
Hyaluronan Concentration within a 3D Collagen Matrix Modulates
Matrix Viscoelasticity, But Not Fibroblast Response

S.T. Kreger1 and S.L. Voytik-Harbin1,2
1Weldon School of Biomedical Engineering, College of Engineering, Purdue University, West
Lafayette, Indiana, USA
2Department of Basic Medical Sciences, School of Veterinary Medicine, Purdue University, West
Lafayette, Indiana, USA

Abstract
The use of 3D extracellular matrix (ECM) microenvironments to deliver growth-inductive signals
for tissue repair and regeneration requires an understanding of the mechanisms of cell-ECM
signaling. Recently, hyaluronic acid (HA) has been incorporated in collagen matrices in an attempt
to recreate tissue specific microenvironments. However, it is not clear how HA alters biophysical
properties (e.g. fibril microstructure and mechanical behavior) of collagen matrices or what impact
these properties have on cell behavior. The present study determined the effects of varying high
molecular weight HA concentration on 1) the assembly kinetics, fibril microstructure, and
viscoelastic properties of 3D type I collagen matrices and 2) the response of human dermal fibroblasts,
in terms of morphology, F-actin organization, contraction, and proliferation within the matrices.
Results showed increasing HA concentration up to 1 mg/ml (HA:collagen ratio of 1:2) did not
significantly alter fibril microstructure, but did significantly alter viscoelastic properties, specifically
decreasing shear storage modulus and increasing compressive resistance. Interestingly, varied HA
concentration did not significantly affect any of the measured fibroblast behaviors. These results
show that HA-induced effects on collagen matrix viscoelastic properties result primarily from
modulation of the interstitial fluid with no significant change to the fibril microstructure.
Furthermore, the resulting biophysical changes to the matrix are not sufficient to modulate the cell-
ECM mechanical force balance or proliferation of resident fibroblasts. These results provide new
insight into the mechanisms by which cells sense and respond to microenvironmental cues and the
use of HA in collagen-based biomaterials for tissue engineering.
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1. Introduction
Incorporation of high molecular weight (HMW, 105 - 107 Da) hyaluronan (HA) into
biomaterials is suggested to improve tissue regeneration in connective tissue and wound
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healing applications (Gobbi et al., 2006; Liu et al., 1999; Park et al., 2005; Yamane et al.,
2005). The goal is to mimic the high concentration of HA in connective tissue extracellular
matrices (ECMs) (Fraser et al., 1997; Laurent and Fraser, 1992) or in loose, provisional
matrices observed during wound healing (Chen and Abatangelo, 1999) and embryonic
development (Spicer and Tien, 2004). The ECM component of these tissues represents a
composite material consisting of a fibrillar network (collagen and other proteins) surrounded
by an interstitial fluid containing various glycosaminoglycans (GAGs, including HA),
proteoglycans (PGs), and other soluble components (growth factors, cytokines, enzymes, and
diffusible molecules). In these microenvironments, HA is thought to provide cues which direct
cell responses that could improve the quality of tissue regeneration. For example, persistence
of HMW HA during fetal wound healing has been shown to correspond with reduced scar
tissue formation, suggesting that the addition of HA might also lead to decreased scaring in
adult wounds (Iocono et al., 1998; Longaker et al., 1991). However, the mechanisms by which
HA influences cell behaviors and processes associated with tissue regeneration remain unclear
and better understanding will improve the use of HA in biomaterial design.

One of the difficulties in elucidating how HA influences cells is that HA has been shown to
influence cells through both biochemical (receptor-mediated) and biophysical (structural and
mechanical) mechanisms. Biochemically, a number of different cell surface HA receptors and
intracellular HA-binding proteins have been identified and linked to intracellular signaling
affecting cell adhesion, migration, and proliferation (for reviews refer to Day and Prestwich,
2002; Knudson and Knudson, 1993; Turley et al., 2002). For example, HMW HA has been
found to act through CD44 receptors to stimulate Akt and ERK1/2 pathways and influence
human dermal fibroblast proliferation and protein synthesis, which are critical to the role of
fibroblast behavior in wound healing (Croce et al., 2001; David-Raoudi et al., 2008).

In contrast to biochemical mechanisms, HA-induced biophysical signaling mechanisms remain
less understood. Biophysical mechanisms translate variations in ECM microstructure and
mechanics (physical properties) into localized cues that direct cell behavior through regulation
of cell shape, adhesion, and cytoskeletal tension (Ghosh and Ingber, 2007). ECM
microstructural organization and mechanics are determined by macromolecular composition
and interactions between the insoluble collagen fibril network and the interstitial fluid phase.
Mechanically, tensile loads are primarily supported by the fribrillar component and PGs/GAGs
within the interstitial fluid phase contribute to the osmotic and compressive properties. For
example, the negative charges on GAG chains determine the fixed charge density of the matrix
which serves to increase osmotic pressure and resistance to compressive forces (Korhonen et
al., 2008; Likhitpanichkul et al., 2005). HA has been shown to alter ECM physical properties,
including hydration (Gerdin and Hallgren, 1997), diffusion (Coleman et al., 1998),
viscoelasticity (Falcone et al., 2006; Xin et al., 2004), and collagen fibril organization (Scott,
1992). These effects have been attributed to HA's unique structure, which is often described
as a long, negatively charged, non-sulfated, repeating disaccharide (glucuronic acid and N-
acetyl-glucosamine) chain that coils randomly, encompassing a huge hydrodynamic domain,
and fills inter-fibrillar space within the ECM (Cowman and Matsuoka, 2005; Scott et al.,
1991).

Interestingly, few studies have directly linked HA-induced physical effects to cell responses.
In one detailed study, an increase in glioblastoma cell migration was reported within fibrin
matrices co-polymerized with HMW HA and attributed to an increase in matrix pore size
(Hayen et al., 1999). Similarly, varying HA concentration within collagen matrices increased
choroid fibroblast (Docherty et al., 1989) but not neutrophil (Brown, 1982) infiltration by
altering the aggregation or packing of collagen fibrils. Collectively, these findings indicate that
HA incorporation within biomaterials produces relevant changes in the ECM physical
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properties which may serve as biophysical cues contributing to cell response and tissue
regeneration.

The effect of HA incorporation within 3D collagen matrices on resident fibroblast behavior,
including proliferation, morphology, migration, and matrix contraction, is a commonly used
in vitro model for biomaterial design. However, the effects on fibroblast behavior have varied
and it remains unclear how HA is influencing them. Increasing HA concentration within 3D
collagen matrices has been reported to either increase, decrease, or not affect fibroblast
proliferation, morphology, and contraction (Table 1). The majority of these studies attribute
fibroblast responses to HA receptor-mediated signaling pathways. For example, Travis et al.
(2001) demonstrated that HA-induced contraction of the collagen matrices by adventitial
fibroblasts was CD44 but not RHAMM (receptor for hyaluronic acid-mediated motility)
dependent. Indeed, several factors are known to affect HA receptor-mediated signaling and
may contribute to these inconsistencies within the literature. These include 1) the molecular
weight and concentration of HA (Huang et al., 2008;Moreland, 2003), 2) cell type specificity
(Lokeshwar and Selzer, 2000), and 3) altered cellular susceptibility to HA, e.g. HA binding
and uptake (Hall et al., 2001). However, the effects of HA on the matrix biophysical properties
were not rigorously characterized in these studies and it is plausible that differences in the
biophysical cues may contribute to varying fibroblast responses and inconsistencies between
studies.

In previous studies, we and others have established that changes in 3D collagen matrix stiffness
and fibril organization can significantly affect fibroblast behaviors (Loftis et al., 2003; Pedersen
and Swartz, 2005; Pizzo et al., 2005). Furthermore, HA addition has been reported to alter the
stiffness (Xin et al., 2004) and fibril organization (Docherty et al., 1989) of polymerizable
collagen matrices, suggesting that HA induces biophysical cues that similarly influence
fibroblast behaviors. Therefore, in this study, we identify specific physical changes induced
by varying HMW HA concentration in 3D collagen matrices and correlate them with
proliferation, morphology, and matrix contraction of embedded human dermal fibroblasts. The
results provide new insight into 1) collagen-HA interactions as occur during collagen fibril
formation (fibrillogenesis), 2) HA-induced changes in matrix viscoelastic properties, and 3)
fibroblast responsiveness to HA-induced changes in matrix biophysical properties.

2. Materials and methods
2.1. Cell culture

Low passage (≤ 15 passages) foreskin-derived neonatal human dermal fibroblasts (NHDF),
growth media, and passing solutions were obtained from Cambrex Bioproducts (Walkersville,
MD). NHDF were propagated in fibroblast basal medium supplemented with 1 μg/ml human
recombinant fibroblast growth factor, 5 mg/ml insulin, 50 mg/ml gentamicin, 50 mg/ml
amphotericin B, and 2% fetal bovine serum (FBS) and maintained in a humidified atmosphere
of 5% CO2 at 37°C. Fibroblasts representing passage numbers 5 to 15 were used for all
experiments.

2.2. Preparation of 3D collagen matrices
Native type I collagen prepared from acid solubilized calf skin was purchased from Sigma-
Aldrich (St. Louis, MO). In some cases, type I collagen was acid solubilized and purified from
pig skin by our laboratory and used to corroborate results. Collagen was dissolved in 0.01 N
hydrochloric acid (HCl) and rendered aseptic for cell culture use by exposure to chloroform
overnight at 4°C. Collagen concentrations were determined using a Sirius Red (Direct Red 80)
assay performed as previously described (Brightman et al., 2000; Marotta and Martino,
1985).
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HMW HA sodium salt prepared from bovine vitreous humor was obtained from Sigma
(H7630). The average molecular weight (MW) of the HA preparation was determined by
measurement of the intrinsic viscosity of HA solutions as previously described (McDonald
and Levick, 1995). In brief, apparent viscosities (shear stress/shear rate) of solutions of HA in
0.1 N HCl were measured on an AR2000 rheometer (TA Instruments, New Castle, DE) with
a cone and plate geometry (40mm, 2° cone angle). Viscosities of HA solutions representing
concentrations of 0.25 to 3.0 mg/ml HA concentrations were measured at shear rates of 5-1000
s-1 at 22°C. Intrinsic viscosity [η] (ml/g) was extrapolated at zero shear rate and zero
concentration using a dual extrapolation procedure from Haug and Smidsrǿd (1962). The
weight-average molecular weight (M) was calculated using the Mark-Houwink equation, [η]
= kMa, where k = 0.0279 and a = 0.763 for HA in 0.1 N HCl (Cleland and Wang, 1970).

To produce 3D matrices, collagen solutions were diluted and neutralized with 10× phosphate
buffered saline (PBS, 1× PBS had 0.17 M total ionic strength) and 0.1 M sodium hydroxide
(NaOH) to achieve neutral pH (7.4) and a 1 or 2 mg/ml final collagen concentration. HA was
added as part of the dilution volume to achieve final HA concentrations ranging from 0 to 1
mg/ml. These levels are comparable to physiologically relevant HA concentrations as occur
during wound repair and within skin as well as a saturated HA:collagen weight ratio (Fraser
et al., 1997; Iocono et al., 1998). Neutralized HA-collagen solutions were kept on ice prior to
the induction of polymerization by warming to 37°C. For cell response studies, NHDFs were
released by mild trypsinization (0.05% v/v), collected by low speed centrifugation, and added
as the last component before matrix polymerization. Matrices polymerized within 15-20
minutes after which complete media was added and the constructs were maintained in a
humidified atmosphere of 5% CO2 at 37°C. Media addition was considered time zero (t0) and
media was replaced daily thereafter. All constructs remained adherent to culture chambers to
mimic isometric conditions throughout time course of experimentation with the exception of
fibroblast contraction analyses.

HA distribution within the collagen matrices was validated visually using alcian blue dye to
selectively label HA. Collagen matrices with varied HA concentration were fixed in 4%
formaldehyde and stained overnight with 0.25% alcian blue dye (Sigma) in 3% acetic acid.
Matrices were visualized using brightfield microscopy and images captured on a Leica DFC480
digital camera using Leica IM50 software (Leica Microsystems, Wetzlar, Germany).
Persistence of HA within collagen matrices was determined by incubating matrices in PBS
(changed daily) within a tissue culture incubator (37°C and 5% C02 in air) for various periods
up to 48 h. Matrices were then stained alcian blue. At each timepoint, duplicate sets of matrices
were treated with 1000 U/ml bovine testicular hyaluronidase (HADase, H3884, Sigma) in PBS
for 2 h at 37°C to digest HA prior to staining.

2.3. Analysis of collagen polymerization
A turbidity analysis was performed as described previously (Brightman et al., 2000) to evaluate
the effect of HA concentration on collagen polymerization (fibrillogenesis) kinetics. Collagen
solutions containing varied HA concentrations were transferred into a Lambda 35
spectrophotometer (PerkinElmer Instruments LLC, Shelton, CT) equipped with a motorized,
temperature-controlled cell holder maintained at 37°C. Turbidity measurements (Absorbance
at 405 nm, A405) were collected at 30 s intervals for up to 2 h. Turbidity curves were used for
calculation of kinetic parameters, specifically lag time (x-intercept of line tangent to the
inflection point of the sigmoidal turbidity curve), polymerization rate during growth phase
(slope at inflection point), final absorbance value, and polymerization half-time (time at which
absorbance equals half the final absorbance value). All HA concentrations were assayed twice.
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2.4. Analysis of collagen fibril microstructure
Confocal reflection microscopy (CRM; Voytik-Harbin et al., 2001) and scanning electron
microscopy (SEM) were used to collect high resolution images of the 3D matrices. Collagen
solutions containing varied HA concentrations were polymerized in a 4-well Lab-Tek
chambered coverglass (Nalge Nunc International, Rochester, NY) or 24-well plate for CRM
and SEM imaging, respectively. Confocal imaging was performed on a Bio-Rad Radiance 2100
MP Rainbow (Bio-Rad, Hemel Hempstead, UK) multiphoton/confocal system adapted to a
TE2000 inverted microscope (Nikon, Tokyo, Japan). For fibril volume fraction (fibril density)
measurements, confocal image stacks were collected from 3 random locations within 2
independent matrices (here “independent matrices” denotes matrices prepared separately and
“replicate matrices” denotes multiple matrices/aliquots from one matrix preparation)
representing each HA concentration (n = 6 images per HA concentration). Images were read
into Matlab (Mathworks, Natick, MA) and binarized by thresholding. The threshold value for
each image was chosen mathematically as the center of the concave bend in the sigmoidal
decay curve of fibril volume fraction versus threshold value for that image. Fibril volume
fraction was calculated as the percentage of fibril containing voxels to the total image voxels.
For SEM analysis matrices were fixed in 3% gluteraldehyde in 0.1 M cacodylate at pH 7.4,
dehydrated with ethanol, critical point dried, sputter coated with gold/palladium, and imaged
at 5,000× magnification using a JOEL JSM-840 SEM (Peabody, MA). Fibril diameters were
measured from SEM images representing 3 to 4 random locations within 2 independent
matrices for each HA concentration (totaling 60-80 fibrils). Fibril diameters, each representing
the average of 5 measurements along the major axis of an individual fibril, were measured
using Imaris 5.0 (Bitplane Inc., St Paul, MN).

2.5. Analysis of matrix mechanical properties
Shear and compression testing were performed on an stress-controlled AR2000 rheometer (TA
Instruments, New Castle, DE) using a stainless steel 20 mm diameter parallel plate geometry.
Each sample was polymerized on the rheometer by pipetting a volume (325 μl) of neutralized
collagen-HA solution onto the bottom plate, lowering the geometry to a 1 mm gap distance,
and then using a peltier heater in the base plate and solvent trap to maintain a 37°C, humidified
environment. Matrices were allowed to polymerize in this fashion for 2.5 h. The shear modulus
was then measured at frequency of 0.1 Hz and 0.01% strain, which were chosen from
predetermined linear viscoelastic response regions. Shear storage (G′, elastic component
representing stored, recoverable energy) and loss (G″, viscous component representing energy
permanently lost during deformation) moduli were calculated from the measured values of
torque and phase shift (δ). Separation of the complex shear modulus into its phase components
allowed more detailed analysis of the viscoelastic effects of varied HA concentration.

The effect of HA on the compressive behavior of each matrix then was evaluated by
compressing (unconfined) the collagen matrix as the final stage of the rheometry protocol.
Normal force was measured in response to compressive strain generated by depressing the top
plate at a rate of 10 μm/s (engineering strain rate 1% /s). Stress-strain plots were generated for
each sample, where compressive strain was calculated as 1 - L/L0 (Cauchy or engineering
strain, L = height and L0 = initial height) and stress was calculated as normal force divided by
plate area (Knapp et al., 1997). Compressive moduli were calculated in two regions of the
stress-strain curves (see Fig. 6). A low strain modulus was calculated by linear regression as
the slope of the curve from approximately 10 to 30% strain, which is in the linear toe region.
Similarly, a second modulus, termed failure modulus, was calculated in the region prior to a
consistently observed failure point (Fig. 6, circles), defined where a rapid increase in stress
was followed by an abrupt decline. This failure point is believed to occur when the compressive
stress becomes greater than the matrix's ability to resist the hydraulic pressure, which then
causes matrix collapse or detachment from the plates and an abrupt decline in stress due to
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extrusion of the matrix out around the plates. Failure stress and failure strain values were taken
at this point. The failure modulus was calculated by linear regression as the slope from
approximately 70 to 90% failure strain. Mechanical analyses were performed on 5 independent
matrices for each HA concentration (n = 5).

To demonstrate the independent contributions of HA and the collagen fibril network to
viscoelastic properties, collagen matrices (2 mg/ml) with 0 or 1 mg/ml HA concentrations were
treated with HADase (or PBS as control) to remove HA and then tested in unconfined
compression. To enable HADase treatment, matrices were polymerized for 2 h at 37°C on a
20 mm diameter wettable surface of hydrophobic printed slides (Tekdon, Myakka City, FL)
as described previously (Paderi and Panitch, 2008). Following polymerization, matrices were
overlaid with 500 μl of PBS or PBS containing 1000 U/ml HADase and incubated for 4 h at
37°C. Matrices were then rinsed twice in PBS prior to testing. Slides with matrices were
clamped to the rheometer stage (23°C) and a serrated 20 mm diameter parallel plate geometry
lowered to the gap distance (600 μm). Matrices were subjected to unconfined compression by
depressing geometry at 10 μm/s (engineering strain rate 1.67% /s) and stress-strain plots
generated. Compression analysis was performed on 3 to 4 independent matrices per treatment
group (n = 3-4).

2.6. Analysis of fibroblast proliferation
AlamarBlue (BioSource International, Inc., Camarillo, CA), a metabolic indicator dye, was
used to indirectly measure the relative proliferation of NHDF seeded within collagen matrices
with varied HA concentrations as described previously (Pizzo et al., 2005; Voytik-Harbin et
al., 1998). NHDF were seeded at 5 × 104 cells/ml and matrices polymerized within 24-well
plates (0.5 ml/well). Constructs remained adherent to wells throughout the assay. As a control,
NHDF (same number of cells/well as gels, 2.5 × 104 cells/well) were cultured on plastic and
analyzed in parallel. To evaluate for biochemical (receptor-mediated) effects of HA, varied
concentrations of HA were added in the media to cells seeded on plastic. In addition, phorbol
ester (PMA, phorbol myristate acetate, Sigma) was added to the media (50 ng/ml) of both
plastic and matrix groups to enhance possible biochemical effects of the HA. This is based on
work by Hall et al (2001) who showed that PMA, a protein kinase C (PKC) activator, addition
enhanced HA binding and uptake by mouse fibroblasts, leading to a measurable biochemical
response to HA. At 24 and 48 h cell number and morphology were qualitatively assessed using
brightfield microscopy and culture media was replaced with fresh media containing 10% v/v
alamarBlue. Media samples were collected 24 h later from each well (3 × 100 μl/well) into 96-
well plates. Dye reduction was monitored spectrophotometrically using a SpectraMax Gemini
XS plate reader (Molecular Devices, Sunnyvale, CA) with excitation and emission wavelengths
of 530 and 590 nm, respectively. Sample readings were normalized by subtracting background
emission (media with dye alone) and dividing by completely reduced dye emission (autoclaved
sample). The assay included at least 2 independent matrices per treatment group and was
repeated multiple times.

2.7. Analysis of 3D fibroblast morphology and filamentous (F)-actin organization
Collagen matrices with varied HA concentration were seeded with NHDF at 5 × 104 cells/ml
and polymerized in 4-well Lab-Tek chambered coverglass (0.5 ml/well). Early after
polymerization (6 h), constructs were fixed and permeabilized with 3% paraformaldehyde,
0.1% Triton 100× in PBS. NHDF were stained with Alexa Fluor 488 phalloidin (Molecular
Probes, Eugene, OR) to label F-actin. Combined confocal reflection and florescence
microscopy was used to collect images of cells and the surrounding collagen fibril matrix (n
= 15-20 cells total from 2 independent matrices per treatment group). Images were deconvolved
using AutoDeblur (Autoquant Imaging, Inc., Watervliet, NY) and analyzed in 3D using Imaris
5.0 software. Quantitative morphometric analysis was conducted using an Imaris 3D
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measurement tool to measure cell length along the cell's major axis and width of the cell body
at its widest point.

2.8. Analysis of matrix contraction by fibroblasts
The effect of HA concentration on matrix contraction by NHDF was evaluated using a standard
collagen matrix contraction assay (Bell et al., 1979). To robustly evaluate matrix contraction,
collagen concentration and cell seeding density were independently co-varied to values used
in other studies (Boraldi et al., 2003; Travis et al., 2001). Collagen matrices (1 or 2 mg/ml)
with varied HA concentrations were seeded with NHDF at 5, 10, or 30 × 104 cells/ml and
polymerized in 24-well plates. For some experiments, PMA was added at 50 ng/ml to the media
of some groups in an attempt to enhance biochemical effects of HA. Immediately following
polymerization, constructs were released from wells with a tiny spatula and allowed to float
in the media. Constructs were imaged at 12 to 24 h intervals over 6 days using a Leica DF480
digital camera connected to a stereo brightfield microscope (Carl Zeiss MicroImaging, Inc.,
Thornwood, NY). Matrix contraction was approximated as the change in surface area (% of
initial surface area). Areas were measured from images in Image Pro Plus software (Media
Cybernetics, Inc., Silver Spring, MD) by manually tracing the matrix perimeter (software
calculated area within trace). The contraction assay was performed with 3-5 replicate matrices
(aliquots of single cell-matrix preparation) per treatment group and the assay was repeated
several times for each different collagen concentration–seeding density combination.

2.9. Statistical analysis
Values are reported as means ± standard deviation (SD). Statistical analyses were performed
using SAS v.9.1(SAS Institute Inc, Cary, NC). To determine differences among treatment
groups the general linear model (GLM) procedure was used to test analysis of variance
(ANOVA), perform multiple comparisons of least-squares means using the Tukey (or Tukey-
Kramer in case of unbalanced sets) method, and, where appropriate, to test for homogeneity
of variances (Brown-Forsythe's test). Differences were considered statistically significant
when p<0.05.

3. Results
3.1. HA MW determination

The MW of HA is critical to its physio-chemical behavior and biochemical effects on cells.
The MW of the HA used in the present studies was calculated from intrinsic viscosity
measurements to be approximately 500 kDa. This is similar to reported values for HA extracted
from bovine vitreous humor, which has been shown to contain a distribution of molecular
weights (polydisperse) from 77 to 1,700 kDa with reported average MW between 200-400 kDa
(Beeson et al., 2000; Laurent, 1957; Laurent et al., 1960).

3.2. Collagen polymerization kinetics are not altered by HA
Turbidimetric polymerization assays are routinely used to provide kinetic information
regarding collagen fibril formation. The progressive increase in turbidity (A405) as observed
during collagen polymerization has been attributed to increased scattering of light by newly
formed collagen fibrils (Na et al., 1986). In the present study, HA concentration was found to
have no significant effect on collagen polymerization kinetics. Comparison of the turbidity
curves for collagen (2 mg/ml) polymerization in the absence and presence of HA showed that
all formulations demonstrated the expected sigmoidal-shaped relationship between absorbance
and time with definable “lag”, “growth”, and “plateau” phases (Fig. 1). Furthermore, as
expected, increasing the collagen concentration alone from 2 mg/ml to 3 mg/ml (Fig. 1, open
squares) dramatically affected the polymerization kinetics. Specifically, the increase in
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collagen concentration of 1 mg/ml decreased the polymerization half-time by 7.8 min,
decreased the lag phase duration by 6.2 min, increased the polymerization rate during growth
phase by 21.0 × 10-3 AU/min, and increased the final absorbance value by 0.3 AU. In contrast,
the addition of HA concentrations up to 1 mg/ml, corresponding to HA:collagen ratios of 1:2,
did not significantly affect the polymerization kinetics. In all cases, polymerization half-time,
duration of the lag phase, polymerization rate during growth phase, and final absorbance values
measured 35.8 ± 0.8 min, 25.2 ± 0.3 min, 30.4 ± 1.6 × 10-3 AU/min, and 0.63 ± 0.2 AU,
respectively. Changes in absorbance observed at times less than 5 min, shown in Fig. 1, were
interpreted as artifacts from movement or release of trapped air bubbles created during sample
mixing and cuvette loading.

Microscopic analysis of collagen matrices stained with alcian blue dye verified that HA was
distributed uniformly throughout the matrices in amounts that were concentration dependent
(Fig. 2A). Alcian blue straining of matrices incubated in the presence of PBS for up to 2 days
showed that the HA content persisted and maintained its uniform distribution within matrices
(Fig. 2B). Staining intensity decreased negligibly and could be completely removed by
digestion with HADase.

3.3. HA does not affect the fibril microstructure of polymerized matrices
CRM and SEM techniques were used to visually characterize the effect of varied HA
concentration on the collagen fibril microstructure of formed matrices. CRM allows 3D
visualization of the collagen fibril network in its natural hydrated state. Alternatively, SEM
provides higher resolution images of the component collagen fibrils, but is limited to a 2D
perspective and requires that the specimens be critical point dried. The resolution obtained with
SEM is 1-20 nm while that obtained with CRM is 150–200 nm. Representative SEM images
and CRM projections (2D overlays of image stack) of matrices with 0 and 1 mg/ml HA
concentrations are shown in Fig. 3. Qualitatively, both CRM and SEM images showed no
distinct changes in the density, diameter, or network organization of collagen fibrils as a result
of varied HA concentration. Quantitative measures of fibril volume fraction (fibril density)
and fibril diameter as determined from CRM and SEM images, respectively, were used to
validate qualitative determinations. Fibril volume fraction was not significantly affected by
varied HA concentration and was found to be about 6% in 2 mg/ml collagen matrices (Fig.
4A). Similarly, the mean and distribution of collagen fibril diameters were not significantly
affected by varied HA concentration (histogram plot Fig. 4B). The mean fibril diameters were
found to be 80.8 ± 18.3, 72.2 ± 13.0, and 72.0 ± 11.8 nm for 2 mg/ml collagen matrices prepared
with 0, 0.5, and 1 mg/ml HA concentrations, respectively. Cumulatively, results from the
turbidity and microstructural analyses demonstrate that the addition of HA to collagen solutions
up to 50% wt/wt had no significant effect on the collagen polymerization or microstructure of
the formed matrix. It should be noted that a Brown–Forsythe's test, which has increased
robustness against skewed distributions compared to Levene's test, showed that the population
variances were non-homogeneous (p=0.0035). In particular, this relates to the slightly larger
diameters measured in matrices with decreased HA concentration and suggests that the
incorporation of HA might have a slight influence in regulating fibril morphology by
decreasing variance in diameter.

3.4. HA modulates the viscoelastic behavior of polymerized matrices
Oscillatory shear analysis showed that varying HA concentration significantly altered matrix
viscoelasticity. Specifically, increasing HA concentration decreased shear stiffness and shifted
viscoelasticity towards more viscous or fluid-like behavior. Decomposing the shear modulus
into its phase components, showed that the shear storage modulus (G′), a commonly used
measure of stiffness, was significantly decreased with increased HA concentration (Fig. 5A,
Table 2). The highest HA concentration decreased G′ by 40%. The shear loss modulus (G″)
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was found to be much smaller in magnitude than G′, indicating that the elastic (solid) phase
dominates the matrix response in shear. Importantly, G″ values remained relatively constant
over the range of HA concentrations tested (p=0.465, Table 2). The ratio of G″ to G′, described
by the phase shift (δ, related by (tan δ = G″/G′)), reflects the behavior of the matrix between a
purely viscous (fluid, δ = 90°) and purely elastic (solid, δ = 0°) material. Therefore, a significant
increase in the phase shift (Fig. 5B, Table 2) indicates that increasing HA concentration shifted
the viscoelasticity towards a more viscous or fluid-like material.

Unconfined compression testing showed that HA concentration significantly affected
compressive behavior, indicating that HA altered fluid movement (hydraulic resistance) within
the collagen matrices. Compressive loads on collagen matrices are supported primarily by the
incompressibility of the interstitial fluid (Knapp et al., 1997), thus increasing resistance to fluid
movement increases resistance to compression (causes increased stress). Fig 6 shows
representative unconfined compression stress-strain curves for matrices with varied HA
concentrations and is labeled to identify the low strain and failure moduli as well as the failure
points (circles). As expected, increased HA concentration significantly increased the
compressive modulus at high strains as well as failure stress and strain (Table 2). However,
HA concentration did not significantly affect the low strain compressive modulus (p=0.837,
Table 2). Interestingly, under the same testing conditions, varying collagen concentration (fibril
density) alone alters both low and high strain compressive moduli as well as the failure stress
(data not shown), indicating that the HA affected hydraulic resistance differently than collagen
concentration. Further compression testing of matrices in which HA was digested and removed
using HADase showed that their increased compressive resistance decreased back to values
similar to control collagen matrices (no HA addition, Fig. 7). These results emphasize that HA-
induced changes in matrix viscoelastic properties are largely owing to the modulation of the
physio-chemical properties of the interstitial fluid phase rather than collagen fibril
microstructure.

3.5. HA concentration did not affect fibroblast proliferation
As a first step in determining how collagen matrices formed with varied HA concentration
affected fundamental fibroblast behavior, NHDF were entrapped (seeded) within the matrices
during polymerization and their relative proliferation quantified at 24 and 48 h. Relative
proliferation was measured indirectly using the metabolic indicator dye alamarBlue. In all
treatment groups (1 and 2 mg/ml collagen concentrations with HA concentrations ranging from
0 to 1 mg/ml), HA concentration did not significantly affect fibroblast proliferation within the
collagen matrices at either timepoint. No notable differences in cell number or viability between
matrices were observed upon qualitative inspection, corroborating the alamarBlue results. Fig.
8 shows results for 1 mg/ml collagen matrices with 0, 0.5, and 1 mg/ml HA concentrations at
24 h. As expected, NHDF grown in wells on the tissue culture (TC) plastic alone showed
increased proliferation compared to those grown within the 3D matrices (Pizzo et al., 2005).
NHDF on plastic did not respond to HA added to the media, suggesting that the HA alone did
not have a significant biochemical effect. However, as suggested by the work of Hall et al.
(2001), the addition of PMA to the media did induce as significant response by NHDF to the
varied HA concentration within the media. Specifically, in the presence of PMA, increased
HA concentration in the media caused a decrease in fibroblast proliferation. Contrary to plastic
groups, PMA added to the media of the matrix groups did not induce a significant response in
the presence of varied HA concentration. Interestingly, in both matrices and on plastic, the
addition of PMA alone (no HA) resulted in significantly decreased NHDF proliferation. These
results demonstrate that HA alone did not have a significant biochemical effect and did not
provide the necessary biophysical or biochemical cues to modulate NHDF proliferation.
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3.6. HA concentration did not affect fibroblast morphology and F-actin cytoskeleton
organization

Altering mechanical properties of the collagen matrices can alter the way that fibroblasts adhere
and physically remodel the surrounding collagen fibril network as they attain spread, elongated
morphologies. NHDF morphology was visualized and measured at a relatively early timepoint,
6 h after seeding, in attempt to capture differences in the mechanical force balance between a
cell and the surrounding matrix. Surprisingly, NHDF morphology was not affected by varied
HA concentration (Fig. 9). NHDF within the different HA concentration matrices had similar
biopolar, spindle-shaped morphologies. Measurement (in 3D) of cell length and cell body width
supported this observation. Table 3 lists the mean cell length, width, and length:width ratio for
fibroblasts grown within 0 and 1 mg/ml HA concentrations which were not significantly
different (p=0.06, p=0.43, p=0.06, respectively).

In addition, images of phalloidin stained NHDF were evaluated for F-actin cytoskeleton
organization. Again, the addition of HA had no obvious effects on F-actin organization, in
terms of filament thickness and network structure (Fig. 9C,D). As would be expected, F-actin
organization correlated with cell morphology. For example, F-actin fibers were more linear
and prominent in elongated cells with 2 or 3 processes (spindle shape) than in less spread cells
with more processes. Comparison of cells with similar morphologies showed they had similar
F-actin organization, regardless of HA concentration.

3.7. HA concentration did not affect matrix contraction by fibroblasts
Matrix contraction assays showed that varied HA concentration did not significantly affect the
rate or degree of matrix contraction by NHDF (Fig. 10). Matrix contraction results from cells
adhering and exerting tractional forces on the fibril network (Tamariz and Grinnell, 2002).
Shown in Fig. 10A, changing the collagen concentration (1 or 2 mg/ml) and seeding density
(5 or 30 × 104 cells/ml) had no significant change on the effect of varied HA concentration on
matrix contraction. In an attempt to stimulate a response to HA, PMA was added to the media
but also did not induce any significant effect of varied HA concentration (Fig. 10B). PMA
itself appeared to slow the rate and degree of contraction, likely due to its inhibition of fibroblast
proliferation. Importantly, these results correlate with the lack of differences in morphology,
F-actin organization, and proliferation and further support that varied HA concentration did
not affect NHDF behavior within the collagen matrices.

4. Discussion
The present study determined if varying the concentration of HMW HA (200-500 kDa) during
polymerization of type I collagen altered the fibril assembly kinetics as well as the physical
characteristics and cell instructive properties of resultant 3D matrices. Our experiments show
that the addition of HA at the levels evaluated had no effect on the collagen polymerization
kinetics or the organization of the collagen fibril network. Interestingly, the addition of HA
did affect matrix mechanics largely by affecting the physio-chemical properties of the fluid
phase. As a result, G′ decreased and the compressive resistance increased with increasing
concentrations of HA. However, contrary to our expectation, these changes in the molecular
composition and mechanical properties of the matrix did not produce measurable differences
in NHDF morphology, F-actin distribution, matrix contraction, or proliferation in vitro.

Although the molecular composition of the ECM is a well-known regulator of cellular
responses, physical properties of the 3D matrix are now being recognized for their instructive
capacity. Recent evidence indicates that the stiffness of the ECM serves as a key regulator of
fundamental cellular behaviors (Yamada and Cukierman, 2007). For example, fibroblast
proliferation, spreading and motility (Pelham and Wang, 1997), as well as lineage specific
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differentiation of human mesenchymal stem cells (Engler et al., 2004) have been effectively
modulated by seeding cells on the surface of collagen-coated polyacrylamide gels of varying
stiffness. We have also documented that NHDF entrapped within polymerizable 3D collagen
matrices were able to sense and respond to changes in collagen fibril density and matrix
stiffness achieved by varying collagen concentration (Pizzo et al., 2005; Roeder et al., 2002).
In these studies, increasing the collagen concentration resulted in matrices with increased fibril
densities and increased stiffness. The observed increase in fibril density and matrix stiffness
resulted in a redistribution of cell-matrix adhesions as well as a decrease in NHDF proliferation
and local matrix contraction (Pizzo et al., 2005). It is evident that modulation of the mechanical
force balance between a cell and its substrate is accompanied by changes in focal adhesion
composition, cell morphology, and cytoskeletal organization (Ingber, 2006).

In the present study, HA appeared to act through a different mechanism, compared to collagen
concentration, to alter collagen matrix viscoelastic properties without significantly modulating
fibril morphology or density. The addition of HA up to concentrations of 1 mg/ml at a
HA:collagen ratio of 1:2 did not significantly alter collagen type I polymerization. Such results
are consistent with work by Kuo et al. (2008) who showed that HMW HA had no effect on the
polymerization kinetics of type II collagen, another member of the fibrillar collagen family. In
other studies, HA has been reported to have mixed effects on the polymerization properties of
type I collagen. Specifically, Tsai et al. (2006) reported that HA caused moderate changes in
the assembly of pepsin-solubilized type I collagen including decreased lag time and increased
polymerization rate. In a separate study involving pepsin-solubilized type I collagen, HA was
found to decrease the rate of polymerization; however, these effects were highly dependent
upon HA MW (Xin et al., 2004). In the present study, acid-solubilized type I collagen was
chosen since this isolation technique preserves the integrity of the telopeptides, known to be
critical elements of the assembly and cross-linking process, whereas enzymatic techniques
involving pepsin do not (Kuznetsova and Leikin, 1999). Our findings that HA does not affect
polymerization kinetics may be explained by differences in the source and molecular
composition of the collagen (e.g. presence of telopeptides), polymerization reaction conditions,
collagen-HA concentrations and ratios, as well as the HA MW.

HA was found to be uniformly distributed within the matrices without significantly altering
the collagen fibril network organization, as visualized by CRM and SEM. These results are
consistent with the idea/mechanism that HA fills the interfibrillar space and alters matrix
properties through steric and/or weak interactions with collagen fibrils rather than binding or
coating fibrils like other GAGs or fibronectin (Obrink, 1973; Turley et al., 1985). A moderate
but not significant decrease in the variance of the fibril diameter distribution was recorded from
SEM images, which might relate to HA sterically inhibiting microfibrils from coalescencing
into larger fibrils (Rooney and Kumar, 1993; Tsai et al., 2006). Similar observations were made
by Tsai et al. (2006) who reported a moderate narrowing of fibril diameters (measured by TEM)
with increasing HA concentration and by Docherty et al. (1989) who commented on more
uniform fibril diameters (measured by SEM). In the interfibrillar space, HA as well as other
PGs/GAGs have been proposed to produce swelling (hydrostatic) pressure, due to their large
hydrophilic domains, that is restricted by tension in the collagen fibril network (Scott, 1992;
Zhu et al., 1996). In this organization, PGs are predicted to inhibit the number or strength of
collagen fibril-fibril interactions (Zhu et al., 1996) and increase compressive resistance. Our
mechanical testing results suggest this is happening for HA in our collagen matrices. In
compression, an increased HA content resulted in an increased compressive stiffness,
especially at high strain levels, as well as increased failure stress/strain. We showed that HA
was directly responsible for increased compressive resistance as the effect could be reversed
by selective removal of HA with HADase. In shear, the observed decrease in G′ and increase
in δ with increasing HA concentration may be explained by an inhibition of fibril-fibril
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interactions (collagen fibrils and network support shear and tensile loads, Sander and Barocas,
2008).

While these results show HA is altering matrix viscoelasticity but not collagen matrix
microstructure, NHDF response studies show that these matrix changes do not produce
significant cell instructive cues. In fact, the lack of modulation of 3D cell morphology, actin
cytoskeleton organization, and matrix contractility suggested that the mechanical force balance
between NHDF and their surrounding matrix was not altered by the addition of HA. NHDF
did not respond to varied HA concentration, even when the collagen concentration was
decreased to 1 mg/ml so that the HA:collagen ratio was 1:1. Control studies also confirmed
that HA persisted within matrices for at least 2 days with no significant loss due to diffusion
or degradation. These results are consistent with a previous report of only trace amounts (∼2
μg/ml) of HMW HA being eluted into the media during a collagen matrix contraction assay
(Mehra et al., 2006).

It was suspected that HA might create confounding biochemical and biophysical effects.
However, it is unlikely that the HA had any biochemical effect as evidenced by the lack of
change in NHDF proliferation when soluble HA was added as a supplement to the media.
Additional evidence is provided by the PMA control groups, where PMA was added to the
media in an attempt to stimulate a biochemical response to HA. PMA, a diacylglycerol analogue
which activates PKC among other pathways (Brose and Rosenmund, 2002), is thought to
stimulate a cell response to HA by enhancing HA binding and uptake. While the mechanism
for this enhanced HA response is not yet clearly defined, it has been proposed that it occurs
through CD44 and RHAMM (CD168) receptors (Hall et al., 2001; Hall et al., 2002). Here, we
show that PMA induced a biochemical response to HA when NHDF were seeded within a 2D
format on plastic. However, PMA was not able to induce a response to HA when NHDF were
seeded within the 3D collagen matrices. These results suggest that the mechanical constraints
of the 3D environment either restrict access to HA or alter the functionality of HA receptors
(e.g. affect multiple ligand interactions, clustering, or co-receptors (Turley et al., 2002)). It has
previously been demonstrated that cell response to HA can differ in 2D versus 3D environments
(Hayen et al., 1999; Maaser et al., 1999). In summary, results from the present study
demonstrate that the NHDF response was not significantly modulated by the biochemical and/
or biophysical changes induced in the matrix by the addition of HA.

Importantly, while our results evaluating NHDF response demonstrate that changes in matrix
viscoelasticity are not always translated into significant biophysical cues that influence
entrapped fibroblast behavior, the observed lack of a fibroblast response raises the question
why HA incorporation in collagen matrices has modulated fibroblast behavior in other studies
(Table 1). Certainly the possibility exists that HA has biochemical effects in those systems
with those cell types. Fibroblasts from different ages (adult vs. neonatal) and tissues (foreskin
vs. fetal skin) as used in the various studies have shown differences in gene expression,
migration, and wound healing behaviors (Hirt-Burri et al., 2008;Meran et al., 2008). Another
possibility is that the HA used in those studies induced changes in the matrix biophysical
properties significant enough to influence cell behavior. It is important to note that studies
performed to date have employed a wide range of collagen and HA concentrations as well as
HA obtained from different sources and representing different MW. The HA used in the present
work had an average MW around 200-500 kDa and was polydisperse, which upon comparison
to the literature represents the mid to low end of HMW HA. It is plausible that HA representing
substantially different MW (e.g. >1,000 kDa) might induce substantially different biochemical
and biophysical effects on collagen matrices. In fact, HA MW dependent differences in
collagen polymerization lag times (Mathews and Decker, 1968) and matrix G′ (Xin et al.,
2004) have been reported. Intriguingly, 155 kDa HA, at a 10 mg/ml concentration, was found
to increase G′, where as 1,200 kDa HA increased the shear rate dependence of G′ relative to
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controls (Xin et al., 2004). Several studies also have reported or at least mentioned HA MW
dependent differences in fibroblast behavior (Docherty et al., 1989;Huang et al., 2008). For
example, Mehra et al. (2006) reported that 1,500 kDa HA, but not 190 kDa HA, resulted in
increased matrix contraction. In contrast, Boraldi et al. (2003) reported that both 750 and 2,500
kDa HA did not alter matrix contraction. Differences in their experimental designs, such as 1
mg/ml HA in a 4 mg/ml collagen matrix (Boraldi) compared to 2.5 mg/ml HA in a 1.8 mg/ml
collagen matrix (Mehra), suggest that HA-induced biochemical and/or biophysical cues are
dependent on other experimental model parameters.

In summary, the present study provides new perspective regarding how ECM molecules, other
than collagen, modulate not only the structural-mechanical properties of polymerizable
collagen-based matrices but also their cell instructive capacity. Our findings show for the first
time that changes in collagen matrix stiffness resulting from the modulation of fibril
microstructure (e.g. fibril density and fibril-fibril cross-links) significantly affect the
mechanical force balance between a cell and its surrounding matrix, while those induced by
altering the physio-chemical properties of the interstitial fluid phase alone do not. Collectively,
these results contribute useful design considerations that will have significant impact on the
development of instructive ECM-based biomaterials for regenerative medicine and tissue
engineering applications.
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Fig. 1.
Assembly kinetics of collagen solutions (2 mg/ml) containing varied HA concentrations (0-1
mg/ml) as determined using routine turbidimetric analysis. Representative curves indicate that
the addition of HA at the levels studied did not affect kinetic parameters including, duration
of the half-polymerization time, duration of lag phase, polymerization rate during growth
phase, or maximum absorbance. As expected, these parameters were modulated by increasing
the collagen concentration from 2 mg/ml to 3 mg/ml.
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Fig. 2.
HA content and distribution within 3D collagen matrices with varied HA concentrations as
visualized both macroscopically (a-c, scale bar = 1 cm) and microscopically (d-f, scale bar =
20 μm)) following staining with alcian blue dye (panel A). Alcian blue staining increased with
increasing HA concentration (0 (a,d), 0.5 (b,e), and 1 (c,d) mg/ml HA in 2 mg/ml collagen
matrices). HA distribution appeared homogeneous throughout the matrices. Persistence of HA
within collagen matrices over time (panel B). Collagen matrices (2 mg/ml) with varied HA
concentrations (0-1 mg/ml) were stained with alcian blue dye after 1, 24, and 48 h incubations
at 37C with daily PBS changes (scale bar = 1 cm). Last column shows duplicate set of matrices
treated with HADase to digest and remove HA prior to staining.
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Fig. 3.
Representative SEM (A,B, scale bar = 5 μm) and CRM (C,D, scale bar = 10 μm) images
showing the fibril microstructure of 3D collagen matrices (2 mg/ml) with 0 (A,C) and 1 (B,D)
mg/ml HA concentrations. Qualitatively, addition of HA did not alter collagen fibril
microstructure.
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Fig. 4.
Quantitative analysis of the fibril volume fraction (A) and fibril diameter distribution (B) of
collagen fibrils within 3D collagen matrices (2 mg/ml) with varied HA concentrations (0-1
mg/ml). Fibril volume fraction was measured from CRM images of 3D matrices in their natural
hydrated state (n = 6 images per HA concentration). Fibril diameters (60-80 fibrils per HA
concentration) were measured from high resolution SEM images. The addition of HA up to 1
mg/ml had no significant effect on fibril volume fraction or fibril diameter distribution of
polymerized collagen matrices.
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Fig. 5.
Shear storage modulus (G′, A) and phase shift (δ, B) of collagen matrices (2 mg/ml) with varied
HA concentrations (0-1 mg/ml) as measured in oscillatory shear (0.01% strain, 0.1 Hz)
following matrix polymerization. Increasing HA concentration significantly decreased G′ and
increased δ, indicating stiffness decreased and matrices behaved more fluid-like (n = 5
independent matrices per HA concentration, different letters designate statistically different
means, p<0.05).
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Fig. 6.
Representative unconfined compression stress-strain curves for collagen matrices (2 mg/ml)
with varied HA concentrations (0-1 mg/ml). Matrices were compressed on the rheometer by
depressing plate geometry at a constant rate of 10 μm/sec and measuring normal stress. Entire
curves are shown to illustrate a reproducible failure point (circles) observed during testing.
While an increase in failure modulus, strain, and stress were observed with increasing HA
concentration, there was no significant effect on the low strain compressive modulus
(parameters measured as indicated, values in Table 2).
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Fig. 7.
Contribution of HA to viscoelastic properties of collagen matrices. Matrices with varied HA
concentrations were polymerized on slides, treated with or without HADase, and tested in
unconfined compression. Compressive stress-strain curves (mean ± SD of n = 3-4 matrices per
group) show that degradation of HA content within matrices decreased their increased
compressive resistance back to control values (matrices with no HA).
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Fig. 8.
Relative proliferation, as measured by alamarBlue assay, of NHDF seeded within collagen
matrices (1 mg/ml) with varied HA concentrations up to 1 mg/ml. Control analyses were
simultaneously conducted for NHDF seeded on tissue culture plastic with HA added to the
media and with PMA added to the media for both plastic and 3D matrix cultures (as indicated).
Varied HA concentration did not significantly affect NHDF proliferation except in the case of
NHDF seeded on plastic with PMA addition (bars equal mean ± SD of 2 independent matrices
per treatment group from a representative assay).
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Fig. 9.
Representative confocal fluorescence images of NHDF grown within collagen matrices (2 mg/
ml) with 0 (A,B) and 1 (D,C) mg/ml HA concentrations and stained with Alexa Fluor 488-
conjugateed phalloidin (surrounding collagen matrix not shown for clarity; B,C scale bars =
20 μm, A,D scale bars = 10 μm). Varied HA concentration did not significantly affect cell
length, cell body width, or F-actin organization.
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Fig. 10.
Timecourse of NHDF-mediated contraction of collagen matrices with varied HA
concentrations (0-1 mg/ml). NHDF were seeded at 5 or 30 × 104 cells/ml within 1 or 2 mg/ml
collagen matrices (as indicated in A,B) with varied HA concentrations. PMA was also added
to the media in attempt to stimulate a biochemical response to HA (B). Although NHDF
contraction varied with cell concentration, collagen concentration, and PMA addition, HA
concentration did not significantly affect the rate or degree of contraction within any of the
contexts studied (curves equal mean ± SD of 3-5 replicate matrices per treatment group from
a representative assay).
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Table 1
Effects of HA concentration on fibroblast behavior within polymerizable 3D collagen matrices.

Reference
Type I Collagen
Concentration (collagen
source)

HA Concentration (MW) Cell Type (seeding density) Results: Effect of Increased HA
Concentration

Greco, 1998 1.25 mg/ml 0.15 mg/ml human dermal fibroblasts increased cell proliferation & tubulin
synthesis, but did not affect degree or
rate of matrix contraction

(acid-solubilized rat tail
prepared in lab)

(1,100 kDa) (1.25 - 5 × 104 cells/ml)

Boraldi, 2003 4 mg/ml 0 - 1 mg/ml human dermal fibroblasts did not affect matrix contraction, cell
morphology, or cell distribution, but
did induce thicker actin filaments

(acid-solubilized rat tail
prepared in lab)

(750 - 2,700 kDa) (30 × 104 cells/ml)

Travis, 2001 1 mg/ml 0 - 0.5 mg/ml monkey aortic fibroblasts increased matrix contraction (CD44
dependent), cell spreading /
elongation (not CD44 or RHAMM
dependent), and pericellular collagen
accumulation (CD44 dependent)

(pepsin-solubilized calf
skin, Vitrogen)

(∼4,000 kDa) (30 × 104 cells/ml)

Mehra, 2006 1.8 mg/ml 0 - 2.5 mg/ml human dermal fibroblasts increased matrix contraction
(Vitrogen) (190 & 1,500 kDa) (15 × 104 cells/ml)

Huang, 2008 1.25 mg/ml 0 - 1 mg/ml human dermal fibroblasts decreased matrix contraction and cell
number, affected cell morphology(acid-solubilized rat tail,

from Gibco)
(500 - 1,200 kDa) (6 × 104 cells/ml)
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Table 3
Effect of HA concentration on fibroblast morphology within 3D collagen matrices.

Cell Dimensions (mean +/- SD)

HA (mg/ml) Length (μm) Width (μm) Length:Width Ratio

0 123.4 ± 19.5 11.7 ± 2.9 11.1 ± 2.8
1 107.7 ± 21.9 12.6 ± 2.9 9.0 ± 2.8
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