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Little is known about the precise mechanical stimuli that cells sense and respond to as they maintain or refashion
the extracellular matrix in multiaxially loaded native or bioengineered tissues. Such information would benefit
many areas of research involving soft tissues, including tissue morphogenesis, wound healing, and tissue
engineering. A custom tissue culture device has been constructed that can impart well-defined biaxial stretches
on cruciform-shaped, fibroblast-seeded collagen gels and be mounted on the stage of a nonlinear optical mi-
croscopy (NLOM) system for microscopic characterization of matrix organization. The cruciform geometry
permitted direct comparison of matrix (re-)organization within regions of the collagen gel exposed to either
uniaxial or biaxial boundary conditions and examination by NLOM for up to 6 days. In addition, sequential NLOM
measurements of collagen fiber orientations within gels while stretched, unloaded, or decellularized delineated
contributions of applied stretches, cell-mediated tractions, and matrix remodeling on the measured distributions.
The integration of intravital NLOM with novel bioreactors enables visualization of dynamic tissue properties in
culture.

Introduction

The extracellular matrix provides vital structural
integrity for many tissues and organs and plays equally

important biological roles by influencing cell migration, pro-
liferation, differentiation, and apoptosis. Among the many
types of cells within the extracellular matrix, fibroblasts play
a particularly important role by producing, maintaining, re-
organizing, and degrading components of the matrix during
normal development, tissue maintenance, adaptation, disease
progression, and wound healing. Fibroblast-seeded collagen
gels have thus been used as model systems to study cell–
matrix interactions in tissue morphogenesis and wound
healing.1–3 In particular, the property of directed collagen
contraction in uniaxially constrained, rectangular, fibroblast-
seeded collagen gels has been used to engineer tissues with
structural anisotropy.4–6 Yet, contraction of the gel by embed-
ded cells is not always desired; it can preclude control of the
geometry and dimension of the construct and limit manip-
ulation of its microstructure, which is important for ensuring
normal functions.

Data collected over the past four decades reveal that
fibroblast-mediated control of the matrix, and in particular
the fibrillar collagens therein, is governed by both chemical
and mechanical stimuli, with the mechanical loading often
being multiaxial in many tissues. Nevertheless, little is known
about the precise mechanical stimuli that fibroblasts sense

and respond to as they refashion, replace, or remove collagen
within multiaxially loaded native or bioengineered tissues.
Without such understanding, we will neither be able to un-
derstand many natural processes, including tissue adapta-
tions, disease progression, or wound healing, nor will we
be able to engineer optimal tissue equivalents for restorative
or regenerative medicine.

An emerging theme in fibroblast biology is that these
cells seek to maintain nearly constant the stress within the
matrix, a phenomenon that has been called tensional homeo-
stasis.7–11 For example, fibroblasts appear to establish a
preferred endogenous tension when introduced into other-
wise unstressed collagen gels; indeed, it appears that this
tension is essential for cell survival. Tensional homeostasis is
often associated with realignment or remodeling of the col-
lagen fibers, yet much remains unknown with regard to
effects due to imposed mechanical stretches or boundary con-
ditions, roles of cell generated tractions, and cellular pro-
duction or removal of fibers.

In this paper, we show an ability to combine nonlinear
optical microscopy (NLOM) with a custom biaxial tissue cul-
ture device to study microstructural responses of fibroblast-
seeded collagen gels to diverse static mechanical stretches
during culture. Both NLOM and confocal reflectance mi-
croscopy have been used to characterize the organization of
collagen within cell-free gels.12,13 Confocal reflectance mi-
croscopy is similarly nondestructive for longitudinal studies
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over time and sensitive to matrix morphology, but its lack of
chemical specificity can complicate interpretation of multi-
component constructs.14–17 Other optical techniques, for
example, small-angle light scattering (SALS),18,19 elastic
scattering spectroscopy,20 and polarized light microscopy,21

have also been used to monitor matrix fiber orientation
during mechanical loading or stimulation of tissues and con-
structs. Transmissive optical techniques are limited by the
optical properties of tissue to thin or processed specimens. In
particular, hyperosmotic agents have been employed with
SALS to reversibly clear turbid tissues even though these
agents can destabilize high order collagen structures.22,23

Recently, Tan et al.24 combined NLOM with optical coher-
ence microscopy and demonstrated its capability in nonin-
vasive imaging of cellular activities in three dimensions.
Herein, however, we exploit the ability of NLOM to quantify
collagen fiber orientations within a single gel, while it is
subjected to different mechanical stretches or sequential
treatments. Without fixation and processing, which can in-
troduce artifacts if not performed properly (e.g., incomplete
fixation of some constituents of the specimen), NLOM pro-
vided new insight into separate contributions of applied
stretches, cell-mediated traction fields, and matrix remodel-
ing to observed collagen fiber realignment in culture. For
example, we found that equibiaxial and nonequibiaxial con-
straints, which imposed different boundary conditions on
cell-mediated traction, can maintain the size and shape of a
gel while simultaneously influencing microstructural an-
isotropy and thus can be used to help engineer collagenous
tissues with controlled matrix organization.

Materials and Methods

Cell-seeded collagen gel preparation

3T3 cells (ATCC) were maintained in culture in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA), con-
taining 10% calf serum and antibiotics, and passaged every
6–7 days. Confluent cells between passages 5 and 7 were
detached by 0.05% trypsin-ethylenediaminetetraacetic acid
(Invitrogen), counted, and resuspended in culture medium at
1.15�106 cells=mL to be incorporated into collagen gels. Cell-
seeded collagen gels were prepared on ice to avoid prema-
ture gelation. Specifically, 0.45 mL of reconstituted buffer
(10�) was mixed with 0.9 mL of Dulbecco’s modified Eagle’s
medium solution (5�) and 1.2 mL of concentrated collagen
type I (9.37 mg=mL; BD Biosciences, San Jose, CA), mixed
thoroughly, and then neutralized by *110 mL of 0.1 N so-
dium hydroxide before adding 1.95 mL of the cell suspen-
sion. The final densities of cells and collagen were thus
5�105 cells=mL and 2.5 mg=mL, respectively. This mixture
was poured into a cruciform mold (50 mm in length with
each arm 15 mm in width at the end but tapered to 7 mm at
the center) consisting of a silicone gasket placed within a
150�20 (diameter�height, mm) glass Petri dish. Porous
polyethylene bars (Small Parts, Miramar, FL) were positioned
at each end of the four arms of the mold before adding the
collagen–cell mixture. Cell-seeded collagen gels were formed
in the mold at 378C in a humidified CO2 incubator. The sil-
icone gasket was removed after 30 min of gelation, and the
collagen gel was cultured in 40 mL of culture media within
an incubator for an additional 24 h before coupling to the
biaxial tissue culture device.

Biaxial tissue culture device and culturing conditions

A custom biaxial tissue culture device was built to impart
well-defined biaxial stretches to a cruciform-shaped (cell-
seeded collagen) gel and to be mounted on the microscope
stage of the NLOM system for intravital imaging.25 Briefly,
the device is made of polycarbonate and stainless steel
and can be autoclaved for sterilization. Cruciform-shaped,
fibroblast-seeded collagen gels were clamped within the
device via embedded porous polyethylene bars at each end
of the four arms and stretched to a prescribed extent (Figs.
1A and 2): 1.01�1.01 equibiaxial stretch; 1.01�1.1, 1.01�1.2,
and 1.1�1.2 strip biaxial stretch; or 1.2�1.2 equibiaxial
stretch. Three stretch states (1.01�1.01, 1.01�1.2, and 1.2�1.2)
were characterized by NLOM over time. For these time
studies, the chamber was placed in a 378C humidified CO2

incubator except when imaged by NLOM. For gels under
1.01�1.2 strip biaxial stretch, three regions of the gel, which
experienced three different stretch states, were imaged (Fig.
1B): central (CT), long arm (LA), and short arm (SA). The

FIG. 1. Photograph of a cruciform-shaped collagen gel
clamped within the biaxial culture chamber and subjected to
a strip biaxial stretch (A). Schematic diagram of the strip
biaxial stretched gel (B). NLOM images were acquired from
the shaded regions, that is, central (CT), long arm (LA), and
short arm (SA). The coordinate systems used for stretching
mechanics (x, y) and NLOM imaging (x0, y0) were oriented at
j¼*458 relative to each other.
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axes for stretch (x–y) and NLOM imaging (x0–y0) were ori-
ented at j¼*458 relative to each other as illustrated in
Figure 1B. The distributions of collagen fiber orientation
were examined on days 0, 3, and 6 under stretched and then
unloaded (gel released from loading bars) conditions. To
identify contributions of cell traction on fiber orientation, one
gel from each cultured group (day 3 or 6) was further treated
with distilled (hypotonic) water in the unloaded condition
before image acquisition.

Nonlinear optical microscopy

Our custom-built NLOM system has been described pre-
viously.26 Briefly, sub-10-fs pulses from a Ti:Al2O3 oscillator
(Femtosource; Femtolasers, Cambridge, MA) pumped by an
Nd:YVO4 solid-state laser (Verdi; Coherent, Santa Clara,
CA) were coupled into the epifluorescence port of an upright
microscope (Axioskop2 MAT; Carl Zeiss, Thonnwood, NY)
via dual-axis galvanometer–driven mirrors (Model 6220;
Cambridge Technology, Lexington, MA) mounted on an el-
evated breadboard. The beam was directed to the microscope
objective by a short pass dichroic mirror (635dcspxruv3p;
Chroma, Rockingham, VT). Nonlinear optical signals were
collected by the 40� focusing objective (numerical aperture
¼ 0.8) and directed to a custom-built dual channel detector
mounted on one of the dual accessory ports of the binocular
head. The detector unit houses two dichroic mirrors and
bandpass filters (Chroma), focusing lenses (31 2321; Linos
Photonics, Milford, MA), and a pair of photon-counting
photomultiplier tubes (R7400P; Hamamatsu, Bridgewater,
NJ). Appropriate long pass dichroic mirrors and bandpass
filters were used for collagen second harmonic generation

(SHG) (430dcxru and HQ405=40, respectively; Chroma) and
cellular two-photon excited fluorescence detection (580dcxr
and HQ480=40, respectively; Chroma). Because of the distinct
spectral characteristics of signals generated from cellular re-
gions and extracellular collagen fibers, the two components
were imaged and segmented simultaneously. Each photo-
multiplier tube was connected to a preamplifier=discrimina-
minator (F-100T; Advanced Research Instruments, Golden,
CO) that thresholds signal current and converts it to tran-
sistor-transistor logic pulses for photon counting. Image in-
tensities were displayed in photon counts per second on a
personal computer (Optiplex GX280; Dell, Round Rock, TX).
Throughout this experiment, less than 30 mW of laser power
was incident on the scanning mirrors.

Image processing and analysis

Three SHG image stacks were acquired from each region
of interest within the cruciform-shaped, fibroblast-seeded
collagen gels. Optical sections were acquired from nearly the
entire full thickness, probing as deep as 150mm. Images con-
taining no cells were randomly chosen for analysis. Collagen
fiber orientation was analyzed by a Matlab routine based on
a fast Fourier transform (FFT) algorithm.27 For enhanced
frequency resolution, the image was padded with the mean
gray level of the image, extending the size of the image from
256�256 to 512�512 pixels. To reduce edge discontinuities, a
two-dimensional Hann window function was applied to the
padded image, resulting in the windowed image that was
analyzed using a two-dimensional FFT. High and low butter
filters were applied to the power spectrum of the image
to remove high and low frequency signals. These cut-off

FIG. 2. (Top) Schematic of stretching protocols, with l, the global stretch ratio. Images were acquired from the shaded
region. (Middle) Representative NLOM images of fibrillar collagen using SHG for biaxial stretches (lx, ly) of (1.01, 1.01) (A),
(1.01, 1.1) (B), (1.01, 1.2) (C), (1.1, 1.2) (D), and (1.2, 1.2) (E). Scale bar represents 20 mm. (Bottom) Collagen fiber distribution
and alignment indices (AIs). Error bars are standard errors (n¼ 5 images each).
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frequencies were selected based on outcomes of the inverse
FFT of the filtered power spectrum image. The angular dis-
tribution was obtained by polar coordinate analysis of the
filtered power spectrum image.28 Briefly, the relative inten-
sity (RT) for angles between Y and Yþ 48 was calculated by

RT(H)¼
Xh\(Hþ 4)

h ‡ H

g(r,h)

�Xh\180

h‡ 0

g(r,h),

where g(r, y) is the gray-scale level of a pixel at the polar
coordinate in the filtered power spectrum image. An align-
ment index (AI) was then used to quantify distributions of
collagen fiber orientations and to enable statistical compari-
sons among different treatments, that is, the fraction of col-
lagen fibers lying within 208 of the predominant direction
normalized by that of a random distribution (¼ 0.22)29; val-
ues of AI range from 4.55 for strong alignment (i.e., parallel
fibers) to 1.00 for random alignment.

FIG. 3. Analyses of collagen fiber distributions for three re-
gions (central, CT; long arm, LA; and short arm, SA) of strip
biaxial stretched gels on days 0, 3, and 6 (A). NLOM images
were acquired from gels while stretched. Normalized AI to day
0 in the three regions for days 3 and 6 (B). Error bars are
standard errors. Significant differences ( p< 0.05) are denoted by
asterisks.
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Histology

After 3 or 6 days in culture, additional gels were fixed
in 10% neutral-buffered formalin overnight in an unloaded
condition. After standard processing, gels were embedded in
wax, and 5mm sections were cut and stained with H&E to
examine cell orientations.

Statistical analysis

AIs were calculated for up to three regions of interest
within a gel (see Fig. 1) based on five representative SHG im-
ages each. Differences between groups (e.g., days 0, 3, and 6,
or sequential states) were assessed via one-way ANOVA
with Holm–Sidak post hoc testing, with an overall significance
level p¼ 0.05. Holm–Sidak testing is useful to correct for
false-positives enumerated by the Bonferroni inequality and
adequate for the relatively few number of comparisons in
this study. Results are reported as mean� standard error.

Results

SHG images of the CT region within a representative
cruciform-shaped, fibroblast-seeded collagen gel at day 0 are
shown in Figure 2 for five biaxial stretches (lx, ly): A (1.01,
1.01), B (1.01, 1.1), C (1.01, 1.2), D (1.1, 1.2), and E (1.2, 1.2);
also shown are corresponding distributions of collagen fiber
orientations and associated AIs (see Materials and Methods).
The near-free floating condition (1.01, 1.01) shown in Figure
2A exhibited a fairly isotropic distribution of collagen fibers
with AI¼ 1.25. Increased stretch along one axis to (1.01, 1.1)
and then (1.01, 1.2) increased collagen fiber alignment to-
ward the stretched direction (Fig. 2B, C), whereas subsequent
stretch along the perpendicular axis to induce the (1.2, 1.2)
equibiaxial condition (Fig. 2E) returned the fiber distribution
toward that for the near-free floating condition observed in
Figure 2A (AI¼ 1.25).

Collagen fiber orientations were compared across the three
regions of interest (see Fig. 1B) over 6 days for the overall
case of strip biaxial stretch (1.01, 1.2) as seen in Figure 3A.
Whereas the CT region was subjected to strip biaxial stretch,
the LA region was stretched uniaxially, and the SA region
was merely anchored. On day 0, the fibers in the CT region
tended to align toward the direction of 20% stretch; the fiber
alignment was less dramatic compared to that in the LA
region, however, as demonstrated by a smaller AI (1.38 vs.
1.47). Because the SA region was merely anchored (1%
stretch), no specific fiber alignment was observed initially. On
days 3 and 6, the collagen fiber orientations in the CT region
were consistent with those observed on day 0 (see Fig. 2).
Collagen fiber orientations in the LA and SA regions became
more anisotropic by day 3, however. These time-dependent
changes in alignment can be appreciated by normalizing the
AI to the initial value (i.e., day 0) for each region. The nor-
malized AI in the CT region was near unity over time,
whereas it increased in the LA and SA regions by day 3 (Fig.
3B). Specifically, AI increased *18% by day 3 and remained
at a similar level on day 6 in the LA region (note that
AI¼ 1.47 on day 0); AI increased *15% by day 3 and *25%
by day 6 in the SA region (note that AI¼ 1.25 on day 0). Gels
were maintained at their stretched states during imaging.

To help delineate the separate influences on fiber align-
ment by applied stretch, cell-mediated traction, and active

remodeling of the matrix, gels were also imaged on days 3
and 6 while unloaded from the device and then with fibro-
blasts removed in the unloaded state (cell free). That is,
contributions of applied stretch to fiber alignment (stretched)
were excluded if images were acquired after the gel was re-
leased from the clamps (unloaded). Based on analyses of SHG
images, we found that on day 0 any collagen fiber alignment
induced by the applied stretch was reversed toward the
original (isotropic, AI¼ 1.25) state as expected (data not
shown). Upon release of stretched gels after 3 and 6 days in
culture, there were different levels of randomization of col-
lagen orientations relative to the corresponding stretched
values. Unloaded AIs were significantly different from
stretched AI except for the CT region for days 3 and 6 (Fig.
4B, D, respectively; see also Fig. 4A,C), with decreases in AIs
smaller on day 6 than on day 3. Contributions by embedded
fibroblasts were removed (cell free) by subjecting unloaded
gels to hypotonic water; hence, associated fiber orientations
were due solely to the developed anisotropy within the
matrix. Removal of the cells caused statistically significant
increases in AI relative to unloaded values in the CT and SA
regions on day 3 (Fig. 4B), and thus evidence for anisotropic
remodeling, but did not increase AI significantly in the LA
region on days 3 and 6 (Fig. 4B, D). Recall that collagen fibers
in the unloaded state were more aligned in the LA region
compared with CT and SA regions (see Fig. 4). The distri-
bution of fiber orientations in the SA region, in which applied
stretch was negligible, tended to return to near stretched
levels on days 3 and 6 (Fig. 4B, D). On day 6, sequential
measurements of AI in the CT region under stretched, un-
loaded, and cell-free conditions were comparable (AI¼ 1.37,
1.33, and 1.32, respectively). Figure 5 shows representative
NLOM images of the three sequential states (A, stretched; B,
unloaded; and C, cell free) for the SA region of a 3-day gel.
Of particular note was the alignment of collagen fibers, be-
tween two neighboring fibroblasts, perpendicular to the load
axis in the unloaded state (Fig. 5B).

Histology provided a broader field of view than that of
NLOM and thus was useful in mapping overall cell orien-
tations, as, for example, in the unloaded state (Fig. 6). In the
CT region, most cells tended to align in the stretched direc-
tion, but the alignment was less than that observed in LA or
SA regions (Fig. 6A). Most cells in the LA region showed an
elongated, bipolar shape, aligning in the direction of stretch
(Fig. 6B). Most cells in the SA region appeared to align in the
direction of constraint, but they were less elongated than
those in the LA region (Fig. 6C). As a control, Figure 6D
shows results from a freely floating gel; most cells exhibited a
dendritic morphology, which has been reported as distinct
from cells in gels under tension.30

Discussion

Collagen fibers can be aligned within tissues via at least
four different mechanisms: a deformation-induced anisot-
ropy that is reversible upon unloading, a cell traction–
mediated alignment that relies on continued cell activity,
establishment of chemical bonds within a stretched or con-
tracted state that largely entrenches the alignment, and a cell-
mediated deposition of new fibers at preferred orientations
such as expected in cases of contact guidance. Without dis-
tinguishing between newly formed chemical bonds and new
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matrix deposition, these two mechanisms can be character-
ized as irreversible matrix growth and remodeling. Figure 2
shows that, as expected, different types of biaxial stretching
induced marked changes in the alignment of collagen within
the tissue equivalents. Whereas equibiaxial stretching (Fig.
2E) preserved alignments relative to the unstretched control

(Fig. 2A), increasing the degree of preferential stretching in
one direction (e.g., Fig. 2C) increased the alignment of the
fibers within the CT region toward the direction of stretch-
ing. Indeed, given that the SA and LA of the cruciform-
shaped sample (Figs. 1 and 3) provided further extremes in
preferential stretching, it was not surprising that such

FIG. 4. Analyses of collagen fiber distributions and alignment indices (AIs) from three regions (central, CT; long arm, LA;
and short arm, SA) of strip biaxial stretched gels while stretched, unloaded, and cell free at days 3 (A, B) and 6 (C, D). Error
bars are standard errors. Significant differences ( p< 0.05) are denoted by asterisks.

1558 HU ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2008.0287&iName=master.img-004.jpg&w=492&h=378
http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2008.0287&iName=master.img-005.jpg&w=212&h=147


stretching was an effective way to align the fibers along the
direction of stretch. We emphasize, however, that alignment
was purposely measured within the middle of each of the
three regions of the specimen studied (Fig. 1B), but was
likely even greater near the free edges in the SA and LA.21,31

Collagen fiber alignment was observed to depend on both
culture time (i.e., cell activity) and region (i.e., boundary
conditions imposed by mechanical constraints). In the SA
region, fiber alignment was induced gradually by the cell

traction that developed between the two anchors. Following
the same mechanism, the relatively weak fiber alignment
established by the applied stretch at the onset of gel con-
traction was enhanced over time in the LA region. These
aligned fibers may have provided environmental cues for the
cells to reorient via contact guidance.32,33 Although not di-
rectly examined in this study, aligned cells may synthesize
collagen fibers with preferred orientations34 and thereby
contribute to overall changes in fiber orientation. In fact,

FIG. 4. (continued)
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interactive processes between cell and matrix have been
shown in tissue remodeling (see Grinnell11 for a review). In
both LA and SA regions, in which lateral constraints were
absent, alignment increased with duration of culture over 6
days (Fig. 3). This was consistent with the well-known di-
rected collagen contraction in uniaxially constrained, rect-
angular fibroblast-seeded collagen gels.4–6 Moreover, we
found that in the CT region, collagen anisotropy remained
consistent over 6 days of culture with that imposed ini-
tially, suggesting biaxial, as opposed to uniaxial, constraints
may be used to prescribe tissue anisotropy with higher fi-
delity. Moreover, when gels were stretched equibiaxially
(e.g., 20% stretch along both axes), collagen fibers distributed
randomly in the CT region and did not develop further
structural anisotropy over time (data not shown, see Tho-
mopoulos et al.16). Although not shown, acellular gels did
not increase in anisotropy in LA or SA regions over 6 days
of culture, further implicating the important role of cell-
mediated reorganization of the matrix.

Sequential measurements of collagen fiber orientations
were performed, for the first time, on individual gels in
stretched, unloaded, and cell-free states to isolate different
mechanisms affecting matrix anisotropy. Upon release from
the biaxial device, some randomization of collagen fiber
orientations was generally observed at all days and in all
regions. Subsequent measurements in unloaded, cell-free

states showed a return in matrix anisotropy implicating fi-
broblast traction as a randomizing force. These observations
were pronounced at day 3 (see Fig. 4). Indeed, collagen fibers
were found to align perpendicular to the cell axis in un-
loaded gels at day 3 (see Fig. 5B). This suggests that tractions
exerted by cells were not only localized at two polar ends
but over the entire cell membrane. It is important to note
that only when gels were unloaded was this phenomenon
visible. The randomizing effect by the fibroblasts was less
pronounced at day 6, however. Measured collagen fiber
orientations of unloaded, cell-free gels showed persistent
alignment, consistent with the accumulated effects of irre-
versible matrix remodeling, possibly including the estab-
lishment of chemical bonds that entrench alignment and=or
matrix deposition at preferred orientations. The alignment of
embedded cells revealed by histological sections from day 6
gels (fixed in unloaded state) supports such irreversible
matrix remodeling. Indeed, entrenched alignment by irre-
versible matrix remodeling would be less susceptible to
randomizing cell tractions.

If we use the measured distributions of collagen orienta-
tion within unloaded, cell-free gels as a metric of fibroblast-
mediated matrix remodeling, the anisotropy observed on
days 3 and 6 suggests that the rate of remodeling was the
same in the LA and SA regions (Fig. 4). In other words, the
rate of matrix remodeling was not different between regions

FIG. 5. Representative NLOM images ac-
quired from the SA region of a 3-day strip
biaxial stretched gel while stretched (A),
unloaded (B), and with cells removed (C).
Scale bar represents 20 mm.

1560 HU ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2008.0287&iName=master.img-008.jpg&w=360&h=172
http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tea.2008.0287&iName=master.img-009.jpg&w=172&h=172


experiencing a step increase in stretch of 20% versus simple
anchoring after 3 days. This was seen in Figure 4B and 4D,
where cell-free AIs of the LA and SA regions were similar at
each time point. Note, too, that at day 6 fiber alignment
within the stretched state in the LA region appeared to be
stronger than that in the SA region, thus suggesting a sig-
nificant contribution by the applied stretch on fiber align-
ment.

Marenzana et al.35 used scanning electron microscopy to
show similarly significant alignment in uniaxially constrained
collagen gels. Using a transducer to monitor directly the forces
generated by fibroblast populated collagen gels over 60 h of
culture, they showed that tension results from a combination
of cell-mediated traction and a gradually increasing residual
matrix tension. They suggested that this residual matrix
tension, which accounted for *50% of measured force after
60 h of culture, indicated ‘‘a time-dependent shortening of
the collagen network, progressively stabilized into a built-
in tension within the matrix.’’ Although our results do not
address possible shortening of the fibers, the entrenched re-
alignment is consistent with the existence of a residual matrix
tension that is presumably related to a tendency toward ten-
sional homeostasis. A similar stable remodeling of collagen
gels by fibroblasts was reported by Sawhney and Howard,36

who emphasized the importance of fibroblast-generated
traction fields in remodeling the matrix as reemphasized by
Dahlmann-Noor et al.37

Finally, note that the measured AI necessarily provided an
average over the field of view (*130�130 mm). It is expected
that variations existed within such regions, particularly re-
lated to proximity of a collagen fiber to individual cells. In-
deed, collagen fibers in a stretched gel tended to align parallel
with dispersed cells (Fig. 5A), whereas they tended to align
orthogonally between closely paired cells upon release of

stretch (Fig. 5B). Feng et al.38 similarly reported that ‘‘the
orientation degree of the fibrils between two cells may be
higher than that of fibrils in other locations related to the
embedded cells,’’ but this was not explored in detail. In-
creased intensity of SHG near the cells also suggested either
an increased compaction of extant fibers39 or an increased
synthesis of new fibers by the cells.40 Indeed, Kessler et al.40

reported significant changes in gene expression within only
24 h in fibroblasts cultured within collagen gels or on flexible
membranes. The altered gene expression profile suggested a
phenotypic shift toward more synthesis of matrix (e.g., up-
regulation of genes for a1[I], a2[I], and a1[III] collagen, and
fibronectin) and decreased removal of matrix (e.g., down-
regulation of matrix metalloproteinase (MMP-1) and upre-
gulation of tissue inhibitor of metalloproteinase (TIMP-1)
and TIMP-3). We did not assess changes in gene expression
or collagen production, however.

In this study, cell seeding density and initial collagen con-
centration were chosen to prevent overwhelming gel con-
traction, which can occur in hours, and were comparable to
values used by others.15,41,42 In addition to initial cell seeding
density and collagen concentration, characteristics of em-
bedded cells43 and active components in the media44,45 also
affect the kinetics of collagen contraction. Fortunately, the
cruciform shape of the cell-seeded gels facilitated a direct
comparison of the effects of different biomechanical con-
straints on collagen alignment under the same biochemical
culturing conditions. This reduced the complexity of our data
interpretation because many cytokines and growth factors
have been shown to play a role in tissue remodeling.46,47

Indeed, effects of altered concentrations of connective tissue
growth factor and transforming growth factor-beta (e.g.,
TGF-b1) as well as lysophosphatidic acid should be consid-
ered in future studies of altered multiaxial mechanical

FIG. 6. Representative
H&E-stained micrographs
from the central (A), long arm
(B), and short arm (C) regions
of a 6-day strip biaxial stret-
ched and from the central re-
gion (D) of a 6-day free
floating gel. Color images
available online at www
.liebertonline.com=ten.
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loading on collagen organization. In other words, identifying
optimal chemomechanical environments for tissue engi-
neering remains of high importance.

Despite most soft tissues experiencing multiaxial loads
in vivo (e.g., arteries, cornea, lung parenchyma, myocardium,
pericardium, skin, and so forth), most tissue culture studies
have focused on uniaxial loading or uniaxial constraints. It
appears that Knezevic et al.48 were the first to study biaxially
loaded collagen gels. Thomopoulos et al.16,42 subsequently
used this biaxial culture system to study the development of
structural and mechanical anisotropy in planar gels over 3
days. Similar to findings herein, they reported that equi-
biaxial loading induced little structural or mechanical
anisotropy (i.e., originally isotropically oriented fibers re-
mained so), whereas uniaxial stretching induced marked
realignment of fibers toward the direction of stretch. Yet,
their measured collagen fiber orientations could not explain
the mechanical anisotropy that developed under uniaxial
stretch.42 Our sequential measurements of collagen fiber
alignment under stretched, unloaded, and cell-free condi-
tions provide an explanation not considered previously.
Their measurements of collagen fiber orientation were per-
formed with confocal reflectance after gel fixation in the
unloaded condition, which may have been subject to some
randomization by cell traction as suggested by our results.

As noted in Humphrey et al.,25 two methods have proven
particularly useful in biaxial mechanical testing of planar soft
tissues: the use of arrays of sutures to couple square samples
to the testing device, and the use of end-clamps to couple
cruciform samples to the device. Although neither experi-
mental configuration is perfect, practical issues of introduc-
ing multiple sutures into very soft collagen gels (at day 0)
suggest the potential utility of cruciform samples wherein
ends can be secured well for loading. Waldman and Lee49

showed in native pericardium, for example, that mechanical
properties can be estimated consistently using cruciform-
shaped samples wherein the arms are 50–100% of the length
of the CT region, but samples with arms only 5% of the
length of the CT region result in an overly constrained ma-
terial with an artificially high stiffness. Whereas Thomo-
poulos et al. used biaxial specimens with very short arms,16,42

our cruciform specimens had arms 200% of the length of the
CT region. Nevertheless, Waldman and Lee49 further cau-
tioned, ‘‘The sample arms underwent large deformations
whereas a CT region, defined by the principal fibre direc-
tions, tended to rotate toward the direction of stretch rather
than to deform.’’ Complete characterization of biaxial culture
and testing of cruciform samples should thus include in the
future measurements of local strains=rotations as well as
applied forces, which may need to be analyzed using finite
element methods (e.g., Nielsen et al.50). Our focus herein,
however, was on direct measurements of collagen fiber
alignment initiated by boundary conditions commonly im-
posed in tissue engineering.

Significant advances in simultaneous mechanical loading,
imaging, and biomechanical testing of collagen gels were
achieved by Tower et al.,21 who used quantitative polarized
light microscopy, and Voytik-Harbin et al.,14 who used con-
focal reflection microscopy, yet both were implemented in
uniaxial cases. Another commonly used imaging method is
SALS, but this method generally requires optical clearing

that affects both the collagen structure and overall proper-
ties.22,51 Moreover, like polarized light microscopy, SALS
gives mean values through the thickness. Whereas biaxially
loaded samples were fixed before confocal imaging in Tho-
mopoulos et al.16,42 and Lee et al.,17 which did not allow the
same sample to be compared across multiple states of me-
chanical loading or cell activity and can introduce fixation
artifacts, the current NLOM-based system allowed succes-
sive intravital measurements on the same samples. Figures
2–4 reveal, for example, that comparing fiber alignment be-
fore and after mechanical loading as well as before and after
lysing the cells enables one to determine (similar to Mar-
enzana et al.35 based on forces) relative effects and revers-
ibility of stretching and cell tractions.

Conclusion

In summary, Humphrey et al.25 recently showed potential
advantages of combining biaxial tissue culture and optico-
mechanical testing. Biaxial testing allows one to compare
effects of stress in the absence of strain and strain in the
absence of stress as well as multiple combinations of multi-
axial stress and strain. In this paper, we reported a novel
biaxial culture system sufficient for such testing and sug-
gested that cruciform-shaped samples with LAs provide a
practical method for studying multiple mechanical loading
states within the same gel. Moreover, SHG in NLOM can
provide an excellent means for quantifying changes in col-
lagen fiber organization within individual samples under
multiple multiaxial loading conditions or states of cell ac-
tivity. As illustrative results, this study demonstrated the
importance of biaxial loading in the development of tissue
microstructure and the potential use of diverse loads to de-
sign different tissue microstructure—static uniaxial stretch
resulted in increasing collagen alignment with culture time,
whereas static biaxial stretch was found to prescribe tissue
anisotropy with higher fidelity. Sequential NLOM measure-
ments of collagen fiber orientation distributions of gels
stretched, unloaded, and with cells removed can also be used
to delineate contributions of applied stretch, cell-mediated
traction fields, and matrix remodeling on measured collagen
distributions. There is, therefore, great potential to explore
further the effects of multiaxial loading on cell-mediated
collagen organization, information that is fundamental for
increasing our understanding of native tissue mechanics
as well as our ability to engineer functional tissue equiva-
lents.
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