
Imaging Cellular Responses to Mechanical Stimuli
Within Three-Dimensional Tissue Constructs
WEI TAN,1 CLAUDIO VINEGONI,1 JAMES J. NORMAN,2 TEJAL A. DESAI,2 AND STEPHEN A. BOPPART1,3–5*
1Biophotonics Imaging Laboratory, Beckman Institute for Advanced Science and Technology, University of Illinois
at Urbana-Champaign, Illinois
2Department of Biomedical Engineering, Boston University, Boston, Massachusetts
3Department of Electrical and Computer Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois
4Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, Illinois
5Department of Internal Medicine, College of Medicine, University of Illinois at Urbana-Champaign, Urbana, Illinois

KEY WORDS three-dimensional microscopy; optical coherence tomography; multi-photon
microscopy; tissue engineering; scaffolds; cellular biomechanics

ABSTRACT The cellular response to environmental cues is complex, involving both structural
and functional changes within the cell. Our understanding of this response is facilitated by micros-
copy techniques, but has been limited by our ability to image cell structure and function deep in
highly-scattering tissues or 3D constructs. A novel multimodal microscopy technique that combines
coherent and incoherent imaging for simultaneous visualization of structural and functional prop-
erties of cells and engineered tissues is demonstrated. This microscopic technique allows for the si-
multaneous acquisition of optical coherence microscopy and multiphoton microscopy data with par-
ticular emphasis for applications in cell biology and tissue engineering. The capability of this tech-
nique is shown using representative 3D cell and tissue engineering cultures consisting of primary
fibroblasts from transgenic green fluorescent protein (GFP) mice and GFP-vinculin transfected
fibroblasts. Imaging is performed following static and dynamic mechanically-stimulating culture
conditions. The microscopy technique presented here reveals unique complementary data on the
structure and function of cells and their adhesions and interactions with the surrounding microen-
vironment. Microsc. Res. Tech. 70:361–371, 2007. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

Microscopic techniques have been used to investigate
the fundamental roles that mechanical forces and cell-
material interactions play in cell culture and in the
fields of cell biology, tumor biology, and tissue engineer-
ing. To maintain proper functionality, cells rely on
adhesions to and interactions with the surrounding
substrate, structure, or extracellular matrix. The sur-
rounding microenvironment provides a construct in
which cells move, orient, organize, and differentiate to
form cultures and tissues. Mechanical forces trans-
duced through the microenvironment also alter both
the morphology and genetic expression patterns of the
cells. Cell-material interactions are one of the key com-
ponents in tissue engineering (Desai, 2000; Griffith,
2002). While the molecular bases of the cell–substrate
interactions have been extensively studied, much less
is understood about the dynamic response of cellular
and subcellular structure to the microenvironment,
especially for cells in artificial, 3D tissue-like con-
structs. One primary reason for this limited investiga-
tion is because of the inadequate imaging technology
for high-resolution, real-time, noninvasive imaging
deep within highly scattering tissues or tissue con-
structs. Furthermore, simultaneous 3D visualization of
both cell morphology and material structures is prob-
lematic using current microscopic methods.

Conventional microscopy techniques at visible wave-
lengths such as light and fluorescence microscopy,

though widely applied for imaging cellular and molecu-
lar activities, have disadvantages mainly because of
poor light penetration depth in highly-scattering tis-
sues, and the potential of severe photodamage to living
cells. More advanced technologies for imaging engi-
neered tissues, including high-field strength magnetic
resonance imaging and microcomputed tomography,
have been pursued for the assessment of cell or scaffold
structure, with limited success. These techniques, with
long data acquisition rates, hazards associated with
high-energy radiation, and relatively high costs, are
less suitable for both real-time and long-term imaging
of living, dynamic, 3D cultures (Constantinidis et al.,
2002; Lin et al., 2003).

Confocal microscopy has been an important advance
in microscopy, and has enabled the imaging of intact,
optically nontransparent specimens to produce high-
resolution (submicron) images of tissue structure with
the use of fluorescent probes (Breuls et al., 2003; Gar-
eau et al., 2004; Stephens and Allen, 2003). For a thick
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3D specimen (up to �100 lm), confocal microscopy
accomplishes optical sectioning by scanning the speci-
men with a focused beam of light and collecting the flu-
orescence signal via a pinhole aperture that spatially
rejects light from out-of-focus areas of the specimen.
Multiphoton microscopy (MPM), which relies on the si-
multaneous absorption of two or more near-infrared
photons from a high-intensity short-pulse laser (most
commonly a mode-locked titanium:sapphire laser)
extends imaging depths to several hundreds of microns
(Denk et al., 1990; Rubart, 2004). Longer-wavelength
excitation light in MPM has the advantage of being
scattered and absorbed less in biological tissue, result-
ing in this improved imaging depth, with little thermal
damage. Exogenous fluorescent probes are usually
required for detection in confocal microscopy or MPM,
often limiting the long-term viability of the cells being
imaged. Green fluorescent protein (GFP) and other ge-
netically-expressible fluorescent proteins have been
established as a powerful imaging method for long-
term, in situ, dynamic imaging applications (Lippin-
cott-Schwartz and Patterson, 2003; Tsien, 1998). Thus,
the two-photon GFP imaging method is one component
in our multimodal imaging studies of cells and adhe-
sion proteins, used as a means of recognizing func-
tional changes in cells.

Optical coherence tomography (OCT) has been dem-
onstrated as a noninvasive and high-resolution imag-
ing technique for locating and diagnosing pathological
tissue by generating cross-sectional images that app-
roach the resolution and appearance of histology
(Huang et al., 1991). However, only the linear charac-
teristics of the tissue, such as scattering, birefringence,
absorption, and refractive index variations contribute
to producing image contrast. Optical coherence micros-
copy (OCM) (Izatt et al., 1994) extends the capabilities
of OCT by combining high sensitivity and coherence-
gated detection with confocal optical sectioning. The
result is an improvement in the rejection of unwanted
scattered light generated from points outside of the
imaging plane (Aguirre et al., 2003). A dramatic en-
hancement of the image contrast is therefore possible,
at greater imaging depths in highly-scattering tissue.
OCT does not rely on the use of exogenous agents or ge-
netically-expressed fluorescent proteins to provide
image contrast, but rather the intrinsic optical scatter-
ing (indices of refraction) differences in cells and tis-
sues. Because of this, OCT can be performed repeatedly
over long periods of time with no loss of cell viability.

Recently, alternative approaches have been proposed
that combine different optical imaging techniques to pro-
vide different yet complementary information (Barton
et al., 2004; Beaurepaire et al., 1999; Dunkers et al.,
2003; Tang et al., 2006). MPM and OCM are two emerg-
ing imaging techniques that both utilize near-infrared
wavelength light to enable deep-tissue imaging. OCM,
which can be performed without the use of contrast
agents, is a coherent-detection technique that generates
structural images based on optical backscatter, or local
variations in the refractive index. MPM, using fluores-
cently labeled molecules or genetically-expressed pro-
teins, is an incoherent functional imaging technique,
where the expression of fluorescent proteins can be
designed to correspond to functional physiological pa-
rameters within the cell. The multimodal microscopy

technique presented here uniquely enables the identifi-
cation of functionally-active signals against a compre-
hensive background of scattering signals representative
of the structural microenvironment around specific cells
or small populations of cells. In this context, we wish to
apply this technique to visualize functional changes in
cells on various substrates, in 3D scaffolds, and under
static and dynamic culture conditions.

We have developed this visualization technique
using a custom-built integrated microscope (Vinegoni
et al., 2006) that can perform simultaneously OCM and
MPM with the same ultrafast titanium:sapphire laser
source. The imaging results presented here are repre-
sentative of cell structure and functional adhesion data
from 2D planar and topographic culture substrates,
and from 3D engineered tissue scaffolds. The use of
spectral-domain OCM not only provides structural in-
formation of the substrate (e.g., micropeg structure) or
the extracellular matrix (e.g., microfibers), but also
shows cell morphology. Simultaneously, MPM offers
complementary information on cell adhesions as well
as subcellular structures. Using this approach, we find
and map the spatiotemporal distribution of GFP within
cells, which varies under static and dynamic culture
conditions. This novel 3D imaging technique enables
us to better understand and visualize the biological,
chemical, mechanical, and materials effects on the cel-
lular scale, how these affect the cellular physiology and
response to chemical and mechanical stimuli, and how
to design suitable micro-environments for cells in 3D
scaffolds.

MATERIALS ANDMETHODS
Multimodality Microscope

The setup of the microscope used in this work is
shown in Figure 1. The light source consists of a fre-
quency-doubled Nd:YVO4-pumped titanium:sapphire
laser with a center wavelength of 800 nm, a bandwidth
of 60 nm, an 80 MHz pulse repetition rate, and an aver-
age power on the sample that can be varied between
1 and 10 mW. The laser source serves both as an excita-
tion source for two-photon fluorescence and as a low-
coherence source for OCM, facilitating the multimodal-
ity imaging capabilities of this microscope. Because of
the highly dispersive nature of the microscope objective
(203, 0.9 NA, water-immersion, Olympus), the pulses
are precompensated using a doublefold prism path.
The beam is directed to a scan head that consists of two
galvanometer-controlled mirrors for high-speed acqui-
sition, and then beam expanded to match the back-
aperture of the objective in this upright microscope
configuration. Samples were fixed on a holder attached
to a 3D translation stage. The photons resulting from
the two-photon absorption process are emitted over the
entire 4p solid angle. A portion of the signal is collec-
ted in the backward direction by the objective and
deflected by a dichroic beam-splitting mirror (Cold Mir-
ror, CVILaser, Livermore, CA). The photons are then
collected and coupled into a multi-mode fiber. A short
pass filter (BG39, CVILaser) located prior to the fiber
is used to filter out scattered pump photons. The filter
can be easily interchanged for use with different
selected fluorophores or for second-harmonicgenera-
tion imaging. A photomultiplier tube (H7421-40,
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Hamamatsu, Inc.) working in photon counting mode
was used to detect two-photon fluorescence, with a
maximum quantum efficiency of 30% at 580 nm, and a
dark counts rate of 100 Hz. When overfilling the back-
aperture (18 mm) of the objective, axial and lateral
two-photon resolutions of 0.8 and 0.5 lm, respectively,
were measured.

The OCM detection scheme in this integrated micro-
scope is different with respect to a previously reported
system (Beaurepaire et al., 1999). A spectral-domain
OCM (SD–OCM) system, instead of time-domain OCM
is implemented, offering many distinct advantages
(Leitgeb et al., 2003). Light is collimated and dispersed
off of a blazed diffraction grating having 830.3 grooves/
mm. The optical spectrum is focused using a pair of
achromatic lenses which have a combined focal length
of 150 mm. The focused light is incident on a line-scan
camera (L104k–2k, Basler, Inc.) that contains a 2048-
element CCD array of detection elements. This camera
has a maximum readout rate of 29 kHz, thus one axial
scan (corresponding to one pixel in an en face optical
section) can be captured during an exposure interval of
34 ls (temporal resolution). Digital processing of the
detected signal included a spline interpolation to make
the signal more uniform, and a discrete Fourier trans-
form on each set of 2048, 10-bit, values captured by the
CCD to transform the signal from the frequency (spec-
tral) domain into the spatial (depth) domain. The scat-
tering amplitudes corresponding to the focus in each

adjacent axial scan were subsequently assembled into
2D en face images for visualization on a personal com-
puter. To produce 3D volume images, the sample posi-
tion was stepped in the axial (depth) direction using a
precision computer-controlled stage and repeated 2D
en face images were acquired and assembled. Acquisi-
tion and visualization of OCM and MPM images was
performed simultaneously. In our system, the confocal
gating (confocal parameter and OCM axial resolution
at 2.2 lm) is below the coherence gating (coherence
length ¼ 4.7 lm) with the laser source bandwidth of
60 nm. The bandwidth of this laser source could be
increased, with concomitant dispersion compensation,
to effectively improve the axial OCM resolution.
The addition of coherence gating to confocal gating fur-
ther rejects out-of-plane photons by adding coherent
rejection to the spatial rejection and enabling deeper
imaging penetration. By use of the edge-scan defini-
tion, a transverse resolution of less than 0.9 lm was
measured.

Cell Culture and Experimental Conditions

Two types of cells were used in our investigations:
primary muscle fibroblasts derived from transgenic
GFP mice, and 3T3 fibroblasts (American Type Culture
Collection [ATCC], Manassas, VA) transfected with
GFP-vinculin plasmid. Cells were also stained with a
nuclear dye (Hoechst 33342, Invitrogen). Cell cultures
were seeded using 5 3 105 cells/mL and maintained in

Fig. 1. Experimental setup for the multimodality microscope. Col-
ored regions correspond to: blue-optical source, red-OCM, green-
MPM, yellow-dispersion compensation, purple-main optical axis of
the microscope. Inset shows the optical hardware for the upright
microscope configuration corresponding to the purple-colored region
in the schematic. Abbreviations: Amp/Disc, amplifier/discriminator;
BS, beam splitter; CC, corner cube; CCD, charge-coupled device (line

scan camera); D, dichroic beam-splitter; DE, diffraction grating; He–
Ne, helium-neon alignment laser; HWP, half-wave plate; L, lens; M,
mirror; MMF, multimode fiber; OF, optical neutral density filter; P,
prism; PMT, photomultiplier tube; RR, retroreflector; SF, spatial fil-
ter; SM, scanning mirrors; SMF, single-mode fiber; TTL, photon-
counting signal; VF, variable filter. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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an incubator at 378C and with 5% CO2. Different cell
and engineered tissue cultures are employed in
the study. These include cells cultured in planar Petri
dishes, on flexible microtextured poly(dimethyl-sil-
oxane) (PDMS) substrates with 3D topographic fea-
tures (micropegs), and in 3D Matrigel (BD Bioscience)
polymer scaffolds. Cultures on flexible PDMS and in
Matrigel were maintained under static and mechani-
cally-stimulating conditions. Mechanical stimulation of
cultures began following 3 days of static culture condi-
tions to enable cells time to establish cell–cell and cell–
matrix interactions and adhesions. The microtextured
substrates were fabricated with soft lithography meth-
ods, generating the structures first on a silicon substrate
using photolithography methods, and then transferring
the patterns to PDMS membranes. The mechanical
stimulation system, consisting of both a TissueTrain and
a StageFlexer system (Flexcercell, NC), was used to
stimulate cells on the microtextured PDMS or cells in
the 3D Matrigel. Cells mechanically stimulated with the
TissueTrain system were subjected to equibiaxial cyclic
stretching, while cells mechanically stimulated with the
StageFlexer system were subjected to uniaxial cyclic
stretching.

Image Visualization and Three-Dimensional
Reconstruction

Acquired images (OCM, MPM) typically consisted of
1,000 3 1,000 pixels over an area of 600 3 600 lm2.
OCM and MPM signals were acquired simultaneously
for each point in the image as the focused beam was
raster-scanned across the sample, permitting precise
registration between imaging modalities. A precision

z-axis (depth) computer-controlled translation stage
allowed for the acquisition of stacks of en face OCM
and MPM images. Three-dimensional visualization of
the engineered tissue constructs was achieved by vol-
ume rendering the image stacks of OCM and MPM
data using 3D reconstruction software (Analyze 5.0,
Mayo Clinic, Rochester, MN).

RESULTS

A custom-designed and constructed multi-modality
microscope (Fig. 1) was used in this study (Vinegoni
et al., 2006). This instrument provides noninvasive
imaging capabilities to detect high-resolution 3D struc-
tural and functional information. This information is
essential for the applications that involve both biologi-
cal and nonbiological microscopic elements, such as
cells and materials in tissue engineering constructs.
Shown in Figure 2, this multimodality technique pro-
vides high resolution image data of cell morphology,
nuclei, and intracellular adhesion molecules. Primary
muscle fibroblasts obtained from a transgenic GFP
mouse, as well as a 3T3 fibroblast cell line transfected
with GFP-vinculin genes were used to demonstrate
this technique and capabilities. Cells are clearly visible
in the images from OCM (Figs. 2b and 2f). In fact, in-
terference bands are present over some cell locations,
representing interference of the coherent backreflected
light from the surfaces of the substrate and the cell
membrane. The interference fringe data could be used
to measure cell thickness and structural changes with
nanometer resolution. The OCM images of cells look
similar to those from standard phase-contrast micros-
copy (Figs. 2d and 2h). OCM, however, can provide

Fig. 2. Multimodal microscopy of fibroblasts on a planar substrate.
(a–d) Fibroblasts from a GFP-mouse, and (e–h) 3T3 fibroblasts with
GFP-vinculin are imaged in this 2D culture. (a, e) MPM and (b, f)
OCM image channels are combined (c, g) for multimodal visualization
to demonstrate the relationship between cell morphology, cell adhe-
sion activity, and nuclei (blue channel). (d, h) Phase contrast micros-

copy of similar cultures is shown for comparison. The light-dark band-
ing observed in (b, f) is due coherent interference effects from reflec-
tions off of the planar substrate and the cell membrane. Scale bars ¼
20 lm. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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reflectance-based imaging deep in highly-scattering
tissues, which is problematic in phase microscopy. Cell
morphology in OCM images (Figs. 2b and 2f) corre-
spond strongly with that observed in MPM images
(Figs. 2a and 2e). The spatial distribution of fluores-
cence intensity in the cells varies in the MPM images,
corresponding to the relative concentrations of fluo-
rescing molecules. The OCM backscatter signal inten-
sity also varies in the cells. In addition to the interfer-
ence banding, this varying backscatter signal may be
correlated with subcellular structures (Xu et al., 2006).

Though the two imaging modalities are adapted for si-
multaneous imaging, the resolutions of the two modal-
ities are different. The MPM en face sections are thinner
(�0.5 lm), offering higher resolution in the z (depth)
dimension compared to the OCM images, which has
�2.2 lm resolution in the z dimension. The axial resolu-
tion in MPM is defined by the region of two-photon
absorption of incident photons, which has a quadratic
dependence on the laser intensity. The axial resolution
in OCM, in these studies, was primarily dependent on
the confocal parameter of the focusing objective. This is
in contrast to cross-sectional OCT imaging where the
axial resolution is defined by the coherence length of the

light source, which is inversely dependent on the band-
width of the light. OCTutilizes lower numerical aperture
objectives and hence, the coherence length is typically
smaller than the confocal parameter of the focusing lens.
The combination of coherence gating within the confocal
parameter of the focused beam further rejects out-of-
focus photons and is what enables OCM to be performed
to greater depths in highly-scattering tissues than with
confocal microscopy alone (Izatt et al., 1994). Imaging
depths are highly dependent on the tissue construct
composition, cell types, and density, and culture condi-
tions. In general, from our studies, maximum imaging
depths for OCM and MPM were �1,000 and 500 lm,
respectively, for these constructs. An optical attenuation
coefficient of 1.24 cm�1 was measured for the cell-free
Matrigel constructs at 768 nm wavelength.

Using GFP-vinculin-labeled adhesion sites and
Hoechst-stained nuclei, the combined OCM–MPM
images (Figs. 2c and 2g) demonstrate the relative spa-
tial distributions of these signals within individual
cells and among these cell populations. Vinculin is an
abundant cytoskeletal protein found in integrin-medi-
ated focal adhesions and also in cadherin-mediated
cell–cell adherens junctions. Vinculin expression there-

Fig. 3. Functional interactions between GFP-vinculin fibroblasts
and a microtextured (micropeg) substrate. Images were acquired
under static culture conditions. (a) Combined and (b) separated MPM
signals. The green channel represents fluorescence from GFP-vincu-
lin and is proportional to the degree of cell adhesions with other cells
and the substrate. (c) OCM image showing backscattering signal
from both cells and microtextured substrate. (d) Multimodal image of

MPM and OCM data showing distinct spatial relationships between
cells and substrate features. (e, f) Regions of OCM and combined
OCM-MPM data indicated by box in (c) but acquired at different en
face planes 6 lm and 12 lm, respectively, above the plane in (c). (g)
3D reconstruction of OCM data set showing cellular morphology on
the substrate. Scale bar ¼ 20 lm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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fore reflects the degree of cell–cell and cell–substrate
adhesions in these cultures. The most significant
advantage of this method is the ability to extract new
information regarding the spatiotemporal distribution
of functionally-active fluorescent signals (adhesions in
this context) against a background of scattering signals
coming from all structures present. It is clear from the
combined OCM-MPM images that the fluorescent sig-
nals are generated from only portions of the cell, where
cell–cell or cell–substrate adhesions are present and
where GFP-vinculin is expressed. This method there-
fore allows the characterization of focally-active adhe-
sion sites and provides spatial and temporal variations
of cell function. While these studies utilize transfected
GFP-vinculin as the functionally-active and expressed
fluorescent protein, it is feasible to use any of the
increasingly common genetically-expressed fluorescent
proteins for visualizing cellular function or even single-
molecule dynamics against the OCM reflectance back-
ground from the microenvironment.

In addition to image data of cell morphology, micro-
structural data of scaffolds, and cell-scaffold interac-
tions can be readily obtained using this method. The
reliance of scattering signals from the scaffolds or
structures obviates the need to fluorescently label all
structures (biological and nonbiological) for visualiza-
tion. To demonstrate this capability,microtextured poly-
dimethyl-siloxane (PDMS) membranes were used. The
microtextured substrate consisted of rows of 10 lm
high and 10 lm diameter micropegs, separated by
50 lm between rows (Figs. 3 and 4). Biophysical stim-
uli provided through surface textures (surface topogra-
phies) have been reported to influence cell shape, gene
expression, protein production, and deposition, cell
proliferation, migration, differentiation, and survival
(Curtis and Riehle, 2001; Stevens and George, 2005).
Therefore, exploring the effects of microscale textures

at the cell–cell and cell–scaffold interface provides an
attractive approach to enhance cell behavior without
destabilizing the delicate biochemical condition.

The OCM images in Figure 3 demonstrate the struc-
tural information of the cells, the substrate, and the
spatial arrangement. The MPM images reveal the loca-
tions of the nuclei and the expression of the GFP-
labeled vinculin. The cells tend to spread and extend
around the microscale 3D structural features. Vinculin
expression is more extensive at the sites where cell–
cell or cell–substrate interactions are occurring. Thus,
the combined OCM–MPM images provide complemen-
tary and additive information regarding the cells in
relation to the local environment, and in this represen-
tative example, the functional adhesion behavior of the
cells. Compared to cells cultured on planar, featureless
Petri dishes or slides, cells cultured on microtextured
and topographic substrates display more 3D culture
characteristics (Norman and Desai, 2005). Using this
imaging technique, we have also demonstrated the 3D
changes of intracellular structural and functional sites
over the volume of the cells (Figs. 3e and 3f), and have
reconstructed a series of en face OCM images to pro-
duce a 3D image of cell structure (Fig. 3g).

Complementary structural and functional informa-
tion of cell dynamics (e.g., cell–cell and cell–scaffold
interactions) under mechanically-stimulated culture
conditions has also been obtained. The representative
images of fibroblasts after 18 h of 5% cyclic equibiaxial
sinusoidal stretching at a frequency of 1 Hz are shown
in Figure 4. Compared to the cells on these microtex-
tured substrates before mechanical stretching (Fig. 3),
the cells subjected to mechanical stimuli are more elon-
gated, have a higher level of vinculin expression based
on the intensity and distribution of fluorescence from
the GFP-vinculin, and have an apparent increase in
cell-substrate interactions.

Fig. 4. Functional interactions between GFP-vinculin fibroblasts
and microtextured substrate following mechanical stretching of the
elastic polymer substrate. Substrate was subjected to 18 h of 5% cyclic
equibiaxial sinusoidal stretching at a frequency of 1 Hz and in the
directions indicated by the arrows. (a) Multimodal image combining
OCM and MPM data. Inset shows the MPM channel. (b, c) OCM and
multimodal images of boxed region in (a) at en face planes 6 lm and
12 lm, respectively, above the plane in (a). Note the increase in GFP-

vinculin signal-expression, which is present over a larger area of the
cells. The images in (c) illustrate the depth-dependent optical section-
ing of this instrument. At this plane, signal from the planar substrate
is decreased (darker), while the upper peg surface reflection is in-
creased. MPM signals from the cells are decreased at the upper en face
imaging planes of these cells. Scale bar ¼ 20 lm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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Fig. 5. Three-dimensional multimodal images of fibroblasts from a
transgenic GFP mouse cultured in a Matrigel scaffold. Culture was main-
tained and imaged under static conditions. (a) OCM, (b) multimodal, and
(c) 3D multimodal images of cells in this 3D tissue construct. (d) Projec-

tions in the x–y, x–z, and y–z planes are shown for the 3D data. Color chan-
nels correspond to: Gray or Red- OCM, Blue- nuclei, Green– GFP. (e)
Phase-contrast and (f) fluorescence microscopy images of the same 3D cul-
tures are shown for comparison. Scale bars¼ 20 lm.

Fig. 6. Three-dimensional multimodal images of fibroblasts from a
transgenic GFPmouse cultured inMatrigel undermechanical stimulation.
3D culture was subjected to 18 h of 5% cyclic uniaxial sinusoidal stretching
at a frequency of 1 Hz and in the directions indicated by the arrows. (a) 3D

multimodal images of cells, with corresponding projections in three orthog-
onal planes. Color channels correspond to: Red – OCM, Blue – nuclei,
Green – GFP. (b) Phase-contrast and (c) fluorescence microscopy images
of the same 3D cultures are shown for comparison. Scale bars¼ 20 lm.
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A further application of this technique involves the
use of this instrument to dynamically study cell-scaf-
fold interactions under more physiological 3D culture
conditions, as shown in Figures 5–7. This multimodal-
ity technique provides the capability for noninvasive
imaging at the molecular, cellular, and tissue levels in
3D. The two types of fibroblast cells described above
were cultured in a 3D Matrigel matrix. The OCM
images show the 3D cell morphologies and positions as
well as the background fibrous matrix structure and
network. The MPM images track nuclei and focal adhe-
sion sites in the cells. Figures 5 and 6 demonstrate the
primary GFP-mouse fibroblasts cultured in Matrigel
under static conditions (Fig. 5) and after 18 h of 5%
cyclic uniaxial sinusoidal mechanical stretching at a
frequency of 1 Hz (Fig. 6). It is believed that the
mechanical deformation of the biopolymer fibers to
which cells attach induces alterations in cell morphol-
ogy, physiology, and gene expression. The cells cultured
under static conditions exhibit elongated morphology
and 3D network structure. Cells are oriented and
extend isotropically in 3D space, following the random
orientation of the matrix structure. After uniaxial
mechanical stretching, the cells and matrices are
densely packed and align parallel with the stretched
axial direction.

Figure 7 demonstrates the GFP-vinculin-labeled 3T3
fibroblasts cultured in 3D Matrigel under static condi-
tions (Fig. 7a) and after 18 h of 5% cyclic biaxial sinu-
soidal mechanical stretching at a frequency of 1 Hz
(Fig. 7b). This cell line in Matrigel exhibits fewer focal
adhesion sites than the primary fibroblasts. Compared
to the elongated oval-shaped fibroblasts cultured in 2D
planar and 3D topographic cell culture (Figs. 2, 3, and
4), these cells in 3D Matrigel display a spherical mor-
phology with spherical nuclei and minimal vinculin
expression. This might be due to the lack of certain
transmembrane protein receptors to the Matrigel pro-
tein sequences. Matrigel is mainly composed of laminin
and collagen IV and lacks many of the proteins associ-
ated with cell adhesions, such as collagen I and fibro-
nectin. Vinculin is not highly expressed under these
conditions and thus adhesions and interactions bet-
ween the cells and the Matrigel is less, as evidence by
the significantly reduced fluorescence from the GFP-
labeled vinculin. It is also noted that cell morphology
and vinculin expression in this 3D culture do not
change significantly after mechanical stretching (Fig.
7), which is also likely attributed to matrix composi-
tion. These results may also suggest some functional
characteristics of these immortal cell lines are down-
regulated.

Fig. 7. Three-dimensional multimodal images of
GFP-vinculin fibroblasts. Cells were seeded in a 3D
Matrigel scaffold and cultured under (a) static and (b)
dynamic conditions. The 3D scaffold with cells in (b)
was subjected to 18 h of 5% cyclic biaxial sinusoidal
stretching at a frequency of 1 Hz and in the directions
indicated by the arrows. Note the distinct differences
in cell morphology and GFP-vinculin expression, both
before and after mechanical stimulation, compared to
the primary cells in Figure 6. Spherical cell morphol-
ogy and decreased GFP-vinculin expression is likely
due to reduced number of cell adhesions within the
Matrigel matrix. Scale bar ¼ 20 lm. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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DISCUSSION

Three-dimensional visualization of cell structure and
function is essential for investigating the dynamics of
cells in natural or artificial microenvironments. While
phase-contrast microscopy is a powerful tool for the visu-
alization of unstained biological specimens, it cannot be
used for 3D visualization deep in highly-scattering tis-
sues. OCM demonstrated here offers a new approach
to 3D visualization of optical contrast in unstained sam-
ples. The optical contrast in cells detected by OCM
arises primarily from scattering because of spatial re-
fractive-index gradients and geometric sizes of cellular
components. Many functional imaging applications of
unstained cells require quantification of subtle phase-
contrast changes in a cell with subcellular resolution.
Although it has not been shown in these results, the sub-
cellular structure may be identified using a method
called spectroscopic OCM (SOCM). Scattering-based
spectroscopic analysis of the OCM or OCT signal can be
used to identify subcellular structures such as nuclei.
Spectroscopic OCT, a recent extension of OCT imaging,
analyzes not only the intensities, but also the spectra of
back-scattered light in a depth-resolved manner (Leitgeb
et al., 2000; Morgner et al., 2000). This technique is
capable of both qualitative contrast enhancement and
quantitative concentration measurement (Xu et al.,
2004). Spectroscopic analysis of spectral-domain OCM
measurements, in combination with high sensitivity in-
tensity measurements afforded by traditional OCM,
offers a potentially powerful tool for adding functional
information to the structural information, e.g., localizing
dominant scatterers such as nuclei (Xu et al., 2006).
Because of the multimodality capabilities of this instru-
ment, the findings of these subcellular structures using
SOCM can be further confirmed with labeling techni-
ques and MPM imaging, as was done with the DNA/
nuclei co-staining in these experiments. Thus, further
efforts on correlating the SOCM analysis of the resulting
images with MPM imaging and molecular staining will
give more insight into the cell–cell and cell–substrate
interactions from this study.

Our approach for using spectral-domain detection of
the OCM signal was motivated by several advantages
over previous time-domain techniques. Spectral-
domain OCT, in previous studies (Leitgeb et al., 2003),
has been shown to offer a significant improvement in
signal-to-noise over time-domain OCT, with similar
advantages in OCM. In addition, because no moving
parts are required for collecting axial-scan data using
spectral-domain (spectrometer-based) detection, the
phase measurements of the backscattered light are
extremely stable, facilitating spectroscopic analysis of
the spectral data, which is directly captured on the
line-scan camera. Because a full axial-depth scan of
scattering and spectroscopic data is collected at each
point in an en face image, this data can be used for
both high spatial and high spectral resolution imaging.
The ability to perform focus tracking to accommodate
for varying refractive indices in the sample is facili-
tated in our approach since multiple points in depth
are acquired and available for reconstruction. The use
of spectral-domain detection in OCM does result in lon-
ger acquisition times compared to time-domain OCM
where only the amplitude (scattering) data is collected.

However, we believe the additional time required to
collect and analyze spectroscopic data, as well as the
phase-stability of these signals, enables a wider range
of investigative techniques.

In these studies, PDMS was used for fabricating 3D
topographic scaffolds and Matrigel was used for 3D
polymer scaffolds. Both provided flexible constructs
during mechanical stimulation of the cell cultures. Dif-
ferences in cell morphology under static and mechani-
cally-stimulated culture conditions were noted for the
cultures on the 3D topographic PDMS scaffolds versus
in the 3D Matrigel scaffolds. On the topographic PDMS
scaffolds, fibroblasts had a more spherical morphology
under static conditions (Fig. 3) and a more spindle mor-
phology under mechanically-stimulated conditions
(Fig. 4). This is in contrast to and opposite of the
morphological changes for the fibroblasts in the 3D
Matrigel scaffolds (Figs. 5 and 6). We believe these differ-
ences are attributable to the different microenviron-
ments provided by each construct. In Figures 5 and 6,
there is a higher local cell density and possibly an
increase in contact and cell–cell interactions. Because
the 3D cellular microenvironment on the topographic
PDMS substrates differ significantly from the Matrigel
scaffolds, it is likely that the cells experienced very dif-
ferent mechanical strain patterns, being more planar on
the topographic PDMS substrates and more 3D in the
Matrigel scaffolds. Future studies will explore other con-
struct microenvironments and how these affect cell mor-
phology under static and dynamic conditions.

Results indicative of specific cell-scaffold interactions
were also found in Figure 7. The use of Matrigel, which
lacks collagen I, was likely a contributing factor in the
reduced amount of cell-scaffold adhesions and subse-
quently, the reduced GFP-vinculin expression. Matrigel
was used as a 3D polymer scaffold in this study not only
to illustrate the different functional behavior in these
cells, but also because we have found this material to be
optically superior to other scaffold materials. In a recent
study (Tan et al., 2006), it was observed that when
increasing amounts of collagen I were added to Matrigel
constructs, the overall scattering of the construct
increased, resulting in a reduced OCT imaging depth
and reduced optical scattering contrast between cells
and the surrounding matrix. Ongoing studies are char-
acterizing the optical properties of various construct
materials alone, with cells, and under varying culture
conditions.

The last decade has seen dramatic developments of
engineered tissues assembled from cells, biomaterials,
and signaling factors. However, few have investigated
the dynamics of biological interactions among these
components at multiple size scales. The primary limi-
tation has been inadequate imaging technology for
high-resolution, real-time, noninvasive imaging deep
within highly-scattering tissues. Compared with con-
ventional invasive, destructive imaging techniques
such as histology and SEM, OCM, and MPM are non-
destructive, real-time, time-lapse imaging techniques
that reveal essential cell and tissue characteristics.
The elimination of specimen fixation and extensive
processing reduces the possibility of structural arti-
facts and facilitates repeated observations within a sin-
gle sample over time, and in response to various inter-
nal and external chemical and mechanical stimuli.
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Furthermore, there is minimal disturbance to the cell
and tissue physiology of the living samples because the
laser power used to acquire images is low, the imaging
speed is fast, requiring only a few seconds to acquire
images, and living samples can be imaged in a sterile
microincubator under physiological conditions as dem-
onstrated in our previous work with an OCT system
(Tan et al., 2004). In addition, both coherent (OCM)
and incoherent (MPM) modalities can provide real 3D
image information, which conventional invasive meth-
ods cannot provide.

This multimodality imaging technique, utilizing a
single instrument, enables a wide range of biological
investigations, with MPM based on the detection of the
fluorescence emitted by endogenous or exogenous mar-
kers, and OCM delivering information on the endoge-
nous scattering properties of the sample. These two
modalities, therefore, provide different yet complemen-
tary imaging contrast mechanisms, increasing the in-
formation extracted from the sample. By overlaying
the site-specific functional images from MPM (i.e., an
excited fluorescent marker implies a functional pro-
tein) on the background structural image obtained
from OCM, a more comprehensive view of different tis-
sues can be obtained. Without any modification, this
instrument can also be used to perform laser ablation,
where the absorption is still a two-photon process but
at much higher energies. This feature could be very
useful in order to perform high resolution optical abla-
tion followed by optical histology obtained by OCM for
basic investigative studies in cell and tissue responses,
as well as for medical applications.

With deep imaging penetration and high spatio-
temporal resolution in 3D space, this novel imaging
technique will be a potential tool for gaining new
insights into cell dynamics in situ and in real-time,
elucidating the complex biological interactions, and
directing our design towards functional, biomimetic
and matured engineered tissues. In addition, the
potential for examining the structural features and
interactions of cells and their 3D microenvironment
represents a novel method for understanding the
fundamental mechanisms of cell and tumor biology
that are directly relevant for addressing many clini-
cal questions.

In conclusion, we have developed a novel technique
for interrogating the spatiotemporal relationship of
structure and function of cells in 3D culture environ-
ments and in response to mechanical stimuli. This
method is made possible with a novel multimodal
microscope that is capable of simultaneous image ac-
quisition of coherent and incoherent optical signals
from biological specimens. This technique not only ena-
bles imaging at the molecular, cellular, and tissue level,
but also facilitates and combines structural and func-
tional imaging information that will likely contribute
to many biological and clinical investigations.
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