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Abstract

Tissue-equivalents (TEs), simple model tissues with tunable properties, have been used to explore
many features of biological soft tissues. Absent in most formulations however, is the residual
stress that arises due to interactions among components with different unloaded levels of stress,
which has an important functional role in many biological tissues. To create a pre-stressed model
system, co-gels were fabricated from a combination of hyaluronic acid (HA) and reconstituted
Type-I collagen (Col). When placed in solutions of varying osmolarity, HA-Col co-gels swell as
the HA imbibes water, which in turn stretches (and stresses) the collagen network. In this way, co-
gels with residual stress (i.e., collagen fibers in tension and HA in compression) were fabricated.
When the three gel types tested here were immersed in hypotonic solutions, pure HA gels swelled
the most, followed by HA-Col co-gels; no swelling was observed in pure collagen gels. The
greatest swelling rates and swelling ratios occurred in the lowest salt concentration solutions.
Tension on the collagen component of HA-Col co-gels was calculated from a stress balance and
increased nonlinearly as swelling increased. The swelling experiment results were in good
agreement with the stress predicted by a fibril network + non-fibrillar interstitial matrix
computational model.

KEY TERMS
Multiscale; Pre-Stress; Biomechanics; Donnan; Osmotic; Tissue; Network; Fiber

INTRODUCTION

Tissue-equivalents (TEs), which are simple model tissues with tunable properties, have been
used for decades to explore many features of soft tissues, such as how structural and
compositional properties affect mechanical function®. For example, the relationship between
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microscopic fiber alignment and macroscopic mechanical properties has been studied
extensively in this model system16: 36. 22,20, 26 Collagen gels, often in conjunction with
other biopolymers, have served for a long time as the basis for many engineered tissues3®.
Also, collagen gels, fibrin gels, and/or collagen-fibrin co-gels have been studied in terms of
(1) ultimate tensile strength34, (2) network mechanics® 33 and architecture!®, and (3)
microstructure and mechanics after selective digestion of one component8. Collagen and
HA Co-Gel microstructures were previously examined along with mechanical failure, and
viscoelasticityl’.

To the best of our knowledge, one aspect not captured in previous TE formulations is
residual stress due to interactions among components with different mechanical rest states,
which has an important functional role in many tissues3! (e.g., blood vessels?3, articular
cartilage! 35, ligaments#°, and annulus fibrosus2”). Other studies aimed at developing
engineered materials that exhibit residual stress behaviors observed in nature have
previously been published® 3230 but unlike our HA-Col co-gels, these materials do not
attempt to model residual stress in soft collagenous tissues. Since the resting stress state of
native tissues is not easily replicated in TE fabrication, a different method for pre-stressing
collagen networks of TEs was necessary.

Hyaluronic Acid (HA) is a linear disaccharide glycosaminoglycan found in various
connective, epithelial, and neural tissues. It has been suggested that HA plays a role in
various biological processes, such as lubrication in articular cartilage24, inflammation1,
metastasis, tumor development, migration, mitosis, and wound healing3. HA gels are a
versatile biomaterial that can be tuned conveniently in terms of both rheological and
mechanical/physical properties with its concentration or molecular weight and can
encapsulate cell-signaling chemokines, or even viable cells®. Its inherent advantages of
biocompatibility and the ability to elicit desirable cellular responses such as proliferation,
and migration have made it a popular base for tissue engineering'3, and drug delivery?>. Use
of soluble HA on its own, however, is limited by low mechanical strength and rapid
degradation, so HA is often chemically cross-linked*!: 37 and/or co-gelated with other extra-
cellular matrix molecules such as collagen® 3917,

With one charged carboxylate group for each disaccharide monomer#: 15 HA is a semi-
rigid polyelectrolyte that possesses a high fixed charge density. When HA is placed in
aqueous solution, an osmotic pressure develops within the gel via the Donnan effect!0. The
amount of Donnan-osmotic swelling decreases the ionic concentration of the solution.
Collagen gels, in contrast, exhibit no significant swelling over a wide range of solution
osmolarities.

The current work exploited the difference in swelling properties between collagen and HA
gels to create a pre-stressed model tissue system. When a collagen-HA co-gel is fabricated,
it is assumed that both components are stress-free and at the same gel volume. When a hypo-
osmotic challenge is introduced, the equilibrium state of the HA is swelled due to the
Donnan effect, but the equilibrium state of the collagen is unchanged because collagen does
not swell appreciably. As a result, the new gel has two components with two different
equilibrium states, and the externally unloaded state of the gel is one in which collagen

Ann Biomed Eng. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lai etal. Page 3

tension and HA compression cancel out to produce a net stress of zero. The goals of the
present study were to fabricate HA-Col co-gels, measure their swelling properties, quantify
the amount of pre-stress introduced to the collagen network, and compare the results to a
computational network simulation.

MATERIALS AND METHODS

Sample Fabrication

Three groups of gels were fabricated: (1) Col, (2) HA, and (3) HA-Col co-gels. For collagen,
reconstituted Type-I rat tail collagen (Invitrogen, Carlsbad, CA) was mixed as described
previously with 1M HEPES, 1M NaOH, 10X MEM, FBS, Penicillin/Streptomycin,
Fungizone, and L-Glutamine, and diluted with deionized, distilled water to a final
concentration of 1 mg/ml1. HA samples were prepared by mixing thiol-modified HA
(Biotime, Inc., Alameda, CA) with a polyethylene-glycol-based thiol-reactive cross-linker to
form a 0.67% (w/v) HA gel (240 +/- 20 kDa). The HA monomer was heterogenous with
approximately 60% HA, and 40% thiol-modified HA. HA-col co-gels were prepared by
mixing equal volumes of Col and HA (with cross-linker) solutions, such that final
concentrations for each component were consistent with the single-component gels. After
the solutions had been made, 10-pL aliquots of each gel type were cast in silicone oil and
incubated at 37°C for 24 hours to create spheres of ~2.5 mm diameter, similar to a
previously reported procedure?8.

Swelling Experiments

After incubation, HA-Col co-gel spheres were placed in solutions of 0, 1, 2, 3, 4, 5, 10, 15,
25, 50, 75 or 100%, and Pure HA gel spheres were placed in 0, 0.5, 1, 2, 5, 10, 15, 20, 25,
50, 75, 100% 1x Dulbecco’s phosphate buffered saline (PBS, Corning Inc., Corning, NY,
dilute with deionized, distilled water, n = 3—4 per solution). The gels were then allowed to
swell for 2 hours, with images captured every 2 minutes on a Leica S6D dissecting
microscope (Leica Camera AG, Wetzlar, Germany) affixed with a 1.3 megapixel digital
camera and image-capturing software (Motic China Group Co., Ltd., Hong Kong, P.R.
China). Sphere diameters were computed either (1) by a custom Matlab routine (DOI
10.5281/zenodo.44285) that image-segmented each image, recorded the signal area, and
returned gel diameters for each image; or (2) for those gels that were highly translucent, as
the average of 2 orthogonal directions measured manually. The equilibrium diameter (Deg),
and the initial (D) diameter of the gels were recorded for further steady-state analysis. An
exponential curve was fit to the data (Fig. 1) to calculate both the equilibrium swelling ratio
(Deq/ D), and the characteristic swelling time z = (1/4) for each sample. See figure 1.

Data Analysis
The fixed-charge density of HA before swelling, ¢, was estimated by

c 0_|ZHA|CHA

MWL ()
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where z4 was the charge per HA monomer, Cr4 Was the mass concentration of HA, and
MWy, 4 was the molecular weight of an HA disaccharide monomer. For an HA concentration
of 6.67mg/mL, with |Z4| = 0.61 and MW, = 60% (HA: 379 g/mol) + 40% (HA-Thiol:
478 g/mol), ¢£2= 9.7 mM. It was assumed that all of the thiolates had the same pK, of 8.87,
whether they cross-linked or not*1, and that all of the carboxylates in HA were dissociated
(pKa= 3-4). The fraction of charged monomers was determined with the Henderson-
Hasselbalch equation and a solution pH of 7.4. The superscript ‘0’ indicated the fixed
charged density of an unswelled HA gel. Since the HA gels were dilute (0.667% w/v), the
fixed charge density after swelling, ¢ was calculated by

Dg

Cr ZCFO (7)3 2

where Dpand D were the diameters of the HA sphere before and after swelling, respectively.

For an HA gel immersed in a solution dominated by monovalent ions (e.g., NaCl) the
Donnan 0smotic pressure, 7zpgmmam can be computed asl0

T =RT Ac=RT < \/c 2—|—4Lc*2—2c*>
Donnan F (3)

where Ris the universal gas constant, 7 is the absolute temperature of the system, and c¢*is
the concentration of Na* ions in the external solution, assuming complete ionization and
ideal solution behavior. For a swollen HA gel at equilibrium, the Donnan osmaotic pressure is
balanced by the hydrostatic stress in the HA gel, opa:

T A T ponnan =0 (4)

Similarly, a swollen HA-Col gel at equilibrium, under the assumption that the co-gel obeys
constrained mixture theory?®: 7, satisfies the following stress balance:

@

149147 0ot ponnan =0 (5)

where @4 = 0.99, the volume fraction of HA in HA-Col co-gels, o,y is the Cauchy stress
in the collagen network, and 7 pgnnan 1S calculated using Eq. 3.

The above equations, together with the results of the swelling experiments, were used to
calculate each stress component of equation 5 (o4, ponnam and ocyy) for the HA-Col co-
gel at equilibrium. As described above, tension was generated in the collagen during
swelling, but it could not be measured directly. Collagen stress was calculated after
measuring the other components and solving the stress balance (Eq. 5) for swollen HA-Col
co-gels. Solving for collagen stress in the co-gel was completed as follows. First, a swelling

Ann Biomed Eng. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lai et al.

Page 5

experiment on pure HA provided a swelling ratio, D,/ D. Together with the known salt
solution concentration, the swelling ratio was used to solve equation 2. Once cchad been
calculated, the salt concentration, ¢* was entered into equation 3 to compute the Donnan
osmaotic pressure, itponnan- 1N the pure HA gel, the Donnan pressure was equal to o4, the
HA stress (Eq. 4), which was then plotted against the swelling ratio and fitted to obtain
equation 6.

D 3
o, ,=0.945In (D—O) ©

Where the constant, 0.945 was obtained from the fit to pure HA swelling data plotted in
figure 4A.

Under the assumption that the relationship between swelling and HA stress in pure HA gels
was similar to that in HA-col co-gels, equation 6 was used to approximate o4 in swollen
co-gels. For consistency, minor differences in stress behavior between pure HA and HA in
the co-gels were accounted for with a volume fraction of HA introduced in Eq. 5. Again, Eq.
3 was used as above to find pgnna, in HA-Col co-gels, leaving ocyy, as the only remaining
unknown in Eg. 5. Swelling experiment data were analyzed and plotted in terms of: Swelling
ratio = D/Do, characteristic swelling time t = 1/k, and initial swelling rate = (Deg/Do - 1) /
T.

Statistical Analysis

All error bars in the figures are 95% confidence intervals. The number of replicates varied
between experiments with a minimum of 6 and a maximum of 12 samples. One-way
ANOVA was applied to HA’s characteristic swelling time (Fig. 3B), and applied to initial
swelling rate results (Fig. 3C) with statistical software R. Because high concentration PBS
had little swelling effect on the samples, the reference group was defined to be 100% PBS.
The null hypothesis stated that the mean of the measurements for a given concentration was
the same as the mean of the measurments from the 100% PBS experiment. There were ten
different independent comparisons (one for each experimental concentration of PBS), so a
Bonferroni correction was used to correct for the overall type | error. The Bonferroni
corrected significance level was 0.005 (apons = a / 10).

Computational Network Model

Experimental results of collagen pre-stress, oy, Were compared to computational model
predictions using our microscale network model as described previously?L: 38, Briefly, a
representative volume element (RVE) containing a Voronoi network of randomly oriented
fibers was generated, where fibers were connected to one another, as well as to the RVE
boundaries, via crosslinks represented by freely-rotating pin-joints. The mechanical response
of each fiber within the network was governed by the non-linear force-strain constitutive
equation
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F:%[exp(BEf)—l} @)

where Fis the force exerted by the individual fiber, and A and B are material parameters that
characterize the mechanical behavior of the fiber. Eis the Green strain of each fiber,
calculated from the fiber stretch, A:

Ef=0.5(\"~1) (g)

As the RVE is deformed, the average Cauchy stress in the network, < o>, is given by the
sum over boundary crosslinks as

1
<Uij>:‘_/ Z zi Fj 9)

where Vis the volume of the RVE, x;is the it/ component of the nodal position of a
boundary crosslink, and £;is the jth component of the fiber force exerted on that boundary
crosslink. The RVE is scaled to the known macroscopic scale via a scale factor a, by
relating the total fiber length of the RVE network (L) with the known macroscopic collagen
volume fraction (6) and average cross-sectional area of a collagen fiber (Ap:

A
o (10

From SEM images of acellular collagen gels, an average collagen fiber diameter of 50nm
was used, corresponding to As ~ 2,000 nm2.

To obtain material parameters A and B for our collagen gels, simulations of uniaxial tensile
tests on 5 Voronoi RVE networks were performed, and their stress-strain curves were fitted
to experimental tensile test data that had been obtained previously18. Using these fitted
parameters (A = 30 nN, B = 4) as inputs for our computational model, purely dilatational
stretches of 5 different Voronoi network computations were performed to simulate swelling
which was driven by the nonfibrillar matrix, HA. The nonfibrillar matrix and fibrillar
network were coupled in that they had the same displacement at all points as in constrained
mixture theory.38 The average stress predicted by 3-D network stretches was then compared
with o,y 0btained from HA-Col co-gel swelling experiments.

Swelling occurred only in the pure HA and HA-Col gels. Figure 2 shows representative
swelling behavior exhibited by individual spheres immersed in 0%vol PBS (pure deionized,
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distilled water). Swelling ratio D /D, vs. time was plotted for the three gel types (Fig. 2B).
Pure collagen gels did not swell appreciably over 1 hour, and no further data were logged.
The pure HA gel, in contrast, swelled the fastest and to the highest degree, as demonstrated
by the steep initial slope and large equilibrium swelling ratio. The HA-col co-gel sphere also
exhibited swelling, but not as rapidly as, nor to as great an extent as the pure HA gel. Pure
collagen gels did not swell in any of the solutions, but HA and HA-Col gels had clear
changes in swelling behavior with changes in the PBS level in the medium (Fig. 3A). As
expected from the theoretical analysis, the swelling ratio decreased with increasing PBS
concentration for both HA and HA-Col co-gels, with the largest decrease occurring in the
lower concentrations of PBS from 0%vol to 25%vol PBS. Comparison of characteristic
swelling times (Fig. 3B), showed that the HA-Col gels exhibited a decreasing trend in
characteristic swell time, with increasing PBS concentration. For the HA gels, however,
those in 0%vol PBS showed the shortest characteristic swelling time, followed by a rise to a
maximum swell time and then a drop in swell time for high PBS levels. For HA, the
experimental groups with PBS concentrations between 1% and 25%vol PBS were
statistically different from 100%vol PBS. This result, coupled with the largest swelling ratio
for the pure HA gels in 0%vol PBS, meant that these gels had a very fast swelling rate. The
initial swelling rate for HA-Col co-gels decreased with increasing PBS concentrations up to
10%, and then remained roughly constant (Fig. 3C).

The stress in pure HA gels was found to be roughly logarithmic with the swelling ratio (Fig
4A), in spite of considerable scatter in the data. Using the regression line for pure HA
swelling data in figure 4A, o4 Was estimated for the HA-Col co-gels, and the collagen
stress in the swollen gel, oc,ywas calculated using equation 5. The relative magnitude of
each stress contribution is shown in Figure 4B. The calculated stress induced in the collagen
network increased nonlinearly with swelling, opposing the Donnan pressure. For the HA-
Col co-gels that exhibited the largest swelling ratio (i.e., those immersed in 0%vol PBS), the
collagen contribution was 85% of the Donnan stress, and the HA contribution was 15%. The
linear stretch exerted on the collagen network under those conditions (stretch (D/Dp) = 1.49
+/-0.07) was slightly larger than the average stretch at failure of ~1.39 +/- 0.04 for pure
collagen gels of the same concentration under uniaxial stretchl8.

Dilatational stretch simulations of pure collagen gels (Fig. 5A) computed collagen stresses
similar to those observed in HA-Col co-gel swelling experiments (Fig. 5B). The data points
that lie at the lower stretch ratios on the x-axis corresponded to higher PBS concentrations.

DISCUSSION

The primary goal of this study was to explore the mechanics of HA-Col co-gels as an /in
vitro system as a model of residual stress in biological tissues. As expected, pure HA
swelled in hypo-osmotic solution, but Col did not. When fabricated in a co-gel, HA-Col
exhibited intermediate swelling behavior which suggested that this system possessed
residual stress. The tension of the collagen fibril network in swelled HA-Col spheres was
quantitated by solving a stress balance composed of: (1) the Donnan osmotic pressure, (2)
HA Cauchy stress, and (3) Col Cauchy stress. The Donnan osmotic pressure that drives
swelling in HA was calculated from known PBS concentrations and charge density of HA,
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and the HA stress was estimated from a fit to pure HA swelling data. No mechanical
interactions between collagen and HA were considered in the stress balance, and yet
collagen stresses in swollen co-gels were found to be in good agreement with an
independent prediction generated by a fibrillar-network computational simulation, with the
swelling effect simulated as a triaxial extension on the fibrillar network. Thus the simulation
recapitulated the co-gel’s collagen stresses as a model that accounted for both the fibrillar
network and non-fibrillar matrix.

It was previously observed that both failure stress and failure strain during unconfined
compression of HA-Col Co-gels increased with increasing HA content’. This observation
suggests HA has a dramatic effect on the co-gel system in the high stress and strain regimes
during compression, but little is known about the underlying mechanism. The current study
did not examine failure, but estimates of each component stress may provide some insight
about the co-gel’s mechanical response both at failure and at the lower strains examined
here. More of the load was supported by collagen tension (85% in 0%vol PBS), but HA did
support nearly 1/6 of the load (15%) (Fig. 4B). Conceptually, the collagen network may be
ultimately responsible for co-gel integrity, and the significant proportion of the load
absorbed by HA may provide collagen some support resulting in higher failure stresses for
HA-Col co-gels than for pure Col gels. Large stretches that exceeded the failure stretch of
pure Col gels were observed in intact co-gels swollen in water (1.49 vs. 1.39 for pure col
failure). Assuming that failure is caused by compromising the collagen network, and not
HA, these highly stretched yet intact swollen co-gels suggest agreement with the notion that
HA-col co-gels have a higher failure strain than pure Col in uniaxial tension. The stretches
above compared pure Col in uniaxial tension, but HA-Col swelled in three dimensions,
which was suggested to have a different effect on the amount of stretch exhibited by
individual fibrils within the network36. Further studies with different HA-Col formulations
and/or modes of mechanical loading might be able to determine whether the HA-Col co-gel
response includes additional interactions between its material components.

It was previously suggested that introducing relatively small amounts of HA to co-gels has
little effect on the collagen fibril dimensions!’. The mechanics of the co-gels in that study
were altered by the presence of HA, where more HA exhibited greater compressive
resistance and were more viscous-fluid in nature (reduced storage modulus, G’). No
microstructural characterizations were carried out in the present work, but the characteristic
swelling times and equilibrium swelling ratios were quantified (Fig. 3A, B). Pure HA
required a longer period of time to swell to equilibrium than HA-Col co-gels in all PBS
concentrations except 0%. The fast swelling time for pure HA in 0% PBS raises an
interesting question as to whether or not the polymer hydrodynamics were altered at the
highest osmotic-pressure-driven fluid velocity? 12. For PBS concentrations from 1% to
25%vol, HA gels exhibited a characteristic swelling time that was significantly longer than
that observed in 100%vol PBS. In all of the observed concentrations except 0% PBS, HA’s
characteristic swelling time was longer than HA-Col co-gels. HA-Col co-gels exhibited
approximately constant characteristic swelling times across the lower PBS levels, but above
15%, the times decreased (fig. 3B). The swelling size was less for those co-gels immersed in
the high PBS regime (> 15%). The initial swelling rate decreased, but then remained
constant for the high PBS regime (Fig 3C). Taken together, the decreasing trends in
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characteristic swelling time and swollen size, along with constant initial rate suggest there is
a different swelling mechanism for HA-Col in the low vs. the high PBS concentration
regime. The dynamic mechanism of swelling that involves diffusion and water movement
was beyond the scope of this study, but would be of significant interest in further research
analyzing HA-Col co-gel swelling behaviorl, perhaps through the use of multiphasic
mixture theory®, of the mechanism underlying the results observed here.

The viscoelastic relaxation time of articular cartilage, when modeled with polymer reptation
theory, was suggested to be proportional to the applied osmotic pressure raised to the 3/2
power3>. This theoretical relationship was not observed in our experimental data, but
changing characteristic swelling times were observed at high PBS levels (Fig 3B). One of
Ruberti and Sokoloff’s assumptions in the reptation analysis was that the articular cartilage
is highly compressed, so the osmotic pressure due to the counter-ion force dominates over
the contribution to osmotic pressure made by the HA monomer. That assumption may not
apply to our swelled gels.

For the pure HA gels, the walls of the spheres were nearly undetectable, so those gels were
hand-measured, introducing greater variability than was present for the HA-Col co-gels and
pure Col gels measured with an automated Matlab routine (Fig. 2B). Such measurement
variability may have been responsible in part for the deviation of Pure HA data from the
regression line in Fig. 4A. Another possible source of error may have been gel
inhomogeneity, as the distributions of either HA or Col throughout the sphere could have
been irregular, leading to variations in swelling. In spite of the potential sources of both
measurement and material error, the data had a small standard deviation of 0.08 for 8
samples (5% of equilibrium swelling ratio) of pure HA in 0%vol PBS and this was a smaller
standard deviation than was observed in any other experimental group. Also, the average
monomer charge, zy4 = 0.61, for HA in the gels was approximated from the dominant
functional group in each of the monomer types, where the pKa of carboxylate determined
the charge dissociation for HA and that of thiolate for thiol-modified HA. The actual fixed
charge density in HA-col co-gel was likely different from this theoretical calculation,
introducing error to the stresses reported here.

Independent estimates of the collagen stress based on (1) swelling experiments and (2) a
computational network model based on uniaxial extension of pure Col gels showed good
agreement over the experimental range (Fig. 5B). In Sander et al. 2009, biaxial extension of
the gel caused the fibrils to exhibit nearly affine kinematics — especially at high strains — but
a uniaxial stretch resulted in average fibrils stretches much less than that of the overall
network. In the uniaxial fitting process used here, it was assumed that the fibrils in the
network simulation were strained in a manner consistent with that of the pure collagen gel.
The same material parameters were then used in triaxial extension to predict the stresses
generated by swelled HA-Col co-gels, where the network behavior was expected to be
almost perfectly affine by virtue of triaxial homogenous loading. Because there was still
good agreement with swelling data (Fig. 5B), we conclude that the network kinematics in
the simulation are roughly representative of the collagen’s in swelling experiments.
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The agreement between simulation and experiment was not, however, perfect. The triaxial
extension simulation underestimated experimental stress at low strains, and overestimated
the stress at high strains. That difference could be due to HA restricting the conformational
space available to collagen network fibrils, particularly in the low strain regime, suggesting
an interaction between the HA and the collagen that would further drive the system toward
affinity (Fig. 5B). Such a response was observed previously in collagen-agarose co-gels20,
where the measured strength of collagen fibril alignment (retardation) during uniaxial
loading was lessened in the presence of agarose, representing inhibition of the collagen
network’s microstructural reorganization. The differences between experiment and
simulation appear to be diminished at increased strain. The triaxial extension simulation
necessarily exhibited affine kinematics over the strain range tested, but the co-gel
microstructure was not characterized. Therefore, non-affine kinematics is one potential
explanation for the disagreement between simulation and experiment, but the experiments
were swelled in three-dimensions, implying this too would be highly affine. Material
inhomogeneity, where the spatial origins of swelling were displaced from the center of the
sphere, is a possible reason for the different stresses at low strain that would be overcome at
high strain. Regardless of the mechanism, the experiment and simulation stresses computed
here at steady-state were similar in scale. In addition, the successful use of pure HA to
estimate o4 in co-gels suggests that mechanical interactions between HA and collagen in
the co-gel may have negligible mechanical consequences in swelling.

The simple, /n vitro HA-Col co-gel model is a candidate system to approximate the residual
stresses commonly observed in living tissues. HA-Col co-gels exhibited residual stress
behavior when swelled in a wide range of PBS concentrations. A computational simulation
of a fibril-network + non-fibrillar interstitial matrix model generated stresses similar to those
of the collagen component of swelled HA-Col co-gels, implying mechanical interaction
terms between the HA and collagen components may be considered negligible. Further
study of this /n vitro system could enhance our present understanding of failure, non-affine
behavior, and HA’s influence on collagen network microstructures in a way that more
closely approximates the complexity of a wide range of biomechanical behaviors 7 vivo.
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Figurel.
(A) Gel diameter, D, was measured automatically by an image-segmentation Matlab routine

from video taken during swelling for 2 hours. B) Example of the exponential curve fit for a
gel to experimental data. The fitting parameters were the final swelled equilibrium sphere
diameter, Dgg, and characteristic swelling time, Z/k.
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(A) Three different gel types were studied. Black and red lines in the illustrations are used
for demonstration purposes only and were not in the original data. (1) Pure collagen exhibits
no swelling, (2) pure HA, with borders encircled, swells to a greater extent, (3) Col-HA co-
gels swell to a lesser extent, demonstrating tension in the collagen and compression in the

Ann Biomed Eng. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lai et al.

Page 15

swelled HA. (B) Individual sphere swelling ratios of each gel type in 0%vol PBS. The
greatest swelling in terms of both rate and size increase occurred in pure HA gels. Negligible
swelling occurred in pure collagen gels, and intermediate swelling was observed in HA-Col
Co-gels.
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Figure 3.
(A) Equilibrium swelling ratios of HA and HA-Col gels show a decreasing trend with

increasing %vol PBS. In all solutions, the HA gels swell to a larger extent than the HA-Col
co-gels. (B) Average characteristic swelling times for HA-Col gels exhibit a decreasing trend
with increasing PBS concentration. For the HA gels, however, swelling in 0%vol PBS show
the shortest characteristic swelling time. (C) Initial swelling rate of HA-Col co-gels is faster
at higher PBS concentrations. Error bars = 95% CI, n = 6 to 12. *, statistical significance at
the 95% level.
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(A) Average o4 from swelling of pure HA gels shows increasing stress with logarithmic
swelling. R2 = 0.73 (B) Relative magnitudes of o4, Ttponnan: and o,y from swelling of
HA-Col gels (C) Low swelling ratio region of experimental HA-Col at 100, 75, 50, 25%
PBS enlarged for detail; Error bars =95% CI, n=6to 12.
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Figureb5.
(A) Simulated fiber network in triaxial extension. (B) Triaxial simulation with 95%

confidence interval bounded by dotted lines. o, calculated from experimental swelling
data.
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