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Abstract
Cell behavior is guided by the complex interplay of matrix mechanical properties as well as
soluble and immobilized biochemical signals. The development of synthetic scaffolds that
incorporate key functionalities of the native extracellular matrix (ECM) for support of cell
proliferation and tissue regeneration requires that stiffness and immobilized concentrations of
ECM signals within these biomaterials be tuned and optimized prior to in vitro and in vivo studies.
A detailed experimental sensitivity analysis was conducted to identify the key polymerization
conditions that result in significant changes in both elastic modulus and immobilized YRGDS
within visible light photopolymerized poly(ethylene glycol) diacrylate (PEGDA) hydrogels.
Among the polymerization conditions investigated, single as well as simultaneous variations in N-
vinylpyrrolidinone (NVP) and precursor concentrations of Acryl-PEG3400-YRGDS resulted in a
broad range of hydrogel elastic modulus (81 – 1178 kPa) and YRGDS surface concentration (0.04
– 1.72 pmol/cm2). Increasing the YRGDS surface concentration enhanced fibroblast cell adhesion
and proliferation for a given stiffness, while increases in hydrogel elastic modulus caused
decreases in cell adhesion and increases in proliferation. The identification of key polymerization
conditions is critical for the tuning and optimization of biomaterial properties and the controlled
study of cell-substrate interactions.
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Introduction
Native cell function is dictated by a complex interplay of matrix mechanical properties as
well as the spatial and temporal presentation of soluble and immobilized biochemical
signaling molecules of the native extracellular matrix (ECM). Tissue engineering has
attempted to recreate this multifaceted environment using synthetic biomaterials [1-4].
Among the classes of synthetic polymer scaffolds, hydrogels composed of covalently
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crosslinked poly(ethylene glycol) diacrylate (PEGDA) have been extensively used in tissue
engineering due to their inherent biocompatibility and facile tuning of mechanical and
physical properties through alterations in polymerization conditions [5,6]. PEGDA
hydrogels are resistant to non-specific protein adsorption and cellular adhesion in the
absence of cell signaling molecules thus providing a blank slate upon which specific ECM
cues can be incorporated within their crosslinked network. By reacting N-
hydroxysuccinimidyl ester derivatives of PEG monoacrylates with the cell adhesion peptide
RGD, Hern and Hubbell showed that photopolymerizable RGD containing monoacrylated
macromers of PEG (MW=3400 Da) could be used to tether RGD to the hydrogel network
upon photopolymerization [7]. Studies employing this approach, have shown that PEGDA
hydrogels immobilized with RGD support the specific adhesion of fibroblasts [7],
endothelial cells [8,9], smooth muscle cells (SMC) [6], pre-osteoblastic cells [10], and
neurites [11,12] in vitro. This chemistry has also been adapted to engineer PEGDA scaffolds
that support specific cellular interactions through covalent incorporation of growth factors
and crosslinked enzymatically degradable peptide domains sensitive to cell-mediated
proteolysis [3,13-24].

In order to develop a functional biomaterial scaffold that supports 3D cell behavior, the
incorporation and final concentration of matrix biochemical cues as well as mechanical
properties should be quantified a priori to in vitro cell culture or in vivo experiments in a
systematic and reproducible manner [25]. While extensive studies have investigated the
effects of polymerization conditions on the mechanical and/or physical properties of
PEGDA hydrogels and how these properties in turn influence cell function [6,8,13,26],
limited studies have investigated the effects of polymerization conditions on immobilized
concentrations of ECM signals [7,10], which are equally important scaffold design variables
that determine the adhesion, migration and proliferation of anchorage-dependent cells.
Previous studies using radiolabeling experiments to track the incorporation of the cell
adhesion ligand YRGDS have shown that the incorporation of acryl-PEG3400-YRGDS
macromers into ultraviolet light (UV) photopolymerized PEGDA hydrogel scaffolds
increased from 81 to 97% through individual variations in either the concentration of the
acryl-PEG-peptide conjugate and the PEGDA crosslinking agent in the precursor solution
[7]. Based on these results, this study demonstrated that cell adhesion and spreading
increased with immobilized YRGDS content in a dose-dependent manner. Khatiwala et al.
used a fluorescently labeled lysine as an RGD surrogate to track adhesion peptide
incorporation [10] in PEGDA hydrogels photopolymerized in the presence of UV for a fixed
exposure time of twenty minutes. They showed that peptide incorporation was independent
of gel composition with no significant differences in relative fluorescence intensity observed
between gels that varied in stiffness by an order of magnitude. However it is not clear how
incorporated levels of YRGDS would change under different polymerization times and
variations in other polymerization conditions. Other studies have focused on altering RGD
functionalized PEGDA hydrogel mechanical properties independent of variations in
biochemical composition through the addition of a non-acrylated PEG that does not
participate in the crosslinking reaction to the prepolymer solution [6]. This approach was
used to show that increasing the fraction of non-acrylated PEG decreased the hydrogel
modulus. Furthermore, 2D SMC’s proliferated to a greater extent on stiffer hydrogels
whereas increases in RGD precursor composition resulted in hydrogels that promoted
increased SMC focal adhesion area [6]. While the above-mentioned studies have focused on
controlling PEGDA hydrogel properties and the incorporation of adhesion ligands via
alterations in composition of individual precursor components, a variety of polymerization
conditions dictate the final biomaterial properties. Limited studies have looked at the
simultaneous variation of polymerization conditions as a means for controlling hydrogel
mechanical properties and consequently cell behavior. Using visible light
photopolymerization, Elbert and Hubbell [8] showed that through simultaneous increases in
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the fraction of PEG diacrylates containing attached RGD peptides as well as the
concentration of N-vinylpyrrolidinone (NVP), substantial increases in 2D endothelial cell
projected area could be achieved. In addition, this study also illustrated that small alterations
in NVP precursor concentration led to substantial effects on gel mechanical properties and
endothelial cell projected area [8]. However, an investigation of the effects of variations in
multiple polymerization conditions on both immobilized ECM signals and mechanical
properties of PEGDA hydrogels has not been previously conducted.

While the aforementioned studies have provided insight on the role of polymerization
conditions in determining the mechanical properties and/or incorporated levels of ECM
signals within hydrogels, there has yet to be a comprehensive examination of how
polymerization conditions influence the resultant properties of PEGDA scaffolds formed via
free-radical photopolymerization in the presence of visible light. In this study we quantify
the effects of alterations in multiple polymerization conditions such as exposure time and
light intensity, as well as variations in precursor concentrations of the photoinitiator Eosin
Y, comonomer and accelerator of free-radical polymerization, NVP, the biofunctional
acrylate-PEG-YRGDS macromer, and the concentration and molecular weight of the
crosslinking agent PEGDA on the resultant elastic modulus and immobilized YRGDS
concentration. Alterations in these conditions were chosen based on the critical role they
play during free-radical photopolymerization influencing both the incorporation of pendant
functionalities (RGD) into the scaffold as well as hydrogel crosslinking, which can be
correlated to the hydrogel mechanical properties. A detailed experimental sensitivity
analysis of the effects of polymerization conditions on PEGDA scaffold mechanical
properties as well as the final concentration of the cell adhesion ligand YRGDS in hydrogels
formed using visible light free-radical photopolymerization is presented. Our studies show
that a broad range of elastic modulus and adhesion ligand concentration can be achieved in
this photopolymerization system through the simultaneous variation of specific
polymerization conditions. Finally, we evaluate the effect of final matrix properties
(immobilized YRGDS concentration and elastic modulus) on 2D fibroblast cell adhesion
and proliferation in vitro.

Materials and Methods
Materials

PEG (MW = 3400 & 8000 Da), triethylamine 99%, triethanolamine (TEA) >99.5%, 1-
vinyl-2-pyrrolidinone (NVP) >99%, Eosin Y 80% and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) sodium salt 99% were purchased from Sigma-
Aldrich (St Louis, MO). Acryloyl chloride 96%, potassium carbonate, magnesium sulfate,
diethyl ether 99.9%, sodium bicarbonate, anhydrous dichloromethane 99.9%, sodium
chloride, 10× phosphate buffered saline (PBS), Dulbecco’s modified eagle’s medium
(DMEM), heat inactivated fetal bovine serum (FBS), penicillin(5000 I.U./mL)-
streptomycin(5 mg/mL) solution (PenStrep) and 1× trypsin 0.05% were obtained from
Fisher Scientific (Hanover Park, IL).

Cell Culture
NIH 3T3 fibroblasts were maintained in DMEM supplemented with 10% FBS and 1%
PenStrep at 37° C and 5% CO2. Cells were grown to confluence and collected by incubation
with trypsin for 5 minutes followed by centrifugation for 10 minutes at 200 g.

MTS Cytotoxicity Assay
In this study we make use of visible as opposed to UV light photopolymerization for the
fabrication of PEGDA hydrogel scaffolds. To investigate the effect of UV versus visible
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light photoinitiator on cell viability, an MTS cytotoxicity assay (Promega, Madison, WI)
was performed. Fibroblasts were seeded at a density of 5000 cells/well in a 96-well plate
and allowed to adhere for 24 hours. The cells were then washed 1× with phosphate buffered
saline (PBS) and exposed to either UV or visible wavelength light with and without the
corresponding initiator for five minutes. Test conditions included exposure to (i) visible light
(λ = 514 nm; 100 mW/cm2), (ii) visible light with 0.05 mM eosin Y and 225 mM TEA
(visible light photoinitiator system), (iii) UV light (λ = 365; 11.6 mW/cm2), and (iv) UV
light with the photoinitiator 2-hydroxy-2-methylpropiophenone (Irgacure 1173). A five
minute exposure time was selected since it is a commonly employed exposure time for UV-
based photopolymerized PEGDA hydrogels [27] and since it also represents the longest
exposure time used to crosslink the visible light photopolymerized scaffolds in the presented
study. Following exposure to above-mentioned test conditions, each well was washed with
1× PBS and fresh culture media added. Control samples were subjected only to the buffer
washes. Surviving cells were cultured for 48 hours at 37° C before performing the MTS
cytotoxicity assay as outlined in the manufacturer instructions.

Acrylation of poly(ethylene glycol)
PEGDA macromers were produced through the chain-end acrylation of PEG. Briefly, 24 g
of PEG (MWPEG = 3400 or 8000 Da) was dissolved in 80 mL anhydrous dichloromethane
and combined with triethylamine at a 2:1 mole ratio under argon purged conditions with
continuous stirring. Acryloyl chloride was then added at a 4:1 mole ratio to the PEG and
reacted overnight in the dark. Aqueous byproducts of the reaction were removed via the
addition of 2 M potassium bicarbonate at a 4:1 mole ratio to the PEGDA and collection of
the organic phase following a three day separation. The resulting PEGDA solution was
washed with magnesium sulfate and precipitated using 4 L diethyl ether. Precipitated
PEGDA was dried under vacuum and stored until use at −20° C. Acrylation efficiency of
PEGDA was confirmed to be above 90% using nuclear magnetic resonance (1H NMR).

Conjugation of YRGDS
Acryl-PEG3400-YRGDS was synthesized by reacting the terminal amine of the cell adhesion
peptide YRGDS (American Peptide, Sunnyvale, CA) with the succinimidyl valerate ester
(SVA) of an acryl-PEG3400-SVA (MW = 3400 Da; Laysan Bio Inc, Arab, AL) in 50 mM
sodium bicarbonate (pH 8) at a 1:1 mole ratio for two hours. The reaction mixture was then
dialyzed for 24 hours (Slide-A-Lyzer® Dialysis Cassette 2000 MWCO; Fisher Scientific,
Hanover Park, IL) to remove unreacted peptide, lyophilized and stored at −80° C until use.
For simplicity, acryl-PEG3400-YRGDS will be henceforth referred to as YRGDS.

Photopolymerization of PEGDA Hydrogels
PEGDA macromers of varying molecular weight were polymerized in the presence of the
chain transfer agent, TEA, the accelerator and co-monomer, NVP, and the visible light
photoinitiator, eosin Y. The PEGDA macromer, TEA and NVP were dissolved in deionized
water and the pH adjusted to ~8.3. The cell adhesion peptide YRGDS was then dissolved in
the precursor solution prior to the addition of eosin Y and subsequent photopolymerization.
The standard polymerization condition was defined as a precursor composition consisting of
25% PEGDA, 225 mM TEA, 37 mM NVP, 0.05 mM eosin Y and 5 mg/mL YRGDS with
hydrogels polymerized for 1 minute at 100 mW/cm2 using visible light (λ = 514 nm)
produced by an Argon Ion laser (Coherent, Inc., Santa Clara, CA).

Quantification of YRGDS Incorporation in PEGDA Hydrogels
The efficiency of YRGDS incorporation into the crosslinked hydrogel network was
quantified by radiolabeling the tyrosine residue [7] for a variety of polymerization
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conditions as identified in Table 1. Briefly, 5 mg unconjugated YRGDS was dissolved in
reaction buffer (1× PBS; pH = 6.5), combined with 1 mCi sodium iodine (PerkinElmer
Health Sciences Inc., Shelton, CT) in the presence of iodination beads (Pierce, Rockford IL)
and allowed to react for 15 minutes. The iodinated YRGDS was dialyzed (Spectra/Por® CE
Float-A-Lyzer® 500 Da MWCO, Spectrum Laboratories, Rancho Dominguez, CA) against
deionized water for 48 hours with a minimum of four bath water changes to remove any
free 125I. The labeled YRGDS was then conjugated to a mono-acrylated PEG as outlined
above and stored at −80° C in a lead lined container until use. To track YRGDS
incorporation in PEGDA hydrogels, radiolabeled YRGDS was added to the precursor in an
amount not exceeding 30 wt % of the total peptide. Prior to polymerization, the activity of
the precursor solution for each hydrogel (200 μL) was measured using a Packard Cobra II
gamma counter (PerkinElmer Health Sciences Inc., Shelton, CT). Hydrogels were then
photopolymerized as outlined above in a 48-well plate followed by washing in deionized
water for 36 hours with a minimum of three bath changes to allow for diffusion of unreacted
YRGDS. Any unreacted YRGDS that was incapable of diffusing from the gel within this
time was assumed to be entrapped within the polymer network. The final activity of each
hydrogel was then recorded and compared to the corresponding precursor activity to
determine the incorporation efficiency (IE), or fraction of initial activity that remained in the
hydrogel for a given polymerization condition. In order to account for changes in YRGDS
concentration due to swelling of the matrix, the IE value was used in conjunction with a
hydrogel swelling ratio (SR) to calculate the final concentration of YRGDS in the hydrogel
according to Equation (1). Briefly, the SR was calculated by dividing the hydrogel mass
obtained in the relaxed state immediately following photopolymerization (mr) with the mass
of the hydrogel in the swollen state (ms), recorded after the hydrogel achieved equilibrium
swelling by incubation in deionized water for at least 24 hours. Average values of IE and SR
were determined for each set of polymerization conditions using a sample size of three.
Furthermore, IE and SR were found to be independent of initial hydrogel volume (data not
shown). The final bulk concentration of YRGDS in hydrogels ([YRGDS]f) was calculated
by the following relation,

(1)

where [YRGDS]i is the concentration of YRGDS in the precursor solution. The final bulk
concentration of YRGDS in the hydrogel was then used to calculate the theoretical surface
concentration available for cell adhesion on hydrogel surfaces with the height of the
bioavailable surface taken as 10 nm [7]. All radiolabeling experiments were performed in
approved areas using designated equipment and waste disposed of in accordance to
governing ordinances.

Mechanical Characterization of PEGDA Hydrogels
The mechanical properties of PEGDA hydrogels were quantified using compression
experiments. Hydrogels were polymerized using a custom made 10 mm diameter chamber
and allowed to reach equilibrium swelling before being loaded onto a TA RSA3 mechanical
tester (TA Instruments, New Castle DE) controlled by TA Orchestrator software. Samples
were compressed at a rate of −0.5 mm/min to obtain a stress vs. strain curve. The elastic
modulus of the hydrogel was taken as the slope of the linear region (<10% strain, r2 > 0.98)
of the stress vs. strain curve as has been previously reported [28,29].

2D Cell Adhesion and Proliferation Assays
Fibroblast adhesion and proliferation on PEGDA hydrogels surfaces with varying stiffness
and immobilized YRGDS concentration was visualized by phase contrast imaging and
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quantified over time using an alamarBlue™ (Trek Diagnostic Systems Inc., Cleveland, OH)
proliferation assay [30-32]. Prior to cell seeding, hydrogels were photopolymerized in a 24
well-plate using 300 μL of sterile-filtered precursor solution. Hydrogels were then swollen
for 48 hrs in sterile HEPES-buffered saline (HBS; 10 mM HEPES sodium salt and 137 mM
NaCl, pH 7.4), punched to fit a 24 well-plate and incubated with culture media for
approximately 30 min. Hydrogels were seeded with 50,000 cells/cm2 for adhesion assays
and with 10,000 cells/cm2 for quantifying proliferation. In the case of cell adhesion
experiments, cells were allowed to adhere for 4 hrs before the hydrogels were rinsed with
sodium bicarbonate buffered 1× PBS to remove unadhered cells and transferred to a new
well to avoid the inclusion of cells that may have adhered to the polystyrene walls.
Hydrogels were then submerged in 600 μL of a 5% alamarBlue™ solution in media and
incubated for 6 hrs before the supernatant was read by a Spectrimax Gemini XS fluorescent
plate reader (Molecular Devices, Sunnyvale, CA; excitation = 544 nm; emission = 590 nm).
The amount of reduced alamarBlue™ was converted to the number of cells present using a
standard curve. Fibroblast proliferation was quantified in a similar manner only cells were
allowed to adhere for 24 hrs before the first reading was taken. The alamarBlue™ assay was
then repeated as described above every other day for two weeks and the number of cells
present were normalized to day 1. Following each assay the hydrogels were transferred to
fresh media. Cell proliferation studies required a decrease in the incubation period with
alamarBlue™ from 6 hrs to 4 hrs and subsequently to 2 hrs to prevent complete conversion
of the reagent due to the increases in cell number over time. Additional standard curves were
generated to account for the shorter incubation periods.

3D Cell Encapsulation
To confirm that cells would survive visible light photopolymerization and proliferate within
PEGDA hydrogels, fibroblasts were encapsulated in an enzymatically degradable PEGDA
hydrogel. Briefly, hydrogels were rendered sensitive to cell-mediated proteolysis via the
conjugation of a collagenase sensitive peptide, GGL↓GPAGGK (↓ denotes cleavage point
by cell-secreted collagenase enzyme between the leucine and glycine residues), to acryl-
PEG3400-SVA using a 2:1 PEG to peptide mole ratio. Fibroblasts were then suspended in a
5% (w/v) prepolymer solution at a density of 5,000,000 cells/mL (37 mM NVP, 225 mM
TEA, and 0.05 mM eosin Y) and polymerized for one minute in the presence of visible light
at an intensity of 100 mW/cm2. Following five days in culture, the cells were formalin fixed
and stained for f-actin using Alexa Fluor Phalloidin (5 units/mL in PBS; Invitrogen). The
stained cells were then imaged using LSM confocal microscopy (Carl Zeiss).

Statistical Analysis
Comparisons of YRGDS incorporation and elastic modulus in PEGDA hydrogels formed
across different polymerization conditions (n = 3), as well for cell adhesion (n = 4) and
proliferation (n = 5) studies on PEGDA hydrogel surfaces were expressed as mean ±
standard deviation. Statistical significance was evaluated using one-way ANOVA followed
by a Tukey’s post-test (SigmaStat 3.5) with p < 0.05 considered significant.

Results
Cytotoxicity of UV and Visible Light Free-Radical Photolymerization

To investigate the effect of UV and visible light on cell viability, fibroblasts were exposed to
both wavelengths of light in the absence and presence of the corresponding photoinitiator
system. As shown in Figure 1, exposure to visible light (λ = 514 nm) did not decrease in the
total number of viable cells as compared to the control. However, exposure to UV
wavelength light (λ = 365 nm) resulted in a 37% decrease in total cell number and is likely
due to damage or mutations to the cellular DNA. Addition of either type of photoinitiator in
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combination with light exposure caused a decrease in the total cell number as compared to
the control. Specifically, the eosin/TEA photoinitiator system caused a 60% decrease in total
cells number as compared to both the control and visible light alone. The combination of
UV light exposure and the UV photoinitiator (Irgacure 1173) resulted in no observed cell
survival.

YRGDS Incorporation as a Function of Precursor Composition and Polymerization
Conditions

The effect of alterations in polymerization conditions on the incorporation of the cell
adhesion ligand YRGDS into crosslinked PEGDA scaffolds was evaluated by radiolabeling
and adjusted to account for changes in YRGDS concentration due to hydrogel swelling. In
the data presented in Figure 2, YRGDS incorporation was quantified as a function of visible
light exposure time, light intensity, PEGDA precursor concentration, eosin Y photoinitiator
concentration and PEGDA macromer molecular weight based on the specified ranges
presented in Table 1. The PEGDA macromer molecular weights of 3400 and 8000 Da were
selected based on the fact that they have been commonly used to support a variety of cell
functions for soft tissue engineering [6-8,27,33,34]. Each of the specified polymerization
conditions were varied individually while all other conditions were kept constant. The data
shown in Figures 2A and 2B demonstrate there is a statistically significant increase in
YRGDS incorporation with increased exposure time and light intensity, respectively.
Increasing the duration of polymerization from 0.5 to 5 minutes increased the concentration
of YRGDS in the resultant hydrogel by 137% (0.63 to 1.49 mg/mL) for hydrogels
photopolymerized using a PEGDA macromer molecular weight of 3400 Da as compared to
a 68% (0.73 to 1.23 mg/mL) increase in YRGDS concentration when an 8000 Da PEGDA
macromer was used. Increases in the intensity of the incident light from 50 to 200 mW/cm2

resulted in a 55% (0.6 to 0.93 mg/mL) and a 39% (0.56 to 0.78 mg/mL) increase in YRGDS
concentration for hydrogels photopolymerized using PEGDA macromer molecular weights
of 3400 Da and 8000 Da, respectively. As expected, increases in the duration of
photopolymerization or the light intensity result in higher monomer conversion and
consequently in increased YRGDS incorporation. Decreases in YRGDS incorporation were
observed with increasing the PEGDA precursor weight percentage irrespective of the
PEGDA macromer molecular weight used to crosslink the hydrogels (Figure 2C).
Specifically, increasing the precursor weight percentage of the PEGDA macromer from 15
to 40% (w/vol) resulted in a 49% decrease (1.36 to 0.70 mg/mL) and a 66% decrease (1.82
to 0.61 mg/mL) in YRGDS concentration for hydrogels formed with PEGDA macromer
molecular weights of 3400 Da and 8000 Da, respectively. Increases in the PEGDA monomer
weight percent results in a decreased mass fraction of YRGDS in the prepolymer solution. It
is well established that copolymer composition is only a function of the reactivity ratios
which represent the relative reactivity of a monomer to a given radical and the monomer
mixture composition. Since the YRGDS monomer mass fraction is reduced in the monomer
mixture with increasing PEGDA content, then consequently the YRGDS fraction in the
copolymer and resultant hydrogel will decrease. The effect of variations in eosin Y
photoinitiator concentration on the final YRGDS concentration within the hydrogels was
also investigated. In contrast to the alterations in the polymerization conditions presented in
Figure 2 (A-C), increases in the concentration of eosin Y had little effect on the
incorporation of YRGDS (Figure 2D). For both PEGDA macromer molecular weights the
concentration of YRGDS in the resultant hydrogels remained constant around 0.89 mg/mL
for all variations in eosin Y concentration. This suggests that for the given system initiation
may be limited by the intensity of the incoming light and not the concentration of eosin Y.

Figure 2 illustrates that for certain alterations in polymerization conditions statistically
significant differences in YRGDS incorporation were observed among hydrogels
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polymerized under the exact conditions but with different PEGDA macromer molecular
weights. These differences in YRGDS incorporation are most evident in the data presented
in Figure 2C. Hydrogels formed using a prepolymer solution containing a 15% weight
fraction (w/vol) of the PEGDA crosslinking agent exhibited a 34% increase (1.36 to 1.82
mg/mL) in immobilized YRGDS concentration with a PEGDA macromer weight of 8000
Da as compared to hydrogels formed with a macromer molecular weight of 3400 Da. These
observed differences in immobilized YRGDS concentration between the two PEGDA
macromer molecular weights can be better understood if the respective precursor mole
fractions of PEGDA and YRGDS used to crosslink these hydrogels and the molecular
weight of the YRGDS macromer conjugate (fixed at 4000 Da) are considered. For example,
use of a PEGDA 8000 Da macromer as compared to a PEGDA 3400 Da macromer results in
a 31.8% decrease in the precursor PEGDA macromer mole fraction and a 63.6% increase in
the precursor mole fraction of YRGDS for a precursor solution consisting of 25% PEGDA,
37 mM NVP, and 5 mg/mL YRGDS. This change alters the kinetics of polymerization
resulting in higher YRGDS incorporation. However, these differences do not always appear
to be significant and in some cases (Figure 2A and 2B) this effect was negated due to the
slower kinetics of the higher macromer molecular weight of the PEGDA crosslinking agent.
Therefore, subsequent studies were limited to using a PEGDA macromer of molecular
weight equal to 3400 Da.

The data presented in Figure 2 illustrates that the selection of polymerization conditions is
critical in controlling the final concentrations of immobilized cell adhesion ligands in
photopolymerized PEGDA hydrogels. Based on variations in polymerization conditions
presented in Figure 2, the range of immobilized YRGDS obtained was between 0.56-1.82
mg/mL. In order to induce more substantial changes in YRGDS incorporation, the effect of
NVP, a co-monomer and accelerator of free-radical polymerization, was considered. It has
been previously reported that the addition of NVP in the precursor solution accelerates free-
radical polymerization by preventing the scavenging of free-radicals by oxygen [35].
Furthermore, previous studies have indicated that variations in precursor concentrations of
NVP alter PEG hydrogel mechanical properties [8]. We therefore hypothesized that
simultaneous alterations in NVP and YRGDS would also lead to substantial changes in
YRGDS incorporation. As indicated in Figure 3, simultaneous variations in NVP and
YRGDS precursor concentrations resulted in a broader range of immobilized YRGDS
incorporation in hydrogels as compared to those achieved through the altered conditions
presented in Figure 2. Specifically, the range of immobilized YRGDS obtained with these
simultaneous changes in polymerization conditions was between 0.2-6.9 mg/mL with
statistical significant differences observed when comparing groups formed with fixed
precursor concentration of YRGDS but with varying NVP concentration. This suggests that
NVP plays a critical role in tuning immobilized YRGDS concentration in photopolymerized
PEG scaffolds. Figure 3 also demonstrates that increasing the precursor concentration of
YRGDS from 1 to 5 to 15 mg/mL for a given concentration of NVP results in significant
changes in the concentration of YRGDS in the resultant hydrogels (significance omitted
from graph for clarity).

Elastic Modulus of PEGDA Hydrogels as a Function of Precursor Composition
The simultaneous variation in precursor concentrations of NVP and YRGDS also led to a
broad range in hydrogel elastic modulus. As shown in Figure 4, increasing the NVP
concentration resulted in statistically significant increases in the elastic modulus of the
resultant hydrogels. A four-fold increase in NVP concentration increased the elastic
modulus by an order of magnitude from 136, 81, 84 and 103 kPa (at 37 mM NVP) to 1131,
1178, 1070 and 1095 kPa (at 148 mM NVP) for hydrogels polymerized with 0, 1, 5 and 15
mg/mL precursor YRGDS concentrations, respectively. While the data demonstrate
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statistically significant differences in elastic modulus among groups of constant NVP
concentration with variable YRGDS precursor concentration, these observed differences
were not as substantial as compared to the differences noted in elastic modulus for hydrogels
polymerized with varying NVP concentration. For a given concentration of NVP, the elastic
modulus varies only on average by 7.9 ± 8.9% from the mean for a mass fraction range of
YRGDS between 0-5.4%. In contrast, a four-fold increase in NVP concentration resulted in
a 10 fold increase in elastic modulus.

Adhesion and Proliferation of Fibroblasts as a Function of Scaffold Properties
The interplay between scaffold modulus and the concentration of immobilized cell adhesion
ligand (YRGDS) on cell adhesion and proliferation was quantified using an alamarBlue™
proliferation assay. Fibroblast adhesion on the surface of PEGDA hydrogels was quantified
based on the broad range of matrix properties identified in Figures 3 and 4. Figure 5A shows
fibroblast adhesion following four hours of incubation as a function of elastic modulus for
various precursor concentrations of YRGDS. The data indicate that fibroblast adhesion
increases on hydrogel surfaces with decreasing elastic modulus. The data in Figure 5A also
illustrate that cell adhesion is enhanced when these hydrogels are polymerized with
increasing precursor concentrations of YRGDS and that cell adhesion eventually remains
constant above a certain precursor concentration of the cell adhesion ligand (5 mg/mL)
across the range of elastic modulus investigated. Fibroblast adhesion was also quantified in
terms of the average immobilized surface concentration of YRGDS for a variable range of
elastic modulus (Figure 5B). Higher levels of fibroblast adhesion were achieved with initial
increases in immobilized surface concentration of YRGDS and decreasing elastic modulus.
Cell adhesion was also found to eventually approach saturation with respect to immobilized
surface concentration of YRGDS for all ranges of elastic modulus investigated.
Furthermore, more compliant PEGDA hydrogel matrices exhibited saturation in cell
adhesion at lower YRGDS surface concentration as compared to stiffer surfaces suggesting
that less YRGDS is required for cells to bind to less stiff substrates.

The proliferation of fibroblasts on PEGDA hydrogel surfaces with varying elastic modulus
and surface concentration of YRGDS was also quantified. Four polymerization conditions
were chosen such that the extremes in elastic modulus and YRGDS surface concentration
were investigated. Figure 6 illustrates that fibroblast proliferation increased with increasing
hydrogel stiffness over a period of two weeks. Furthermore, fibroblast proliferation was
found to increase with increasing YRGDS surface concentration on hydrogels with a similar
elastic modulus. Figure 6 also suggests that stiffness had a greater effect on fibroblast
proliferation than the bioavailable surface concentration of YRGDS. While not statistically
significant, by day 15 fibroblasts had proliferated 23% more on stiffer scaffolds (1178.4
kPa) with a low YRGDS concentration (0.18 pmol/cm2) than on more compliant scaffolds
(102.8 kPa) that contained a higher concentration of immobilized YRGDS (0.61 pmol/cm2).

Fibroblast adhesion and proliferation was also visualized by phase contrast imaging. As
shown in Figure 7A-C, four hours post-seeding cells are adhered to scaffolds but have a
rounded morphology. At this same time point the scaffolds with a higher elastic modulus
(1095 kPa) and the highest immobilized concentration of YRGDS, have begun to show
spreading and the appearance of a flattened cell morphology (Figure 7D). By day 3 (Figure
7E-H), adhered and fully spread fibroblasts can be seen for all conditions. However, the total
number of observed cells increases with both increasing elastic modulus and increasing
surface concentration of YRGDS. This trend is also evident seven days post-seeding (Figure
7I-L) with fewer adhered cells present on the more compliant scaffolds with the lowest
surface concentration of YRGDS and with increasing number of adhered cells observed with
increases in elastic modulus and surface concentration of immobilized YRGDS. The
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scaffold with the highest elastic modulus and surface YRGDS concentration (Figure 7L)
exhibited the largest cell population at Day 7 with cells approaching a confluent monolayer.

3D Cell Encapsulation
To confirm that cells can survive visible light photopolymerization and that this
photopolymerization system is translatable to 3D cellar studies, fibroblasts were suspended
in the hydrogel precursor and exposed to visible light during the crosslinking process. Due
to the inherent mesh size of crosslinked PEGDA hydrogels being less than the average
diameter of a cell [36], the scaffolds were rendered sensitive to cell-mediated proteolysis
through the inclusion of a collagenase-sensitive peptide sequence within the polymer
backbone to enable cell growth within the crosslinked hydrogel matrix. As shown in Figure
8, after 5 days in culture the fibroblasts have assumed a 3D morphology with extended
processes and have begun to form cell-cell connections. This suggests that the fibroblasts
not only endured photoencapsulation but that they are proliferating and actively remodeling
the polymer matrix.

Discussion
The development of a functional synthetic hydrogel scaffold that supports cell growth and
tissue regeneration is highly dependent upon both the mechanical properties and the final
concentration of embedded biofunctional signals within the polymeric biomaterial. These
biomaterial properties are dictated by the prepolymer composition and selected
polymerization conditions whose effects on biomaterial properties should be investigated
and fully understood prior to scaffold fabrication for in vitro and in vivo studies. Although
significant progress has been made with respect to controlling cell behavior as a function of
either gel mechanical properties or immobilized biofunctional signal presentation in PEGDA
scaffolds, to our knowledge a quantitative analysis of the effects of multiple polymerization
conditions on both the elastic modulus and incorporated levels of an immobilized cell
adhesion ligand (YRGDS) has not been previously conducted for visible light
photopolymerization.

To investigate UV and visible light cytotoxic effects on cells, fibroblasts were exposed to
both wavelengths of light in the absence and presence of the UV and visible light
photoinitiators. As indicated by Figure 1, although there was a decrease in cell survival in
the presence of both visible light and the visible light photoinitiator as compared to exposure
to visible light alone as well as to the control, the exposure of cells to the UV light
photoinitiator system resulted in no observed cell survival. In either case, the decrease in
total cell number following the addition of the photoinitiator is likely due to the transfer of
free-radicals from the initiator to the cells. This could result in cellular damage that could
affect their viability proliferation. However, it is important to note that in a polymer system,
the free radicals would be transferred from the initiator to the PEG macromers as well as to
polymer chains which would serve as additional sinks for free-radicals during
polymerization. Therefore, the results from this cytotoxicity study are most likely an
overestimation of the toxic effects that the initiators would have on cells during the
photopolymerization. Nonetheless, the initiator cytotoxicity studies demonstrate that UV
light is more toxic and damaging to cells than longer wavelength visible light. This is an
important aspect to consider when cells are polymerized in the presence of light resulting in
cellular encapsulation within the hydrogel network. Figure 8 as well as our previously
published studies [37,38] using visible light photopolymerization indicate that cells are able
to proliferate and form cell-cell contacts within the hydrogel scaffolds indicating that this
system is readily translatable to 3D cellular tissue engineering applications.
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In this study, a detailed experimental sensitivity analysis of free-radical polymerization
conditions was performed to identify conditions that would induce significant changes in
hydrogel mechanical properties as well as in incorporated levels of YRGDS and to quantify
the effects of these properties on 2D cell behavior. The data indicate that the final
concentration of YRGDS is highly dependent on the kinetics of polymerization as well as
the precursor composition. YRGDS incorporation increased with increasing YRGDS
precursor concentration, exposure time, light intensity, NVP concentration, and with
decreasing precursor concentrations of the PEGDA macromer (Figures 2 and 3).
Unincorporated YRGDS was found to diffuse from the hydrogels within 24 hours, which
could in theory provide a short term signaling pathway to stimulate cells to invade a
scaffold. Hydrogel elastic modulus was also found to be highly dependent on the
polymerization conditions with the largest changes associated with variations in the NVP
monomer concentration (Figure 4). It was also noted that small changes in polymerization
conditions could induce significant changes in either elastic modulus or the final
concentration of YRGDS (Figures 2-4). Our results demonstrate that simultaneous
alterations in NVP and YRGDS precursor concentrations result in wide ranges of hydrogel
elastic modulus (81 – 1178 kPa) and final YRGDS surface concentration (0.04 – 1.72 pmol/
cm2) (Figures 3 and 4). Furthermore, this wide range of biomaterial properties was capable
of inducing statistically significant differences in cell proliferation (Figure 6). Therefore, the
simultaneous alteration in YRGDS and NVP precursor concentration play a critical role in
controlling the final concentration of RGD as well as the matrix stiffness which in turn
provide a wide range of design criteria used for the fabrication of scaffolds that support the
growth of multiple cell types and tissues [26].

In order to estimate immobilized surface concentrations of YRGDS, the bioavailable surface
was assumed to be the top 10 nm of the hydrogels [7]. This assumption was first utilized by
Hern et al in 1998 [7] but was reconsidered in a subsequent study by Elbert and Hubbell
suggesting that it overstated the accessible peptide concentration by a factor of 40-100 [8].
In 2003, Behravesh et al. used antibody-based techniques to quantitatively determine that
the bioavailable surface of hydrogels composed poly(propylene fumarate-co-ethylene
glycol) with a MW of 5000 Da was approximately 4.4 nm [39]. While there is not a general
relationship that can be applied to all PEG hydrogels, it is believed that 10 nm is a valid
approximation given the fact that the bioavailable surface will vary in thickness across the
polymerization conditions investigated.

Previous work on YRGDS incorporation in PEGDA hydrogels formed by UV
photopolymerization showed an 81 to 97% incorporation of acrylated YRGDS with
incorporation efficiency remaining above 95% except in the case of extremely low precursor
YRGDS concentrations [7]. This direct correlation between YRGDS precursor
concentration and final YRGDS surface concentration is consistent with the trend observed
in the data presented in this study. The use of visible light photopolymerization in the
presence of the photoinitiator eosin Y, yielded a wide range in hydrogel elastic modulus (81
– 1178 kPa) as well as final YRGDS concentration (0.17 – 6.86 mg/mL) when coupled with
simultaneous variations in initial NVP and YRGDS concentrations. This corresponds to an
incorporation efficiency range of 23 to 66%. Although this range of incorporation is lower
than that reported in previous studies of PEGDA hydrogels formed using UV
photopolymerization, similar surface concentrations of YRGDS were achieved. The
quantified values of YRGDS incorporation efficiency in the present study correspond to
surface concentrations of YRGDS ranging from 0.04 to 1.7 pmol/cm2 as compared to
0.0087 to 0.71 pmol/cm2 reported previously [7]. In addition, previous studies have
indicated that a minimum surface concentration of 1 pmol/cm2 YRGDS, immobilized via a
3400 Da PEG spacer, was required for fibroblast adhesion [7]. In contrast, in the present
work cell adhesion was observed for surface concentrations as low as 0.04 pmol/cm2

Turturro et al. Page 11

Biomed Mater. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



YRGDS. Although this previous study did not quantify elastic modulus as a function of
alterations in polymerization conditions, UV polymerization occurs at a faster rate as
compared to visible light induced free-radical polymerization resulting in more crosslinked
scaffolds. Since the bioavailable surface of a hydrogel is here defined as the top 10 nm [7],
the ability of cells to interact with tethered adhesion sites is a direct function of the crosslink
density of the polymer network. Therefore, the observed differences in the minimum
YRGDS surface concentration required for fibroblast adhesion is most likely attributed to
the lower elastic modulus achieved in our system enabling the cells to more readily interact
with pendant YRGDS groups on the hydrogel surface. This hypothesis is also supported in
the cell adhesion data presented in Figure 5B, which indicate that a higher surface
concentration of YRGDS is required for fibroblasts to bind to stiffer matrices. More
crosslinked polymer networks restrict the accessibility of YRGDS to cell surface receptors
thus requiring a higher surface concentration to support adhesion.

Among the various parameters evaluated, alterations in the concentration of the NVP
monomer had the greatest effect on both hydrogel elastic modulus and immobilized
concentration of YRGDS. This result was expected as NVP is an accelerator of free-radical
polymerization and has been shown to significantly increase the overall conversion of
crosslinked acrylate polymers [35]. White et al. showed that NVP is capable of diffusing
through low mobility polymer networks promoting additional reaction diffusion controlled
termination and increasing crosslink density through greater double bond conversion [35].
NVP has also been shown to counteract the inhibition of free-radical acrylate polymerization
by atmospheric oxygen [40]. Therefore, increases in NVP precursor concentration result in
more crosslinked polymer networks while simultaneously increasing the incorporation of
pendant YRGDS sites. NVP has also been previously identified as an important parameter in
increasing both the storage modulus of PEGDA hydrogels as well as spread area of adherent
endothelial cells [8]. Studies have shown that variations in the NVP/acrylate mole ratio from
0.28-0.98 caused an eight-fold increase in hydrogel storage modulus and doubled the spread
area of adherent cells for a fixed concentration of RGD for gels polymerized using a
PEGDA monomer of molecular weight equal to 3400 Da. We observed similar results using
an NVP/PEGDA mole ratio ranging from 0.25-2, which corresponds to an NVP/acrylate
mole ratio ranging from 0.125-1. Furthermore, the aforementioned study concluded that the
NVP/acrylate ratio in the precursor was more critical in inducing changes in hydrogel
storage modulus than the NVP precursor concentration [8]. This fact helps explain the
reverse trend in YRGDS incorporation observed as the concentration of PEGDA macromer
was increased (Figure 2C). As the concentration of PEGDA in the precursor was increased
from 15 to 40%, the mole ratio of NVP/acrylate decreased from 0.42 to 0.16 for a PEGDA
macromer molecular weight of 3400 Da and from 0.98 to 0.37 for a PEGDA macromer
molecular weight of 8000 Da. These decreases in the NVP/acrylate mole ratio resulted in a
reduced PEGDA macromer conversion leading to lower YRGDS incorporation.

Based on the fact that variations in the polymerization conditions have a profound impact on
the hydrogel mechanical properties as well as the incorporated levels of biofunctional cues it
is important to develop an understanding of how slight variations in these biomaterial
properties can in turn influence cell behavior. Previous studies with PEG-based polymer
networks have shown that increases in the precursor concentration of RGD caused increases
in the projected area of adherent endothelial cells [8], SMC focal adhesion area [6] and more
rapid adhesion of human foreskin fibroblasts (HFF) [41]. Although, increases in RGD
precursor content are likely to induce increases in its incorporation over certain
polymerization conditions, these studies did not quantify cell behavior as a function of
incorporated levels of YRGDS presented to cells on the hydrogel surface. In addition,
increases in the projected area of adherent endothelial cells [8] and SMC proliferation [6]
were observed as hydrogel stiffness increased. Our results indicate that increasing the
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surface YRGDS concentration resulted in increased adhesion and proliferation for a constant
elastic modulus (Figures 5B, 6 and 7). Furthermore, increases in hydrogel elastic modulus
caused a significant increase in proliferation while decreasing adhesion (Figures 5A, 6 and
7). This is most likely attributed to the fact that fibroblasts require more YRGDS to bind
stiffer matrices in a given time frame. When both YRGDS incorporation and elastic
modulus were increased simultaneously, we observed a much greater increases in
proliferation (Figure 6). However, failure to supply the cells with an adequate concentration
of adhesion ligand could confound these results. Therefore it is important to understand how
altering a specific polymerization condition will influence a scaffold’s properties and in turn
cell behavior.

Although the current study was limited to fibroblast behavior in a 2D system, the presented
techniques can be easily extended to other cell types, for the immobilization of multiple
ECM signaling molecules and more complex 3D systems. We present a systematic approach
demonstrating that the selection and manipulation of polymerization conditions, such as
prepolymer concentrations of NVP and YRGDS, play a critical role in the resultant
properties of visible light photopolymerized PEGDA hydrogels, which in turn dictate cell
behavior. A fundamental understanding of the effects of these conditions on polymerization
and hydrogel crosslinking will ultimately guide the optimization of biomaterial properties
and rational design of biofunctional PEGDA scaffolds for numerous tissue engineering
applications.

Conclusion
A comprehensive experimental sensitivity analysis was performed to evaluate the effects of
alterations in polymerization conditions on the mechanical properties and immobilized
YRGDS concentration in visible light photopolymerized PEGDA hydrogels and to quantify
the effects of these scaffold properties on 2D cell behavior. The results identify the critical
polymerization parameters and their impact on both immobilized concentrations of the
YRGDS adhesion ligand as well as on the hydrogel elastic modulus. The results show that a
broad range of elastic modulus and adhesion ligand concentration can be achieved by
simultaneously varying the concentration of NVP and YRGDS in the prepolymer solution.
Knowledge of relationships such as these are critical for the rational design of PEGDA
scaffolds formed by free-radical photopolymerization to support growth of numerous cell
types and the regeneration of various tissues.
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Figure 1.
Quantification of cell viability following exposure to UV and visible light in the absence and
presence of corresponding initiators (n = 4; * = p < 0.05).
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Figure 2.
Quantification of the final concentration of YRGDS in swollen PEGDA hydrogels with
varying macromer molecular weights as a function of (A) exposure time, (B) light intensity,
(C) PEGDA concentration and (D) eosin Y concentration. Unless noted, hydrogels were
formed using a PEGDA concentration of 25% (w/v) and were polymerized for one minute at
100 mW/cm2 with an eosin Y concentration of 0.05 mM. All hydrogels contained a fixed
precursor YRGDS concentration of 5 mg/mL (n = 3; * = p < 0.05 and # = p < 0.001).
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Figure 3.
Quantification of the final concentration of YRGDS in swollen PEGDA 3400 hydrogels as a
function of precursor YRGDS concentration for various NVP concentrations. Hydrogels
were formed using a 25% (w/v) PEGDA 3400 precursor solution and polymerized for one
minute at 100 mW/cm2 (n = 3; * = p < 0.05 and # = p < 0.001).
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Figure 4.
Elastic modulus of PEGDA 3400 hydrogels as a function of NVP concentration for various
precursor concentrations of YRGDS (n = 3; * = p < 0.05 and # = p < 0.001).
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Figure 5.
3T3 fibroblast adhesion to PEGDA 3400 hydrogels following a four-hour incubation as a
function of (A) elastic modulus for various precursor concentrations of YRGDS and (B)
bioavailable surface concentration of YRGDS for various NVP concentrations (n = 4). The
curves shown in (A) are best fit lines generated using linear regression.
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Figure 6.
Proliferation of 3T3 fibroblasts over time on the surface PEGDA 3400 hydrogels with
varying stiffness and surface concentration of YRGDS (n = 5; * = p < 0.05 and # = p <
0.001 for day 15 values).
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Figure 7.
Phase contrast images of 3T3 fibroblast adhesion and proliferation over time on PEGDA
scaffolds with varying elastic modulus and immobilized concentrations of the YRGDS
adhesion ligand. Arrows in D indicate cells that are fully spread and have taken on a flat
morphology (10× magnification; scalebar = 100 μm).
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Figure 8.
Fluorescent image of 3T3 fibroblasts five days post-encapsulation within a collagenase-
sensitive PEGDA hydrogel (20× magnification; scalebar = 100 μm).
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Table 1

Polymerization conditions used to vary YRGDS incorporation in PEGDA Scaffolds

Polymerization Condition Values

Molecular Weight of PEGDA 3400 & 8000 Da

Exposure Time 0.5, 1, 2 & 5 mins.

Light Intensity 50, 100 & 200 mW/cm2

PEGDA Concentration 15, 25 & 40% (w/v)

Eosin Y Concentration 0.025, 0.05 & 0.1 mM

Acryl-PEG3400-YRGDS Concentration 0, 1, 5 & 15 mg/mL

NVP Concentration 37, 74, 111 & 148 mM
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