well as PNIPAM-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 W, the
swollen weight of the hydrogels. The dry weight of the hydrogels, Wp, was measured after the
drying of the hydrogels. The swelling ratio (S.R.) of the hydrogels was calculated using
Equation 1.

Midpoint Analysis

Midpoint analysis was performed to confirm the linear dependence of the dependent variables
on the independent variables. Approximate mid-levels of three factors other than temperature
were chosen and hydrogels were prepared (n=4) for midpoint analysis. For instance, the
precursor solution was prepared by selecting a PEGDA molecular weight of 6 kDa and a
concentration of 12.5% (w/v) and a PNIPAM-AAm nanoparticle concentration of 3% (w/v).
The hydrogels were formed by adding 200 ul of the precursor solution to a 48-well plate and
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exposed to UV light at 10 mW/cmZ. To evaluate the effect of the factors on protein release,
hydrogels (n=4) were incubated at room temperature (23°C) and above LCST (40°C) in 24-
well plates with 1 ml of PBS solution. Protein release studies were performed as described
earlier.

Photopolymerized Thermoresponsive Double Layer Hydrogels

Results

The double layer hydrogels were prepared to tailor the protein release rate and minimize the
early burst release. In order to form the double layer hydrogels, single layer hydrogels were
first prepared, as previously described, by selecting midpoint values of the factors as mentioned
in the midpoint analysis. The single layer hydrogels (n=4), immediately after formation, were
immersed in the solution containing PEGDA and the photoinitiator in a 24-well plate. The
solution containing hydrogel was then exposed to UV light and photopolymerized to form an
additional layer of PEGDA around the nanoparticle composite single layer hydrogel. Protein
release studies were performed by incubating double layer hydrogels at 23°C and 40°C to
compare with the protein released from single layer hydrogels (prepared for midpoint analysis).

In this study, we developed the composite nanoparticle hydrogel network that can be
photopolymerizable in situ and can release drugs in response to changes in local temperature
for drug/protein delivery applications (Figure 1). A comparison of two identical composite
hydrogel systems maintained at two different temperatures, i.e. 23°C and 40°C, as well as a
SEM image of the composite system is shown in Figure 2. We have previously investigated
the biocompatibility of our composite nanoparticle hydrogel network [37]. In this research, we
evaluated the effects of four factors (PEGDA MW and concentration, PNIPAM-AAmM
nanoparticle concentration, and temperature) on protein release, thermoresponsiveness, and
swelling ratio of the hydrogels. The effects of each factor are presented and discussed in details
below,

Effects of Factors on Protein Release

From the protein release data, it was observed that all tests exhibited a triphasic protein release,
with an initial burst release (within the first hour) and a sustained burst release (from 1 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 study (Figure 3). In addition, all tests exhibited a thermoresponsive
release behavior with hydrogels at 40°C releasing a significantly higher amount of protein as
compared to hydrogels at 23°C, over the same duration.

To better understand the factors that govern the protein release characteristics from the
hydrogels, the protein release rates (R) were calculated for the different tests at both
temperatures (Table 2). Protein release rates were calculated using Equation 2.

D, - Dy

Protein Release Rate, R=
-0 (2

Where
R is the protein release rate between two time points (ug/hr)
D1 and D, are the amounts of protein released at time t; and ty, respectively (ug)

ty and t are time points at which protein release was quantified (hours)
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Using the protein release rates, a factorial analysis was performed to evaluate the effect of
individual factors on protein release profiles. It was important to evaluate the release kinetics
over these three periods, namely, 0 to 1 hour (initial burst), 1 to 8 hours (sustained burst), and
8 to 48 hours (plateau). A half normal probability plot provides information on factors that are
important and those that are not. In addition, it provides insight into the relative importance of
these factors. As shown in Figure 43, the absolute value of an effect on the X-axis and estimates
of errors are represented as squares and triangles, respectively. The largest effects towards the
right of the plot are real effects, while the effects close to the zero region are those that occur
by chance and are categorized as errors. The effects are categorized as positive and negative
effects. The positive effects represent a direct relationship of the design factors with the system
outcomes, while the negative effects represent an inverse relationship. In the burst phase of the
release (0-1 hour), the half normal probability plot shown in Figure 4a indicates that the most
important factors that control the release of the protein are the temperature, PNIPAM-AAM
concentration, and to a lesser extent a combination of the two. The PEGDA concentration
(negative effect) and PEGDA molecular weight (positive effect) are less important. In order
to gain a better understanding of the relationship between PNIPAM-AAmM nanoparticle
concentration and temperature on protein release rate, the response surface diagram was
developed at a PEGDA molecular weight of 5.7 kDa and a PEGDA concentration of 12.50 %
w/v, which lies close to the mid point of the range of both molecular weight and concentration
as shown in Figure 4b. From Figure 4b it is evident that increasing the temperature has the
single largest effect on burst release. The synergistic effect of temperature and PNIPAM-AAM
nanoparticle concentration also plays a significant role in enhancing the protein release rate.

PNIPAM-AAmM phase transition above LCST (i.e. a temperature above LCST) is the major
factor in deciding the protein release rate. Most of the protein will be released when the
PNIPAM-AAmM nanoparticles’ structures collapse and expel the protein. The equation for
protein release rate in the first hour in terms of actual factors and combined effects of factors
was obtained from factorial analysis. The predicted protein release can be calculated for any
combination of individual factors within the range provided in Table 1 by using Equation 3.

R in the first phase (ug/hr)=
673.27+(163.78)M — (108.51)P — (161.21)N+(1.21)T — (4.06)MT+(2.21)PT+(12.75)NT )

Where
M = PEGDA molecular weight
P = PEGDA concentration
T = temperature
N = PNIPAM-AAm nanoparticle concentration
MT is the combined effect of PEGDA MW and temperature
PT is the combined effect of PEGDA concentration and temperature
NT is the combined effect of PNIPAM-AAmM nanoparticle concentration and temperature

In the second phase (sustained burst release, 1-8 hours), PNIPAM-AAM nanoparticle
concentration and temperature have positive effects, whereas PEGDA concentration has a
significant negative impact on the protein release rate as shown in Figure 4c. A two factor
interaction between PNIPAM-AAmM nanoparticle concentration and temperature also plays an
importantrole. Figure 4d shows the response surface plot for the dependence of the temperature
and PNIPAM-AAmM nanoparticle concentration on the protein release rate. The equation for
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protein release rate from 1-8 hours, in terms of actual factors and combined effects of factors,
was obtained from factorial analysis. The predicted protein release can be calculated for any
combination of individual factors within the range provided in Table 1 using Equation 4.

R in the second phase (ug/hr)=
464.34+(19.03)M — (26.37)P — (62.58)N+(7.55)T — (0.4)MT+(0.37)PT+(3.52)NT (4)

The effects of the factors on the protein release rate in the last phase (sustained release, 8-48
hours) were found to be much different than in the previous two phases. Temperature and its
combined effect with PNIPAM-AAmM nanoparticle concentration were not the important
factors in controlling the protein release rate as shown in the half normal probability plot in
Figure 4e. The most dominant factor was the PEGDA molecular weight. A response surface
diagram with temperature and PNIPAM-AAmM nanoparticle concentration is shown in Figure
4f. The protein release rate at 40°C is independent of the PNIPAM-AAM concentration, while
at 23°C, there is still a dependence on the PNIPAM-AAmM concentration. It can be postulated
that at 40°C, most of the protein has already been released in phase I and 11 and little is left for
release in phase I, resulting in no dependence on the PNIPAM-AAmM concentration. On the
other hand, at 23°C a significant amount of protein is still present at the end of phase I, and
hence, the hydrogels with the higher PNIPAM-AAmM concentration have a higher release rate.
When PEGDA MW and temperature are considered as variables, the response surface diagram
is shown in Figure 4q. Itis clearly evident that a higher PEGDA MW results in a higher protein
release rate, in particular at 23°C. It is possible that the hydrogels with the higher PEGDA MW
allow more diffusion, resulting in a higher protein release rate in phase IlI.

The equation for the protein release rate from 8-48 hours, in terms of actual factors and
combined effects of factors, was obtained from factorial analysis. The predicted protein release
can be calculated for any combination of individual factors within the range provided in Table
1 using Equation 5.

R in the third phase (ug/hr)=
—17.74+(2.75)M+(0.27)P+(4.12)N+(0.6)T — (0.06)MT — (0.0072)PT — (0.097)NT (5)

Dependence of Thermoresponsiveness on Factors

One of the main reasons to perform factorial analysis on the photopolymerized hydrogel
composite systems was to elucidate the relationship between the factors and the hydrogel
thermoresponsive behavior, i.e. the higher protein release at 40°C compared to 23°C. From
Figure 3, it is clear that all four pairs of runs showed a significant thermoresponsive behavior.
To better understand this effect, the release rate difference between 23°C and 40°C for all four
pairs of runs was calculated and is shown in Table 2. The largest impact of the thermoresponsive
behavior in release rates was in phase I, or the burst regime of protein delivery. On analyzing
the factorial influence on the thermoresponsive behavior, changing PNIPAM-AAmM
nanoparticle concentration to the high level was found to result in an increase in
thermoresponsive behavior (Figure 4h and 4i).

Effects of Factors on Swelling Ratio

To evaluate the effects of the factors, excluding temperature, on the swelling ratio, the swollen
weights (Ws) and dry weights (Wp) of the hydrogels (n=4) were measured. The swelling ratios
of the hydrogels were then calculated using Equation 1. The factorial analysis on the hydrogel
swelling ratio revealed that increasing the PEGDA MW from 3.4 kDa to 8 kDa was the most
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important factor in increasing the swelling ratio (Figure 5a and 5b). On the other hand, PEGDA
concentration and PNIPAM-AAm nanoparticle concentration were found to have a mild,
negative effect on the swelling ratio.

Midpoint Analysis and Double Layer Hydrogels

Midpoint analysis was conducted through the protein release study to evaluate the curvilinear
effect of dependent factors on the independent factors. The scheme of the double layer hydrogel
and the cumulative protein release from single layer (SL) and double layer (DL) hydrogels at
23°C and 40°C are shown in Figure 6a and 6b. Protein release profiles of both types of
hydrogels exhibited a thermoresponsive release behavior with hydrogels at 40°C releasing a
significantly higher amount of protein, compared to hydrogels at 23°C, over the same time
duration. It can be seen that the double layer hydrogels release a significantly smaller amount
of protein in a sustained manner compared to the single layer hydrogels.

The protein release studies on composite hydrogels at the midpoint level of the two level
factorial design (midpoint analysis) generated similar protein release profiles to the hydrogels
of the four run pairs (Figure 6b). The protein release profiles exhibited a triphasic protein
release and thermoresponsive release behavior. In addition, the effects of individual and
combined factors on protein release profiles during each phase of release and swelling ratio
were similar to earlier studies (Figure 4b, 4d, 49, and 6b). These observations confirm the linear
dependence of dependent variables on the independent variables.

Discussion

In this study, we developed the composite nanoparticle hydrogel network that can be UV-
polymerized in situ within a short time (less than five minutes). This composite hydrogel would
also be able to release drugs in response to changes in local temperature for drug/protein
delivery applications. As shown in Figure 1, our system consist of the drug- or protein-loaded
PNIPAM-acrylamide (PNIPAM-AAm) nanoparticles, photoinitiators (Irgacure 2959), and
photo cross-linkers (PEGDA). A hydrogel network can be formulated at any shape or form in
situ under the presence of UV light. Another major advantage of our current drug delivery
system is that when the local temperature is increased to or above the LCST (39-40°C), the
PNIPAM-AAm nanoparticles within the composite hydrogel would undergo a reversible phase
transition, collapse, and expel the drugs into the surrounding tissue, thus this system can be
used for on-off drug delivery mechanism [28,31,32]. Our previous work has shown that this
composite nanoparticle hydrogel network is biocompatible [37]. In addition, the temperature
within the hydrogel was raised a little from a short-term UV exposure, and this small increase
does not cause the denature of proteins loaded within hydrogels [3,15]. In this work, we further
determined effects of four major factors, PEGDA MW and concentration, PNIPAM-AAmM
nanoparticle concentration, and temperature, on protein release, thermoresponsiveness, and
swelling ratio of the composite hydrogel system.

The factorial analysis was performed to evaluate the effects of four factors (PEGDA MW and
concentration, PNIPAM-AAmM nanoparticle concentration, and temperature) on protein release
of the hydrogels. In the initial burst (phase 1) and sustained burst region (phase 1), higher
PNIPAM-AAmM nanoparticle concentration and higher temperature were shown to result in an
increase in protein release, while PEGDA MW governed protein release in the plateau region
(phase I11). It is reported that with a higher PEGDA concentration there is greater opportunity
for cross-links to form [38]. This increased number of cross-links in the higher PEGDA MW
might affect the network structure by forming a denser, closer knit network, thereby hindering
the protein release in phases I and I1 (0-8 hours) and resulting in a larger release in phase 11l
(8-48 hours). Similar to our study, other studies also observe the dependence of BSA release
on PEGDA molecular weight. For example, 50% total BSA release in 20 hours and 100%
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release in 5 days were observed when PEGDA MW 10,000 was used, whereas the total BSA
release was reduced significantly (86% of BSA in 270 days) when a PEG MW of 575 was used
[3]. In addition, BSA released from PEG hydrogels is often in the monomeric form, whereas
the protein aggregates are maintained within the hydrogel matrix and could not be released out
of the system [15].

PNIPAM-AAmM nanoparticle concentration was the major factor controlling the degree of
thermoresponsiveness of the hydrogel systems. Changing PNIPAM-AAm nanoparticle
concentration to the high level was found to result in an increase in thermoresponsive behavior
(Figure 4h and 4i). As PNIPAM-AAm nanoparticles are the only thermoresponsive
components of the system, it is obvious that they would have the greatest effect on the
temperature responsiveness of our hydrogel system. In addition, PEGDA molecular weight
and PEGDA concentration would have some effect on the thermoresponsiveness by affecting
the diffusion of the protein already expelled by nanoparticles, but entrapped in the hydrogel
network. Similar to our observation, nanoparticle networks by covalently crosslinking
neighboring nanoparticles made of PNIPAM-co-allylamine also exhibit a temperature-
dependent release of drugs [31]. Compared to the thermoresponsive bulk hydrogels, drug
loading by nanoparticle networks such as our system have more advantages. For instance, drugs
are usually loaded in a bulk gel either by mixing the drug with monomers, initiators, and
crosslinkers, or by allowing a bulk gel to swell to equilibrium in a concentrated drug solution
[39]. These loading approaches might potentially cause damage to the drug and exclude large
molecules to be absorbed in a bulk gel. Similar to thermoresponsive nanoparticle networks
[39], our thermoresponsive nanoparticle composite hydrogels would allow the drug mixed into
the nanoparticle dispersion at room temperature, thereby reducing the above limitation.

PEGDA MW was found to be the most important factor for swelling ratio with higher MW
PEGDA having higher swelling ratios. Similar to our studies, DiRamio et al. have also shown
that the swelling ratios increased as the molecular weight of the cross-linker increased for their
PEG methacrylate/dimethacrylate hydrogels [40]. Evaluating the hydrogel swelling ratios was
important as it further corroborated the theory that the lower MW cross-linker would have
shorter chains than the higher MW cross-linker, and thus form a tighter, more compact network
due to the larger number of cross-links. Therefore, a lower MW cross-linker will not allow the
hydrogel to swell sufficiently (compared to the higher MW), and hence, diffusion of water into
and protein out of the hydrogel would be limited. This explains how increasing the PEGDA
MW had a positive effect on the protein release, especially in phase 111 (Figure 4g) where a
significant portion of the protein is already released and the remaining protein release is
controlled by the diffusion mechanism.

In general, our results indicate that both PNIPAM-AAmM nanoparticle concentration and
temperature govern protein release in the burst region, while PEGDA MW controls protein
release in the plateau region. In addition, PNIPAM-AAmM nanoparticle concentration plays an
important role in controlling the degree of thermoresponsiveness, whereas PEGDA MW is the
most important factor for swelling ratio of our composite hydrogel system. The outcome of
this study is that a composite hydrogel system could be tailored to obtain desired characteristics
such as drug release profiles and swelling. Furthermore, a sustained release of therapeutic
agents can be achieved by adding another layer of PEGDA on top of the composite hydrogel.
DL hydrogels consist of an outer layer of PEGDA that was protein-free surrounding and the
inner layer of PEGDA that contained the protein-loaded PNIPAM-AAm nanoparticles. Results
of protein release from DL hydrogels indicate that the protein released from PNIPAM-AAmM
nanoparticles slowly diffused first through the PEGDA network and then through the outer
layer of PEGDA. Thus, the double layer hydrogels could be used as a mean to provide a more
sustained and controlled drug/protein release in response to changes in temperature compared
to single layer hydrogels.
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Figure 1.
Principle of the photopolymerizable thermoresponsive composite nanoparticle hydrogels
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Figure 2.

(a) Comparison of identical composite nanoparticle hydrogels incubated at 23°C (left) and 40°
C (right); (b) SEM image of composite nanoparticle hydrogels with 20% (w/v) PNIPAM-AAM
nanoparticles
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Figure 3.

Protein release profiles for different composite hydrogels formulated as shown in Table 2. (a)
Hydrogels with the molecular weight of PEGDA (M) at 3.4 kDa, the concentration of PEGDA
(P) at 10% wi/v, and the concentration of PNIPAM-AAmM nanoparticles (N) at 2% wi/v. (b)
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Hydrogels with M at 8 kDa, P at 10% w/v, and N at 4% wi/v. (c) Hydrogels with M at 8 kDa,

P at 15% w/v, and N at 2% w/v. (d) Hydrogels with M at 3.4 kDa, P at 15% w/v, and N at 4%
wiv.
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Half-normal plot showing the effect of factors on the (a) protein release rate in phase |
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(burst
rate in

phase 11 (plateau release), and (h) thermoresponsiveness of the hydrogels (up to 8 hrs); 3D
surface plot showing the effect of factors on the (b) protein release rate in phase I (burst release),
(d) protein release rate in phase Il (sustained burst release), (f, g) protein release rate in phase

111 (plateau release), and (i) thermoresponsiveness of the hydrogels (up to 8 hrs)
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(a) Half-normal plot and (b) 3D surface plot showing the effect of the processing factors on

the hydrogel swelling ratio
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Table 1
Low and high levels for the half factorial design, where M is the molecular weight of PEGDA, P is the concentration
of PEGDA, N is the concentration of PNIPAM-AAmM nanoparticles, and T is the temperature

Level M (kDa) P (% wiv) N (% wiv) T(°C)
Low (0) 3.4 10 2 23
High (1) 8.0 15 4 40
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Actual values of the half 3-factor design; and the swelling ratio of the single layer hydrogels

Table 3
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Run # M (kDa) P (% wiv) N (% wiv) Swelling Ratio
1 3.4 10 2 12.79
2 8.0 10 4 19.05
3 8.0 15 2 17.31
4 34 15 4 9.95
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