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Abstract
Current clinical management of vocal fold (VF) scarring produces inconsistent and often suboptimal
results. Researchers are investigating a number of alternative treatments for VF lamina propria (LP)
scarring, including designer implant materials for functional LP regeneration. In the present study,
we investigate the effects of the initial scaffold elastic modulus and mesh size on encapsulated VF
fibroblast (VFF) extracellular matrix (ECM) production toward rational scaffold design.
Polyethylene glycol diacrylate (PEGDA) hydrogels were selected for this study since their material
properties, including mechanical properties, mesh size, degradation rate and bioactivity, can be
tightly controlled and systematically modified. Porcine VFF were encapsulated in four PEGDA
hydrogels with degradation half lives of ~25 days and initial elastic compressive moduli ranging
from ~30 to 100 kPa and initial mesh sizes ranging from ~9 to 27 nm. After 30 days of static culture,
VFF ECM production and phenotype in each formulation was assessed biochemically and
histologically. Sulfated glycosaminoglycan synthesis increased in similar degree with both
increasing initial modulus and decreasing initial mesh size. In contrast, elastin production decreased
with increasing initial modulus but increased with decreasing initial mesh size. Both collagen
deposition and the induction of a myofibroblastic phenotype depended strongly on initial mesh size
but appeared largely unaffected by variations in initial modulus. The present results indicate that
scaffold mesh size warrants further investigation as a critical regulator of VFF ECM synthesis.
Furthermore, this study validates a systematic and controlled approach for analyzing VFF response
to scaffold properties, which should aid in rational scaffold selection/design.
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1. Introduction
Although no firm statistics exist, voice disorders, including scarring of the vocal fold (VF)
lamina propria (LP), are estimated to affect 3–9% of the population to various degrees [1]. The
VFs are paired, multi-layered structures (Fig. 1), each consisting of underlying muscle,
followed by the LP and overlying epithelium [2]. When the VFs are brought together by the
intrinsic laryngeal muscles, they can be set into vibratory motion by airflow from the lungs.
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Ordered oscillation yields efficient cycle-to-cycle closure of the VFs and high-quality voice
[3]. The human LP is generally subdivided into superficial (SLP), intermediate (ILP) and deep
(DLP) layers (Fig. 1) [4,5]. At normal pitch and loudness, the SLP is believed to “slide” over
the ILP, undergoing the high frequency and strain excursions required for cyclic VF closure
[4,5]. When the pliability and physical volume of the VF SLP are reduced by scarring, voice
changes ranging from hoarseness to complete voice loss result, depending on the severity of
scar [3,6–8].

VF scar has proven difficult to treat with current surgical techniques and standard augmentation
substances (e.g. collagen and fat) [3,6,9]. As such, researchers are actively exploring alternative
treatment routes, including the development of designer implants for functional LP
regeneration [10–15]. Although it is understood that scaffold properties, such as bioactivity
[16], mesh size [17], mechanical properties [18–20] and degradation rate [21] critically impact
cell behavior, it has proven difficult to directly attribute alterations in VF fibroblast (VFF)
response to specific changes in scaffold parameters. This situation has hampered rational
selection/design of implant materials for LP regeneration. The aim of the present study is
validate an approach for the systematic and quantitative assessment of the influence of scaffold
properties on VFF behavior. Specifically, the current work focuses on the impact of initial
scaffold mesh size and mechanical properties on VFF extracellular (ECM) production and
phenotype. Ultimately, these data will be applied toward the rational design of LP regeneration
matrices.

Central to these studies is the selected scaffold material, poly(ethylene glycol) diacrylate
(PEGDA). PEGDA hydrogels have several properties which make them appropriate for
systematic exploration of cell response to specific alterations in scaffold material properties.
Pure PEGDA hydrogels function as biological “blank slates”, meaning that they do not
significantly adsorb bioactive plasma proteins. Thus, these hydrogels do not promote cell
interaction without the specific conjugation of biochemical stimuli to the scaffold [22]. This
is significant since most synthetic and natural scaffolds adsorb a range of bioactive proteins
from serum (in the in vitro setting) or from plasma (in the in vivo setting). These adsorbed
proteins are often major determinants of cell behavior, in addition to any bioactive moiety
deliberately conjugated or adsorbed to the scaffold [23,24]. In contrast, the biological “blank
slate” nature of PEGDA hydrogels permits the controlled and defined investigation of
bioactivity on cell behavior. In the present study, we explored the effects of initial PEGDA
scaffold modulus and mesh size in the presence of constant initial levels of cell adhesion
peptide, RGDS, thus removing initial scaffold bioactivity as a design variable [25].

An additional benefit of PEGDA hydrogels is the ability to tune their initial mesh size and
mechanical properties over a broad range simply by varying the molecular weight (mol. wt.)
and/or concentration of PEGDA [26]. Moreover, the degradation rate of PEG-based hydrogels
can be systematically tailored. Pure PEGDA hydrogels degrade by hydrolytic cleavage of the
ester bonds between the aliphatic PEG polymer backbone and the crosslinking units [27,28].
Variations in this degradation rate can be achieved by conjugating α-hydroxy acids or
enzymatically cleavable peptides to the PEG macromer backbone [27,29]. Thus, PEG-based
hydrogels have the property that their bioactivity, mesh size, modulus and degradation rate can
each be systematically tuned [17,21,26,30], a critical property for the proposed studies.

In the present work, porcine VFF were encapsulated in four PEGDA hydrogel formulations
with initial elastic compressive moduli ranging from ~30 to 100 kPa and with initial mesh sizes
ranging from ~9–27 nm. To simplify the investigation of the dependence of VFF ECM
synthesis and phenotype on scaffold properties, PEGDA hydrogel formulations with similar
degradation rates were selected [28]. After 30 days of static culture, VFF collagen, elastin and
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sulfated glycosaminoglycan (sGAG) production as well as VFF phenotype in each hydrogel
formulation were analyzed using biochemical and histological techniques.

2. Material and methods
2.1. Polymer synthesis

PEGDA was prepared as previously described [31] by combining 0.1 mmol ml−1 dry PEG (8
or 10 kDa, Fluka), 0.4 mmol ml−1 acryloyl chloride and 0.2 mmol ml−1 triethylamine in
anhydrous dichloromethane (DCM) and stirring under argon overnight. The resulting solution
was washed with 2 M K2CO3 and separated into aqueous and DCM phases to remove HCl.
The DCM phase was subsequently dried with anhydrous MgSO4, and PEGDA was precipitated
in diethyl ether, filtered and dried under vacuum.

2.2. Synthesis of acrylate-derivatized peptides
Cell adhesion peptide RGDS (American Peptide) was conjugated to an acrylated PEG
derivative (3.4 kDa) by reaction with acryloyl-PEG-N-hydroxysuccinimide (ACRL-PEG-
NHS, Nektar) at a 1:1 molar ratio for 2 h in 50 mM sodium bicarbonate buffer, pH 8.5 [31].
The product (ACRL-PEG-RGDS) was purified by dialysis, lyophilized and stored at −20 °C
until use.

2.3. Hydrogel characterization
2.3.1. Hydrogel preparation—The following four hydrogel formulations were examined:
(i) 10 wt.% of 10 kDa PEGDA (10% 10 kDa); (ii) 10 wt.% of 8 kDa PEGDA (10% 8 kDa);
(iii) 20 wt.% of 10 kDa PEGDA (20% 10 kDa); and (iv) 30 wt.% of 10 kDa PEGDA (30% 10
kDa). Precursor solutions were prepared by dissolving PEGDA macromers and ACRL-PEG-
RGDS in HEPES buffered saline (HBS; 10 mM HEPES, 150 mM NaCl, pH 7.4). The solutions
were then sterilized using 0.22 µm PVDF filters, and 10 µl of a 300 mg ml−1 solution of
photoinitiator 2,2-dimethoxy-2-phenyl-acetophenone in N-vinylpyrrolidone was added per ml
precursor solution. Each solution was poured into molds composed of two glass plates
separated by 1.1 mm polycarbonate spacers and then polymerized by 2 min exposure to
longwave UV light (Spectroline, ~ 6 mW cm−2, 365 nm) [26,32,33].

2.3.2. Hydrogel swelling—To isolate the effects of scaffold modulus and mesh size on VFF
ECM production and phenotype, it was important that the cell density and bioactivity presented
to the cells remain constant among formulations. Since PEGDA hydrogels swell significantly
post-polymerization [34], the amount of ACRL-PEG-RGDS and cells added to each hydrogel
precursor solution had to account for the change in hydrogel volume with swelling. To
characterize the equilibrium swelling of each hydrogel, PEGDA hydrogels were prepared as
described above. Samples (1 cm diameter) were cored from each PEGDA hydrogel
immediately following polymerization and weighed. The samples were then transferred to HBS
supplemented with 0.05 wt.% sodium azide (HBS-azide) and incubated at 37 °C. After 24 h,
samples were blotted and weighed. Since swollen PEGDA hydrogels are primarily water, the
increase in weight with swelling can be directly related to the increase in gel volume (V) with
swelling, i.e. [35],

2.3.3. Hydrogel mesh size—PEGDA hydrogel mesh size cannot be visualized using
standard techniques such as scanning electron microscopy (SEM) [36]. Thus, a variety of
methods to estimate PEGDA hydrogel mesh size have been developed, including correlations
linking measurable quantities, such as equilibrium hydrogel swelling, to mesh size [34,37].
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Although these correlations appear to yield reasonable mesh size estimates for relatively high
weight percent PEGDA hydrogels [34,37], the predictions for lower weight percent hydrogels
have been called into question. Thus, in this study, hydrogel mesh size was characterized via
a series of dextran diffusion experiments based on an adaptation of the methodology of Watkins
et al. [38].

In brief, PEGDA hydrogels containing 2 µmol ml−1 ACRL-PEG-RGDS post-swelling were
prepared and allowed to swell overnight at 37 °C in HBS-azide. Discs, 1 cm in diameter, were
cored from each hydrogel formulation. Fluorescently labeled dextrans (10, 20, 40, 70 or 150
kDa, Sigma) were dissolved at 0.01 mg ml−1 in HBS-azide and added at 1 ml per hydrogel
disc (3 discs per dextran mol. wt.). Dextran solutions were allowed to diffuse into the hydrogels
for 24 h at 37 °C. Each gel disc was gently blotted and transferred to 1 ml fresh HBS-azide.
Dextran that had penetrated into the hydrogels was then permitted to diffuse out into the
surrounding solution at 37 °C. After 24 h, the fluorescence of the HBS-azide solution
surrounding each disc was measured at ex/em 488/532. Dextran standard curves were used to
convert each fluorescence signal to a concentration.

For the 30% 10 kDa hydrogel formulation, the dextran readings fell to background levels for
dextran mol. wts. exceeding 20 kDa (data not shown). The 20 kDa dextran had a mean
hydrodynamic radius of ~3.2 nm, whereas the next largest dextran investigated (40 kDa) had
a mean hydrodynamic radius of ~4.5 nm [39]. Thus, the mesh size of the 30% 10 kDa hydrogel
was taken to be ~(2 × 4.5) = 9 nm. The mesh sizes of the remaining formulations were calculated
relative to that of the 30% 10 kDa hydrogel as follows. For each hydrogel formulation, the
measured concentration readings for each dextran mol. wt. were divided by gel thickness and
then plotted vs. dextran hydrodynamic radius [39]. The area (A) under the resulting curve
served a quantitative indicator of hydrogel permissivity over the hydrodynamic radii range
assayed. For a given hydrogel (y), the mesh size (ξ) could then be calculated according to the
following equation:

2.3.4. Hydrogel mechanical properties—To assess the mechanical properties of the
selected PEGDA formulations, hydrogels containing 2 µmol ml−1 ACRL-PEG-RGDS post-
swelling were prepared and allowed to swell at 37 °C. After 48 h swelling, three samples, each
1.25 cm in diameter, were cored from each hydrogel and mechanically tested under
unconstrained compression at room temperature using a DMA 800 (TA Instruments). During
mechanical testing, samples were immersed in silicone oil to prevent hydrogel dehydration.
Following application of a 0.01 N preload, each hydrogel was subjected to 10 µm cyclic
compression (~1% cyclic strain) at frequencies of 0.01–100 Hz (100 Hz being the system
maximum) The higher frequency testing conditions were selected to approach the frequencies
of cyclic LP loading experienced during phonation [40]. The elastic and viscous compressive
moduli of each hydrogel formulation were extracted from the resulting stress–strain data.

In assessing the impact of initial scaffold properties on VFF ECM production and phenotype,
the elastic compressive modulus of each hydrogel formulation at 0.01 Hz (approximately static
conditions) was utilized since static culture conditions were employed. In evaluating the initial
mechanical properties of each PEGDA hydrogel relative to those of the VF LP, hydrogel elastic
compressive moduli data at 40 Hz (mechanical measures above 40 Hz being neglected due to
data quality limitations) were compared to literature values of LP elastic shear moduli at similar
frequencies [40]. The fact that PEGDA hydrogels can be considered homogenous and isotropic
was used in these comparisons [28,41]. For homogenous, isotropic materials, the elastic
compressive modulus (E) is related to the elastic shear modulus (G) by the following
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relationship: G = E/(2+2υ), where υ is the hydrogel Poisson ratio. For polymeric hydrogels,
υ ~ 0.5 and thus G = E/3 [28].

2.3.5. Hydrogel degradation rate—A PEGDA hydrogel is a three-dimensional (3-D)
network of inter-crosslinked PEGDA macromers. The modulus and mesh size of this hydrogel
is intimately related to the organization and density of these crosslinks. As PEGDA hydrogels
degrade hydrolytically, the crosslinks among PEGDA chains are broken, resulting in a decrease
in hydrogel modulus and a corresponding increase in hydrogel mesh size [42]. At the low cell
densities used in the present study (~0.5 × 106 cells ml−1), change in hydrogel modulus with
time can be assumed to be dominated by the hydrolytic degradation of the hydrogel network
rather than by ECM deposited by encapsulated cells. Thus, by monitoring the change in
construct mechanical properties with time, the degradation rate of each hydrogel network can
be assessed.

To confirm that our initial assumption that selected hydrogels had similar degradation rates,
the compressive elastic modulus of each hydrogel formulation at day 30 was assessed according
to the methodology described above. The resulting modulus data were compared to the
corresponding measures at day 0 to determine a degradation half-life for each hydrogel
formulation assuming first-order degradation kinetics [42].

2.4. Cell culture
Frozen VFF at passage 3 (provided by Robert Langer, ScD) [43] were thawed and cultured at
37 °C/5% CO2 in DMEM supplemented with 10% FBS, 1 mg l−1 bFGF, 100 mU ml−1

penicillin, and 100 mg l−1 streptomycin (Hyclone). These VFF were isolated via primary
explant [43] from the mid-membranous LP of 6- to 12-month-old pigs, a animal model
commonly used for human VF LP [44]. The discarded animal tissue was obtained via the MIT
Division of Comparative Medicine with the approval of and according to the guidelines of the
MIT Animal Care Committee.

2.5. Cell encapsulation and hydrogel maintenance
VFF at passage 8–9 were harvested and resuspended in each precursor solution such that the
post-swelling cell density would be ~0.5 × 106 cells ml−1. A low cell density was selected so
that the evolution in each hydrogel modulus with time could be attributed primarily to scaffold
degradation. ACRL-PEG-RGDS was added to each precursor solution so that the concentration
of RGDS in the swollen hydrogel would be 2 µmol ml−1. The cell–precursor solution mixtures
were photopolymerized into hydrogels as described above. The hydrogel slabs were transferred
to Omnitrays (Nunc) fitted with four sterile polycarbonate bars to simultaneously prevent gel
flotation and prevent gel contact with the tray bottom. Gels were immersed in DMEM
supplemented with 10% FBS, 100 mU ml−1 penicillin and 100 mg l−1 streptomycin, and
maintained at 37 °C/5% CO2. Media was changed every 2 days. At day 30 of culture, a series
of 1.25 cm diameter samples were collected from each hydrogel formulation for biochemical,
histological and mechanical analyses. Mechanical analyses were conducted as described
above.

2.6. Biochemical analyses
Samples harvested for biochemical analyses were transferred to screw-cap vials, weighed,
flash-frozen in liquid nitrogen and stored at −80 °C. At the time of analysis, hydrogel samples
were digested for 24 h at 37 °C in 1 ml of 0.1 M NaOH per 0.2 g hydrogel wet wt. [45]. The
samples were then centrifuged (10,000 g for 10 min) and aliquots were taken for DNA and
sGAG quantification. Any material pelleted during centrifugation was resuspended by
vortexing, and additional hydrolysis was carried out by transferring the samples to a 100 °C
oven for 90 min to solubilize collagen but not elastin [45]. These samples were then centrifuged
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(10,000 g for 10 min) and the supernatant was retrieved for collagen quantification. The pellets
(containing elastin) were washed with dIH2O at least four times and stored at −80 °C until use.

2.6.1. DNA analysis—Aliquots of the hydrolyzed samples (n = 6 per formulation) were
neutralized and their DNA content determined using the PicoGreen assay (Invitrogen) [45].
DNA measures were translated to cell number using a conversion factor of 6.6 pg DNA per
cell [46]. Calf thymus DNA (Sigma) served as a standard.

2.6.2. Sulfated GAG analysis—sGAG production was measured using a modification of
the Blyscan assay (Biocolor). In brief, 80 µl of each sample digest (n = 4 per formulation) was
neutralized and mixed with 120 µl Blyscan dye reagent, and the absorbance at 525 nm
immediately measured relative to chondroitin sulfate B (Sigma).

2.6.3. Collagen analysis—Levels of hydroxyproline were quantified as an indirect measure
of total collagen. In brief, supernatants (n = 3–4 per formulation) collected for collagen
quantitation were hydrolyzed for 18 h at 110 °C in 6 M HCl. Hydrolyzed samples were then
dried (Centrivap, Labconco) followed by resuspension in dIH2O and reaction with chloramine
T and p-dimethylbenzaldehyde reagents [43]. Sample absorbance was read at 550 nm relative
to that of L-4-hydroxyproline (Sigma) [43]. Total collagen content was estimated from
measured grams of hydroxyproline by dividing by 0.13 [47].

2.6.4. Elastin analysis—Elastin levels were determined according to the procedure detailed
in Long et al. [48]. Briefly, material pelleted following 100 °C NaOH exposure was further
digested in 6 M HCl at 110 °C for 18 h. Samples (n = 3 per formulation) were then dried
(Centrivap, Labconco) and the resulting free amino acids were dissolved in 100 µl of 0.1 M
sodium citrate buffer (pH 5.0). Following the addition of an equal volume of ninhydrin reagent
(Sigma), samples were boiled for 15 min and cooled, and their absorbance read at 570 nm.
Hydrolyzed α-elastin (MP Biochemicals) was used as the standard.

The ninhydrin-based elastin readings were verified for a subset of samples (n = 2 per
formulation) using direct ELISA [35] according to the following protocol. Undigested samples
were hydrolyzed with 0.1 M NaOH for 24 h at 37 °C, neutralized and further digested with
0.25 M oxalic acid at 100 °C overnight. Oxalic acid was then removed and exchanged for PBS
using Microcon YM-3 centrifugal filters (Millipore). Next, 100 µl of the resulting samples was
applied to a high binding EIA 96 well plate (Nunc) for 3 h at room temperature. After blocking
the plate with bovine serum albumin, adsorbed elastin fragments were detected by applying
elastin antibody (clone B4, Santa Cruz Biotechnology, SCBT) followed by donkey anti-mouse
HRP secondary antibody (SCBT) and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid).
Absorbance was read at 410 nm, with bovine aortic elastin (Sigma) serving as a standard.

For the DNA, sGAG, hydroxyproline and direct ELISA assays, the standards used were
subjected to the same association with PEGDA, hydrolysis, and processing conditions as the
samples. Resulting collagen, elastin and sGAG levels were normalized to cell number.

2.7. Histological analysis
Samples collected for histological analyses were fixed with 10% formalin for 30 min,
embedded in Tissue-Tek media and cut into 35 µm sections. ECM deposition was analyzed in
duplicate sections for each formulation using standard immunohistochemical technique. In
brief, sections were exposed to Terminator (Biocare Medical) for 30 min followed by 1 h
exposure to primary antibody for elastin (B4, Sigma), fibrillin-1 (12A.5, LabVision) or
collagen type I (Rockland) diluted in HBS. After 30 min treatment with Peroxidase (Biocare
Medical), bound primary antibody was detected using the AEC Histostain-SP kit (Invitrogen).
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To detect GAG, sections were stained with toluidine blue solution (0.0714% toluidine blue,
0.0714% pyronin Y and 0.143% borax) for 6 min and rinsed with distilled water [43]. Stained
sections were imaged using an Axiovert A200 microscope (Zeiss).

To identify VFF displaying a myofibroblast-like phenotype and cells undergoing proliferation,
immunohistochemical staining for SM-α-actin (1A4, LabVision) was conducted as described
above. For each stained section, the number of cells that stained positively for SM-α-actin was
counted by two separate observers relative to total cells in each section. To assess cell
proliferation, immunostaining for PCNA (Zymed) was carried out.

2.8. Comparative analyses
A plot was prepared to aid in evaluating the relative impact of scaffold modulus vs. mesh size
on VFF production of collagen, elastin, and sGAG. Given the four formulations examined,
there are six distinct pairwise scaffold property comparisons: (i) 10% 10 kDa vs. 10% 8 kDa;
(ii) 10% 10 kDa vs. 20% 10 kDa; (iii) 10% 10 kDa vs. 30% 10 kDa; (iv) 10% 8 kDa vs. 20%
10 kDa; (v) 10% 8 kDa vs. 30% 10 kDa; and (vi) 20% 10 kDa vs. 30% 10 kDa.

For each of these y–y pairs, the following normalized parameters were calculated, where the
subscripts “max” and “min” refer the maximum and minimum quantities, respectively, of the
four formulations examined:

1. difference in initial mesh size between formulations y and y normalized to the total
initial mesh size range explored (~9–27 nm):

2. difference in initial modulus between formulations y and y normalized to the total
initial elastic modulus range explored (~30–100 kPa):

3. difference in ECM component deposition relative to the maximum difference
observed over the mesh size-modulus range probed:

4. (ΔECM component)x−y scaled by the by the corresponding normalized differences in
initial modulus and initial mesh size:

This scaling procedure in (4) allowed the comparison of variations in ECM levels among y–
y pairs irrespective of the magnitudes of the corresponding differences in modulus and mesh
size (ΔECM component)scaled, x−y for each y–y pair was then plotted vs. the corresponding

 for each ECM component. The resulting plot served as a quantitative indicator
of the relative influence of modulus vs. mesh size on the production of each ECM component.

2.9. Statistical analyses
All data is reported as mean ± standard deviation. Comparison of sample means was performed
using ANOVA and Tukey`s post-hoc test (SPSS software), p < 0.05.
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3. Results
The aim of the present study was to analyze the effects of initial scaffold mesh size and elastic
modulus on VFF ECM production and phenotype. To isolate these scaffold parameters, 4
PEGDA hydrogel formulations with similar degradation rates but differing moduli and mesh
sizes were examined: (i) 10% 10 kDa; (ii) 10% 8 kDa; (iii) 20% 10 kDa; and (iv) 30% 10 kDa.
Furthermore, cell adhesion peptide RGDS was conjugated into each hydrogel so that scaffold
bioactivity could be considered a design constant.

3.1. Hydrogel mesh size, mechanical properties and degradation rate
To evaluate initial scaffold material properties, th average mesh size was evaluated for each
hydrogel formulation at day 0. As previously mentioned, the mesh size of PEGDA hydrogels
cannot be visualized using conventional SEM. Thus, hydrogel resistance to the diffusion of
dextrans of various mol. wts. was used as a quantitative indicator of scaffold mesh size. The
resulting mesh sizes are displayed in Fig. 2A. As expected, initial mesh size increased as the
weight percent of PEGDA decreased [34,37].

To assess the initial mechanical environment experienced by encapsulated VFF and to confirm
that the degradation rate of each hydrogel formulation was similar, the elastic compressive
modulus of each hydrogel at ~1% cyclic strain was measured over a range of frequencies at
days 0 and 30. To represent the scaffold stiffness experienced by cells under the selected culture
conditions, static (0.01 Hz) mechanical property data are presented in Fig. 2B. Concordant
with existing literature, hydrogel elastic compressive modulus at a given time-point increased
significantly as PEGDA mol. wt. decreased and/or concentration increased (Fig. 2B) [45].
Furthermore, the elastic moduli of all hydrogel formulations decreased significantly from day
0 to day 30 (Fig. 2B).

Since the cell density in each hydrogel was low, the evolution in the elastic modulus of each
hydrogel could be assumed to be dominated by the material degradation kinetics rather than
by cell ECM deposition. Based on the modulus data at day 0 vs. day 30, the mean degradation
half-life of all hydrogel formulations was determined to be 25.4 ± 3.3 days, assuming first-
order degradation kinetics [42]. Thus, since each hydrogel formulation displayed a similar
degradation rate, the rate of change in hydrogel elastic modulus (and, hence, hydrogel mesh
size) [42] could be treated as a design “constant”. This allowed variations in VFF ECM
deposition and phenotype with scaffold formulation to be evaluated relative to initial scaffold
material properties without loss of information. VFF ECM production and phenotype will
therefore be discussed referencing time-zero hydrogel mesh size and elastic modulus. To aid
in this discussion, Fig. 2C shows a map of the time-zero mesh size–modulus sample space
probed in the present study.

Note that the maximum initial mesh size explored was ~3 times that of the minimum and that
the maximum initial elastic modulus was ~3.4 times the minimum. Thus, similar ranges of
initial mesh size and of initial elastic modulus were explored in the present study, enhancing
our ability to compare the relative impact of these two scaffold variables on VFF behavior. As
demonstrated in Fig. 2A and B, the initial mesh size and elastic modulus of hydrogels formed
from PEGDA macromers of a single mol. wt. cannot be independently modified (i.e. as the
concentration of PEGDA is increased from 10% to 30% for the 10 kDa PEGDA hydrogels,
the mesh size decreases and modulus increases). However, we can explore the effects of mesh
size and elastic modulus in an uncoupled manner by appropriately varying both PEGDA
concentration and mol. wt. For instance, the 10% 10 kDa and the 10% 8 kDa hydrogels have
similar initial mesh sizes but significantly different initial elastic moduli. Similarly, the 10%
8 kDa hydrogel and the 20% 10 kDa hydrogels have mesh sizes that differ by ~55% but elastic
moduli which differ by only ~19%.
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To demonstrate that the initial mechanical properties of the selected hydrogels are within a
stiffness range appropriate for VF LP tissue engineering [40], the time-zero elastic compressive
modulus of each hydrogel at 40 Hz (nearer adult phonatory threshold) is presented in Fig. 2D.

3.2. Biochemical and histological analyses
PEGDA constructs were harvested at day 30 for biochemical and histological analyses. Cell
density in each formulation at day 30 was >60% of the initial seeding density based upon DNA
assessments, consistent with results from previous PEGDA tissue engineering studies [19].
Measured collagen, elastin and sGAG levels for each hydrogel formulation are given on a per
cell basis in Fig. 3. sGAG production increased smoothly and by ~16-fold from the 10% 10
kDa to the 30% 10 kDa hydrogels (p < 0.032). A significant increase in collagen (p < 0.001)
was observed at the transition between the 10% 8 kDa and 20% 10 kDa hydrogels, although
no further significant change was observed progressing from the 20% 10 kDa to the 30% 10
kDa hydrogels. Elastin levels increased between the 10% 8 kDa and 20% 10 kDa hydrogels
(p < 0.001) but then decreased proceeding to the 30% 10 kDa formulation (p = 0.003). A
significant increase in the fraction of cells expressing SM-α-actin (p = 0.019) was observed
from the 10% 8 kDa to the 20% 10 kDa hydrogels, although no further change was observed
between the 20% 10 kDa and 30% 10 kDa hydrogels (Fig. 3D).

These results are reflected in Fig. 4, which displays a plot of (ΔECM component)scaled vs.the ratio

 for each ECM component and each possible pairwise grouping of formulations, as

described in Materials and Methods. The y-axis  is plotted on a log-scale, with
values less than 1 (left of the y-axis) representing pairwise comparisons for which |Δmesh size|
<|Δmodulus| and values greater than 1 (right of y-axis) representing pairwise comparisons for
which |Δmesh size|>|Δmodulus| For |Δmesh size|<|modulus|, elastin deposition decreased, as
indicated by the negative values of (ΔECM component)scaled In contrast, sGAG and collagen levels
increased ((ΔECM component)scaled >0) for both |Δmesh size|<|Δmodulus| and |Δmesh size|>|
Δmodulus|, although the degree of the increase differed depending on whether |Δmesh size| was
greater or less than |Δmodulus|.

Histological analyses of collagen, elastin and GAG supported the biochemical results (Fig. 5).
To gain insight into the quality of elastic fiber formation, staining was also conducted for the
elastin organizing microfibril, fibrillin-1. The relative intensity of fibrillin-1 staining among
formulations corresponded closely with that of elastin staining, suggesting that the deposited
elastin may be organizing into functional fibers, in contrast to elastin deposition in many tissue
engineered situations [48]. Immunostaining for PCNA indicated heightened rates of VFF
proliferation with increasing scaffold mesh size and/or decreasing modulus (data not shown).

4. Discussion
A range of scaffold properties are known to influence cell behavior, including bioactivity, mesh
size, mechanical properties and degradation rate [17–21,49]. For controlled examination of the
effects of various scaffold properties on cell behavior, we selected the scaffold material
PEGDA. Like many scaffolds formed from synthetic materials, the mechanical properties,
mesh size and degradation rate of PEGDA hydrogels can be tuned over a relatively broad range
[26,50]. However, unlike most synthetic material scaffolds, PEGDA hydrogels do not
significantly adsorb bioactive plasma proteins [22]. Thus, scaffold presentation of bioactive
stimuli can be tightly controlled in addition to mesh size, modulusand degradation rate.

For the PEGDA hydrogels investigated (with degradation half lives of ~25 days), both VFF
ECM deposition and phenotype demonstrated a strong dependence on initial hydrogel mesh
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size and elastic modulus. sGAG synthesis increased both with increasing initial elastic modulus
(e.g. 10% 10 kDa vs. 10% 8 kDa) and with decreasing initial mesh size (e.g. 10% 8 kDa vs.
20% 10 kDa). Further insight into the relative impact of initial mesh size vs. modulus on sGAG
production can be gained by examining Fig. 4. When |Δmesh size|<|Δmodulus|, (ΔsGAG)scaled ~ 4
and when |Δmesh size|>|Δmodulus|, (ΔsGAG)scaled ~ 2. These results indicate that changes in initial
mesh size and modulus have a similar impact on sGAG deposition, although modulus may
have a slightly greater influence than mesh size. In contrast, elastin levels appeared to increase
with decreasing initial mesh size (e.g. 10% 8 kDa vs. 20% 10 kDa) but to decrease with
increasing initial elastic modulus (e.g. 10% 10 kDa vs. 10% 8 kDa). This was emphasized in
Fig. 4, where (Δ elastin)scaled < 0 when |Δ mesh size | < |Δ modulus| and (Δelastin)scaled > 0 when |
Δmesh size|>|Δmodulus|. The fact that, when |Δmesh size| ≪ |Δmodulus|, (Δ elastin)scaled ~ −8 and
that, when |Δmesh size|≫|Δmodulus|, (Δelastin)scaled ~ 8 further suggests that effects of initial
modulus and mesh size on elastin production are similar in absolute magnitude, although
oppositely directed. Collagen expression increased significantly with decreasing initial mesh
size (e.g. 10% 8 kDa vs. 20% 10 kDa), but appeared to be largely unaffected by alterations in
initial scaffold modulus (e.g. 10% 10 kDa vs. 10% 8 kDa). Indeed, for |Δmesh size|≪|
Δmodulus|, (Δcollagen)scaled ~ 0, whereas for |Δmesh size|≫|Δmodulus|, (Δ collagen)scaled ~ 6.

The relative expression of SM-α-actin, a marker indicative of fibroblast differentiation into a
myofibroblast phenotype, demonstrated a similar trend as collagen (Fig. 3D). VFF are believed
to transform into myofibroblasts in response to LP injury, and higher myofibroblast levels have
been linked with increased collagen deposition [51]. Studies of lung and arterial tissue indicate
that cell elastin [52] and GAG secretion [53] are also elevated with increasing myofibroblast
phenotype. Furthermore, elevated VFF proliferation rates (fraction of cells expressing PCNA)
were observed with increasing mesh size and decreasing modulus. Increased cell proliferation
has frequently been correlated with decreased matrix synthesis. Thus, the increased induction
of a myofibroblast-like phenotype and decreased proliferation rates observed with decreasing
initial mesh size may contribute to the observed dependence of collagen, elastin and GAG
levels on initial scaffold mesh size. Given the mesh sizes of the selected hydrogel formulations
relative to the diameters of collagen (~4–25 nm), elastin (~2–10 nm) and moderately sized
proteoglycans (~9 nm), the heightened potential of these molecules to diffuse out of the
hydrogel network as mesh size increased may also contribute to the observed dependence of
ECM deposition on mesh size.

A limitation of the present study is the range of mesh-size and mechanical properties probed.
Future experiments will explore a broader range of initial moduli and mesh sizes as well as
investigate the impact of degradation rate. A drawback of the current approach can be seen in
examining Fig. 4. Despite the presence of adhesion peptide RGDS, encapsulated VFF took on
rounded or stellate morphologies within the PEGDA hydrogels, in agreement with previous
3-D PEGDA studies. These morphologies are non-native for VFF in the midmembranous VF
LP, in which fibroblasts generally take on spindle-shaped morphologies. The cell morphologies
and pericellular localization of deposited ECM localization observed herein arise from the
basic character of PEGDA hydrogels that have not been modified with additional hydrolytically
or enzymatically degradable segments [19,21,30,45,54]. This particular characteristic of the
selected PEGDA formulations is not optimal for fibroblasts. However, as indicated in the
Introduction, PEGDA hydrogels were selected for the present study not because they are
necessarily the optimal materials for vocal fold restoration, but for our ability to systematically
tune their material properties. This characteristic of PEGDA hydrogels permits more controlled
examination of the dependence of cell ECM production and phenotype on specific scaffold
material properties, enhancing our ability to rationally design scaffolds to achieve desired cell
responses.
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Interestingly, the trends in collagen and elastin production with respect to alterations in initial
scaffold modulus/mesh size appear to mimic those observed in native LP [55–57]. Specifically,
the SLP is a relatively loose, low modulus, connective tissue, containing low levels of collagen
and elastin relative to deeper regions of the LP [55–57]. The ILP and DLP are traditionally
demarcated from the SLP by a marked increase in tissue density, stiffness, and elastin and
collagen levels [55–57]. Thus, the initial 10% 10 kDa hydrogel material properties and
stimulated ECM production correspond to those of the SLP, whereas the initial 20% 10 kDa
and 30% 10 kDa hydrogel material properties and resultant ECM synthesis are more similar
to those of the ILP and DLP. The correspondence between the dependence of ECM deposition
with varying scaffold mesh size/modulus observed in the current work and the dependence of
ECM composition with regional LP mesh size/modulus lends further strength to the present
data. While it is perhaps natural that many LP bioimplant studies have focused on implant
modulus rather than on microstructure [10–15] due to the LP’s key biomechanical function,
the present results suggest that implant mesh size may be as critical as its mechanical properties
in modulating observed ECM levels.
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Fig. 1.
Schematic of a coronal section through the human vocal folds.
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Fig. 2. Scaffold material properties
(A) Hydrogel mesh size at day 0, (B) elastic compressive modulus at approximately static (0.01
Hz) conditions at days 0 and 30, and (C) time-zero mesh size-elastic modulus sample-space.
Gray dots correspond to initial mesh size-modulus combinations explored. Dashed lines are
intended to highlight alterations in initial mesh size and modulus among the formulations. (D)
Hydrogel elastic compressive modulus at 40 Hz at day 0.
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Fig. 3. Vocal fold fibroblast ECM deposition and phenotype
(A) collagen, (B) elastin, (C) sulfated glycosaminoglycan (sGAG) and (D) relative SM-α-actin
expression at day 30 in each hydrogel formulation. *Significant difference with the 10% 10
kDa formulation. ξ indicates a significant difference with the 20% 10 kDa formulation.
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Fig. 4.

Plot of (ΔECM component)scaled vs. the ratio  for each ECM component and each
pairwise grouping of formulations, as described in Materials and methods. The y-axis

 is plotted on a log-scale, with values less than 1 (left of the y-axis) representing
pairwise comparisons for which |Δmesh size|<|Δmodulus| and values greater than 1 (right of y-
axis) representing pairwise comparisons |Δmesh size|>|Δmodulus|.
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Fig. 5.
Representative images of staining for collagen type I, elastin, fibrillin-1 and GAG. GAG images
are shown in grayscale to enhance contrast. Scale bars = 50 µm.
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