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Abstract
The mechanics of bio-artificial tissue constructs result from active and passive contributions of
cells and extracellular matrix (ECM). We delineated these for a fibroblast-populated matrix (FPM)
consisting of chick embryo fibroblast cells in a type I collagen ECM through mechanical testing,
mechanical modeling, and selective biochemical elimination of tissue components. From a series
of relaxation tests, we found that contributions to overall tissue mechanics from both cells and
ECM increase exponentially with the cell concentration. The force responses in these relaxation
tests exhibited a logarithmic decay over the 3600 second test duration. The amplitudes of these
responses were nearly linear with the amplitude of the applied stretch. The active component of
cellular forces rose dramatically for FPMs containing higher cell concentrations.
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1. Introduction
Bioartificial tissue constructs provide a realistic mechanical and biochemical environment in
which to study cellular and extracellular matrix (ECM) mechanics.1,10 The overall
mechanics of a tissue construct derives from the mechanics of cells and ECM, and from the
details of the structural networks they form. The mechanics and nature of this structural
network changes as cells remodel the collagen ECM,19 as cells connect to one another,11,12

and as cells remodel their actin cytoskeletons in response to external stimuli.21,22 The ways
that the components of the structural network share stresses supported by a tissue are
functions of the mechanical properties of cells and ECM.11,12 These vary with the degree20

and rate13 with which the construct is stretched. We hypothesized that they also vary with
the number of cells per unit volume (the “cell concentration”) in a tissue construct after
remodeling.

The effects of ECM remodeling and cell concentration on tissue mechanics are
physiologically important when studying the wound healing process, in which fibroblasts
synthesize and remodel collagen, and simultaneously close the wound boundaries.4,7,17,9

However, the ways that ECM remodeling and increases in cell concentration change the
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mechanical properties of a wound are not well characterized quantitatively. Through the
approaches presented in this paper, we use tissue constructs as models to study this problem.

The goal of this work was to establish a relationship between the cell concentration and the
mechanical properties of both cells and ECM in bio-artificial tissue constructs. Since the
tissue constructs we studied were, like biological tissues, viscoelastic,6 mechanical
properties were derived from the response to a rapid stretch. Tests were interpreted through
a logarithmic relaxation model, allowing active and passive contributions of cells and ECM
to overall tissue mechanics to be studied as a function of cell concentration.

2. Methods
2.1. Cell and tissue culture

The protocols used to synthesize ring-shaped fibroblast-populated matrix specimens (FPMs)
followed those reported by Wakatsuki, et al.20 Briefly, monomeric type I rat tail collagen
solubilized in 0.02 M acetic acid (Upstate Biotechnology Inc., Lake Placid, NY) was
neutralized at 4°C with 0.1 M NaOH and mixed with concentrated DMEM stock to yield a
final collagen content of 1mg/ml. Chicken embryo fibroblasts isolated from 11-day old
chicken embryos (Spafas Inc., Preston, CT) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin at 50
units/ml, and streptomycin at 50 μg/ml. The fibroblasts, suspended in 10% FCS DMEM,
were mixed with the collagen solution; the cell suspension was poured into annular Teflon
wells, and incubated at 37°C with 5% CO2. The collagen polymerized within 20–30 min and
fibroblasts were captured within the hydrated collagen gel. The collagen gel formed a ring (3
mm thick, 1 cm inner diameter) between a central and an outer cylinder of the annular well.
While in culture the cells compressed this ring, reducing the volume of the FPM.

2.2. Mechanical measurements
After three days of incubation, each FPM was removed from the mold and submerged in 50
ml of Hepes-buffered DMEM (pH 7.4) with 3% bovine serum in a 37°C organ bath
(Harvard Apparatus, South Natick, MA) for mechanical testing. A nominally identical
specimen was placed in an identical 37°C organ bath containing 50 ml of 0.05% w/v
deoxycholate in PBS (pH 7.4) for 40 minutes prior to testing. At this level of exposure,
deoxycholate eliminates the cellular contribution from the FPM response, but does not affect
of the mechanical properties of the ECM.14

Each FPM or ECM ring was looped over a triangular hook connected to a force transducer
(model 52-9545, Harvard Apparatus, South Natick, MA), and over a horizontal bar whose
displacement was prescribed by a stepper motor (P/N 1-19-3400 24V DC 1.8° step size,
Haward Industry, St. Louis, MO.) The two horizontal bars over which the specimen was
looped were initially set to hold specimens at a contour length corresponding to half of the
circumference of the central cylinder of the mold. Using the motor specimens were
preconditioned with a stretch of 10% over 150 sec and unstretched to their original length at
this same rate. Afterwards, specimens rapidly stretched (in about 10 ms) to a total of 22% in
four increments (nominal strains of ε=0.02, 0.08, 0.15, and 0.22, where ε is the ratio of the
axial displacement of the specimen to its initial length of the specimen). After each
increment, isometric tension in the specimens was monitored for 3600 sec. The isometric
force-sampling rate was set at 200 Hz for the first 160 sec and then reduced to 5 Hz.

2.3. Measurement of width and thickness
After testing, specimens were laid flat on a Petri dish containing PBS and width was
measured from a calibrated digital photograph. Afterwards, specimens were mounted
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between parallel metal bars of 2 mm diameter in this same Petri dish. These bars were
separated until slack was just removed from specimens. The Petri dish was mounted on an
optical microscope, and the thickness was measured by comparison to a length scale. The
accuracy of the measurements was better than ±1.7%.

2.4. Measurement of cell concentration
We assessed the final cell concentration using a total DNA quantification assay. After their
physical dimensions were measured, FPMs were centrifuged in capped tubes containing 2
ml of PBS. Afterwards, the PBS was removed, leaving the gels undisturbed. 1 ml of lysis
buffer (0.1% w/v SDS in PBS) was added to each tube and the tubes were sonicated. Then,
30 μl of sample was mixed with 3ml of Hoechst solution (30 nM of Hoechst 33258 per ml
of PBS). The fluorescence of these solutions was read at 346 nm excitation max and 460 nm
emission max. Cell counts were obtained through comparison to fluorescence of known cell
numbers. Cell concentration was obtained by dividing the total number of cells by the
overall FPM volume.

2.5. Stiffness of FPM and ECM
Small-strain instantaneous secant moduli8 were calculated from the force responses f(t) to
rapid stretching using:

(1)

where A is the initial cross-sectional area of a specimen, and ε is the nominal strain in the
direction of stretching.

Based on experimental observations, a logarithmic law was used to describe f(t):

(2a)

where to is an arbitrary constant. Note that this is equivalent to a response in which the time
scales are uniformly repeated, meaning that to does not have a physical meaning as a time
constant:

(2b)

where:

(2c)

and M and N are large integers. The approximation in Eq. 2b (accurate over approximately
e−M<t<eN-2) describes the exponentially decaying nature of the relaxation. The physical
interpretation of a is the force at t/to=1, and b represents the amplitude of the exponential
decay. Only a and b are free parameters: the choice of to is constrained by the definition of a.
to was chosen as 1 sec, meaning that a was defined as the force when t = 1 sec.

For a particular cell concentration, the parameters a and b vary almost linearly with strain:
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(3)

and

(4)

where ao, a1, and b1 are constants that must be determined experimentally and O(ε2) is a
high order dependency not significant at the strain levels in our tests. ao represents the
strain-independent forces, including an active contribution due to cell contraction, which
Wakatsuki et al.20 observed to be independent of strain. The passive responses of the FPMs
were found by neglecting this coefficient using the instantaneous secant modulus, E:

(5)

The short-term secant modulus, Es, was defined for t=0.01 sec and the long-term modulus,
El, for t=3600 sec. Thus, Es=(a1−4.6b1)/A and El =(a1+8.2b1)/A. The active stress
contribution, σ0, was calculated by:

(6)

3. Results
Over the three-day incubation, cells remodeled the ECM, resulting in compression of the
FPMs around the central cylinders of the molds. A nonlinear relationship between the
starting cell concentration and the cell concentration after three days of culture was found in
the 15 FPMs studied. The thickness and width of the FPMs compressed an amount that was
related to initial cell concentration (Fig. 1a and 1b). The effect of initial cell concentration
on FPM compression was low for initial cell concentrations below 1×105 cells per ml of
collagen solution. The final cell concentrations in the FPMs increased more than an order of
magnitude when the starting cell concentration was on the order of 4×106 cells per ml of
collagen (Fig. 2a). The dashed line in Fig. 2a corresponds to the “percolation threshold”,
which is the cell concentration needed for formation of a steric network of randomly
oriented cells in the final morphology of the FPM.11,12 Cells were spindle-shaped at all cell
concentrations with an average cell length of l=100±15μm and an average cell diameter of
10±1μm; these gross dimensions did not change measurably with cell volume fraction.
Although the final cell concentration increased monotonically with increasing initial cell
concentration, the total number of living cells in the population actually dropped during
incubation for initial cell concentrations above 1 million cells per ml of collagen solution
(Fig. 2b.) The dashed line in Fig. 2b represents no change in the cell number after
incubation; values above this line indicate an increase in the number of cells, while values
below this indicate a decreasing number of cells.

Typical force relaxation data for the FPMs when stretched rapidly and held for 3600 sec
exhibited a constant force for 0.01 sec after the jump, followed by a logarithmic relaxation
as in Eq. 2 (Fig. 3.) The noise-to-signal ratio for the force was less than 4% in all cases.
ECM specimens tested after immersion of FPMs in a deoxycholate bath behaved in a
qualitatively similar fashion, but with lower overall force magnitude.

The coefficients a and b of the force relaxation given by Eq. 2 increased almost linearly with
the strain after the jump stretch (Figs. 4 and 5 show values for a cell concentration in the
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middle range of those studied). The dashed lines in Figs. 4 and 5 corresponding to FPMs
immersed in deoxycholate show that elimination of the cells yields a great decrease in the
force response due to the high cell contribution to tissue mechanics at these concentrations.
The force responses over the very large range of stretch amplitudes were nearly linear.
Coefficients a1 and b1 were nearly proportional for all strains: a1/b1=−13 in all cases, with a
16% standard deviation. For the ECM response, the coefficient ao was less than 1% of a1,
indicating no appreciable active response for the ECM. For the FPM response, the ratio of ao
to a1 increased exponentially with increasing cell concentration, indicating a substantial
active component to the cell contribution to overall FPM mechanics at the highest cell
concentrations: a0/a1 = 0.067 (1–exp(−C/7.6)), where C is the dimensionless cell
concentration,12 related to the cell concentration N by C=Nl3, in which l is the average cell
length (100 μm).

Using Eq. 5, we calculated the linear short-term (t=0.01 sec, Figs. 6 and 7) and long-term
(t=3600 sec) secant moduli. The short-term and long-term secant moduli for both FPM and
ECM were related to the cell concentration by a power law:

(7)

where Eo, Ei, and γ were calibrated from experiments using least squares fitting. For the
short-term secant modulus of the FPM, Eo=148 Pa, Ei=221 Pa, and γ=1.29 (solid line in Fig.
6). For the short-term secant modulus of the ECM contribution, Eo=148 Pa, Ei=61.2 Pa, and
γ=1.54 (solid line in Fig. 7.) Note that Eo (the cell-free ECM secant modulus) was very
close for both the ECM and the FPM. This was also the case for the long-term secant moduli
(not shown): the fitting for both the ECM and FPM yielded Eo=40.4 Pa. The long-term
secant moduli for the ECM were about 27% of the short-term secant moduli (Ei=16.7 Pa and
γ=1.54); the long-term secant moduli for the FPM were also about 27% of the short-term
secant moduli (Ei=60 Pa and γ=1.3). Although Eq. 7 provided a good fitting for the secant
moduli, the standard deviation of this fitting was about 40% in all cases, as can be seen from
the variations of the parameters a and b (Fig. 4 and Fig. 5). The thousand-fold increase in
ECM moduli exhibited over the range of final cell concentrations observed corresponds
approximately to a hundred-fold increase in collagen concentration due to remodeling (Fig.
8).

The cellular contribution to overall FPM mechanics was calculated as the difference
between FPM and ECM responses. This is shown in Fig. 9, where the circles are calculated
from experiments and the solid line is calculated from the difference between predictions for
FPM and ECM using Eq. 7. The cell contribution increased linearly for concentrations up to
about C=50, then appeared to decrease slightly for the highest cell concentrations.

The portion of the cellular contribution to overall FPM mechanics that results from active
cell contraction when the FPM is in its reference configuration can be assessed by
evaluating the degree to which the FPM would seek to contract if released (the zero-force
strain, Fig. 10). This was assessed by calculating the difference εo between the strain-axis
intercept of the rate-independent component of the FPM mechanical response and that of the
ECM mechanical response (see the inset of Fig. 10). The strain axis intercept of the rate-
independent component of the ECM mechanical response was close to zero, indicating that
the reference configuration chosen was close to an unstressed state of the ECM. Multiplying
εo by the FPM secant modulus at t=1 provides an estimate of the active stress produced by
the cells, σo.
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4. Discussion
ECM remodeling was associated with a change in thickness and width of the FPM and also
with a mechanical stiffening of the ECM. These effects increased greatly with increasing
initial cell concentration, suggesting that remodeling was most pronounced over a small
region around cells in the three-day incubation. The results quantitatively support the
observation of Wakatsuki et al.20 that the mechanics of FPMs changes significantly near the
cell concentration needed to form a continuous cellular network.

Since the degree to which the cells reduced the FPM volume relates to the degree of ECM
remodeling,20 we conclude from Figs 1 and 2 that the compression of the FPM over the
three-day incubation increased monotonically with initial cell concentration. As observed
previously by Wakatsuki et al.,20 the relationship between initial and final cell concentration
(Fig. 2) was non-linear. From the DNA assay data, we can conclude that the cell division
rate decreased as the cell concentration increased. Cell populations initially above the
percolation threshold reduced in number during incubation. These suggest either a
competition for nutrients that resulted in more extensive cell death at high cell
concentrations, or that the proximity of neighboring cells might initiate signals that stimulate
or inhibit cell division.

When the samples were tested in a relaxation test, the isometric force dropped
logarithmically over the 3600 sec duration of the experiment (Fig. 3). The logarithmic
relaxation implies that the dissipation modulus of the FPM is constant over the range of
frequencies defined by these limiting time constants. This behavior has been observed in a
wide variety of biological tissues.6 While others13,24 have described very accurately the
viscoelastic response of FPMs using exponentials laws with at least five parameters, the
logarithmic relaxation model provides a good description of the phenomenon using only
two. The deviations from the logarithmic decay seen during the first fraction of a second
after the jump are likely an artifact of the rapid stretch, which lasted on the order of 0.01 sec.

When analyzed over these larger timescales, the rate-independent (Fig. 4) and rate-
dependent (Fig. 5) components of the ECM, cellular, and FPM responses exhibited a nearly
linear increase with increasing strain of the sample. The threshold at which non-linearity
was visible was never lower than a 10% strain; this threshold increased with increasing cell
concentration.

In separating the cellular and ECM contributions to overall FPM mechanics, the cellular
contribution identified in Fig. 9 was the combined stiffness contributions of cellular stiffness
and any connectivity that the cells impart on the ECM. The cell contribution appeared to
decrease at the very highest cell concentrations. As this corresponded to the highest matrix
stiffnesses, this suggests a mechanism by which cells may stiffen when in a relatively
compliant ECM.

The portion of the cellular contribution to FPM mechanics that resulted from active
contraction was modeled as independent of strain based on observations published
elsewhere.20 However, these results do need to be interpreted with caution, since any strain
dependence that does exist would not be possible to separate from the estimates of rate-
independent ECM stiffness in this study. The magnitude of active contraction was
characterized by the stress-free strain increment εo that was interpreted as being caused by
the active cell stress contribution (the product of εo and the FPM short-term secant
modulus). At high concentrations, εo did not vary with cell concentration, meaning that
active contraction was proportional to the FPM short-term modulus at high cell
concentrations.
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To convert the ECM contribution shown in Fig. 7 to a continuum (void-free) ECM modulus,
the presence of voids left by the cells in the ECM due to elimination of cells must be
accounted for. Continuum analysis of model problems5,15 indicates that these effects have
little influence on the continuum ECM mechanical properties when the cell concentration is
small; however, the effect is appreciable when the cell volume fraction is greater than 10%.
Further analysis is needed to establish the continuum ECM mechanical properties.

Several other groups have used tissue constructs to study effects of ECM compaction in the
context of cell concentration. Direct comparison is difficult due to the vast differences in
ECM remodeling exhibited by different cell types.2 Furthermore, fibroblasts from different
sources can exhibit fundamentally different behavior during ECM remodeling.16 However,
other studies support some of the results presented here. In particular, Knapp et al.9 found,
as in this study, that cell traction increased with cell concentration for tissue constructs
cultured for shorter intervals. Cummings et al.3 found that cyclic mechanical stimulus during
ECM remodeling increased final mechanical stiffness of vascular constructs, although the
results of Wille et al.23 suggest limits to these effects for FPMs. Further modeling efforts are
needed to understand how cells, ECM, and cell-ECM interactions change due to cyclic
stressing to produce these changes. Additionally, further model refinement will be needed to
account for the effects of any mechanical anisotropy that develops due to constraints
imposed on FPMs by the cylindrical molds.18

5. Conclusions
This work established the mechanical response of cells and ECM in three-day old FPMs as a
function of cell concentration. The initial cell concentration defined the remodeling of the
ECM and the cell division rate.

As with many biological tissues, the cells and ECM in FPMs showed an active viscoelastic
mechanical response. When interpreted in terms of a logarithmic relaxation model, the long-
and short-term contributions of cells and ECM to overall FPM mechanics increased
exponentially with increasing cell concentration, although cellular contributions dropped off
for the highest cell concentrations studied.

We studied the effect of cell contribution on the overall FPM response; however, we have
not yet studied how this relates to the mechanical response of individual cells. Future work
must employ micro-mechanical modeling techniques to relate the observations in this work
to specific continuum moduli of cells and ECM.
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Figure 1.
(a) FPM width and (b) FPM thickness decreased after three days of incubation. The circles
correspond to the experimental variation of FPM width as the initial cell concentration
varied.
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Figure 2.
(a) Cellular concentration after three days of incubation increased monotonically with
starting cell concentration. The dashed line is the concentration at which cells are predicted
to form a contiguous, steric network. (b) The dashed line in Fig. 2b represents no change in
the cell number after incubation; values above this line indicate an increase in the number of
cells, while values below this indicate a decreasing number of cells, as was the case for
FPMs beginning with very high cell concentrations.
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Figure 3.
Typical logarithmic relaxation response of a FPM subjected to a rapid stretch. The sample
shown had a final cell concentration of 10.7 Mcell/ml and was tested in DMEM at strain
levels ε=0.02, 0.08, 0.15, and 0.22, from (1) through (4), respectively. The standard
deviation of the data shown did not exceed the size of the circles, and was 4, 8, 12 and 16
dynes, for (1) through (4), respectively.
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Figure 4.
Coefficient a as a function of strain for FPMs containing a final cell concentration of 11.8
Mcell/ml (“ECM” represents specimens tested in PBS with deoxycholate; “FPM” represents
specimens tested in DMEM with serum).
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Figure 5.
Coefficient b as a function of tissue strain for FPMs containing a final cell concentration of
11.8 Mcell/ml (“ECM” represents specimens tested in PBS with deoxycholate; “FPM”
represents specimens tested in DMEM with serum).
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Figure 6.
The overall FPM stiffness after three days of incubation increased monotonically with final
cell concentration. Circles represent the experimental measurements of the FPM short-term
secant modulus as a function of the final cell concentration, and the solid line is a power-law
fit (Eq. 6).
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Figure 7.
The contribution of the ECM to overall FPM stiffness after three days of incubation
increased monotonically with final cell concentration. Circles represent the experimental
measurements of the FPM short-term secant modulus as a function of the final cell
concentration, and the solid line is a power-law fit (Eq. 6).
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Figure 8.
The ECM stiffness increases with increasing cell concentration were far greater than those
that would be expected from compaction of collagen in the absence of remodeling. The
relationship between collagen concentration and ECM modulus followed a power law.
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Figure 9.
The contribution of the cell to overall FPM stiffness after three days of incubation increased
with final cell concentration for all but the highest of cell concentrations. Circles represent
the experimental measurements of the FPM short-term secant modulus as a function of the
final cell concentration, and the solid line is the difference between the fits for FPM and
ECM (Eq. 6).
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Figure 10.
Variation in the stress-free strain, εo, for the rate-independent component of the FPM
mechanical response as a function of the cell concentration. This difference is related to the
contribution of the active cellular contraction to the overall stress in the FPM.
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