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A multimodal diagnostic system that integrates time-resolved fluorescence spectroscopy, fluorescence lifetime
imaging microscopy, and ultrasound backscatter microscopy is evaluated here as a potential tool for assessing
changes in engineered tissue composition and microstructure nondestructively and noninvasively. The devel-
opment of techniques capable of monitoring the quality of engineered tissue, determined by extracellular matrix
(ECM) content, before implantation would alleviate the need for destructive assays over multiple time points
and advance the widespread development and clinical application of engineered tissues. Using a prototype
system combining time-resolved fluorescence spectroscopy, FLIM, and UBM, we measured changes in ECM
content occurring during chondrogenic differentiation of equine adipose stem cells on 3D biodegradable ma-
trices. The optical and ultrasound results were validated against those acquired via conventional techniques,
including collagen II immunohistochemistry, picrosirius red staining, and measurement of construct stiffness.
Current results confirm the ability of this multimodal approach to follow the progression of tissue maturation
along the chondrogenic lineage by monitoring ECM production (namely, collagen type II) and by detecting
resulting changes in mechanical properties of tissue constructs. Although this study was directed toward
monitoring chondrogenic tissue maturation, these data demonstrate the feasibility of this approach for multiple
applications toward engineering other tissues, including bone and vascular grafts.

Introduction

The engineering and growth of functional tissues in the
laboratory setting is a promising approach to address the

significant shortage of transplantable tissues.1,2 The quality
of the tissue construct must be evaluated at multiple points
during culture to assess cell phenotype, extracellular matrix
(ECM) content, and mechanical properties, all of which
contribute to the functionality of the construct. However,
current evaluation methods are destructive and reduce the
amount of graft material for implantation.3,4 Hence, there
remains a significant need for nondestructive techniques to
reliably assess the presence of known ECM macromolecules
characteristic of the tissue and their resultant contribution to
tissue quality to advance the field of tissue engineering for
clinical use.

Optical and ultrasound techniques are of particular inter-
est for characterizing growing tissues due to their capacity to
probe composition and structure in a nondestructive and
noninvasive manner. Optical methods based on fluorescence
lifetime contrast such as time-resolved fluorescence spec-
troscopy (TRFS) and fluorescence lifetime imaging micros-

copy (FLIM) can detect biochemical and physiological
transformations in tissue5 and are known to improve the
specificity of fluorescence measurements.6–8 Several endog-
enous biomolecules, including structural proteins (e.g., col-
lagen and elastin) and enzyme cofactors (e.g., NADH and
FAD), are responsible for tissue autofluorescence.9 Changes
in the fluorescence properties of tissue are reflective of native
fluorophore deposition and, thus, the relative contribution
and distribution of individual fluorophores within the tissue.
Tissue autofluorescence has been previously utilized to de-
tect pathologic and physiologic tissue changes in both clini-
cal and research settings.10,11 Moreover, TRFS effectively
monitored differentiation of human adipose stem cells
(ASCs) along the osteogenic lineage in vitro in 2D culture.12

TRFS provides emission information (both intensity and
time-resolved) that can characterize tissues of a given line-
age, yet does not provide spatial distribution of tissue
fluorophores. FLIM enables recording of large amounts of
lifetime information in an image format, and can be com-
bined in a number of ways with emission spectroscopy. One
advantage of FLIM is its ability to easily detect heterogeneity
within a given sample. In combination, TRFS and FLIM can
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provide complimentary information, which may characterize
a biological sample through the determination of the iden-
tity, quantity, and distribution of ECM content. Ultrasound
backscatter microscopy (UBM) can provide additional
structural information that can be correlated to tissue mi-
crostructure as well as stiffness, a primary endpoint for the
functionality of bioengineered connective tissues such as
cartilage and bone. UBM offers significantly greater pene-
tration depth (up to 6 mm) than either FLIM or TRFS. Ad-
ditionally, mechanical properties, which are critical to and
correlate with the functionality of the tissue,13–15 can be
discerned from UBM data.

Mature cartilage possesses a low cellularity and is com-
posed primarily of ECM and water (*80%).16 The generation
of cartilage constructs derived from autologous chon-
drocytes, autologous or allogenic multipotent mesenchymal
stem cells,17,18 embryonic stem cells, and other cell sources19–21

is an exciting alternative to current treatment strategies.
Cartilage ECM consists primarily of collagen, especially
collagen type II, and proteoglycans in the form of hydrated
glycosaminoglycans (GAGs), which provide mechanical in-
tegrity to the tissue.22 When in its mature form, collagen is
highly cross-linked23 and exhibits a structured orientation of
these cross-links.22,24 Collagen autofluorescence originates
from the formation of cross-links between the fibrils,25

thereby providing a measure of the collagen maturity that
may offer an indirect measure of the mechanical strength of
the tissue construct.

We hypothesized that a multimodal approach combining
optical and ultrasonic methods (TRFS, FLIM, and UBM)
could be used to assess changes in ECM deposition resulting
from the chondrogenic differentiation of equine ASCs
(eASCs) on 3D biodegradable matrices. The goals of this
study were to test the hypothesis that TRFS, FLIM, and UBM
can be utilized to monitor changes in ECM deposition and
content over time and to correlate these data with the me-
chanical properties of the construct.

Materials and Methods

Cell culture

eASCs were isolated as previously described26,27 and ex-
panded in Dulbecco’s modified Eagle’s medium F-12 (In-
vitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum ( JR Scientific, Woodland, CA), 1% penicillin/strepto-
mycin, and 0.1% amphotericin b (Mediatech, Mannassas,
VA). Cells were maintained in standard CO2 incubators at
37�C and passaged at 80%–90% confluency before experi-
mentation. All experiments were performed with cells at
passage 3.

Scaffold fabrication, cell seeding, and construct culture

Scaffolds were prepared from poly(lactide-co-glycolide)
using a gas foaming/particulate leaching method as previ-
ously described.28 Scaffolds (8.5 mm diameter · 1.5 mm
thickness) were sterilized with 95% ethanol for 30 min, and
eASCs were statically seeded at 1 · 106 cells per scaffold in
70 mL of a 50:50 mixture of growth media and growth factor-
reduced Matrigel (BD Biosciences, San Jose, CA). After ad-
hesion for 90 min, scaffolds were moved to 12-well culture
dishes containing 2 mL of media per well for 24 h. The me-

dium was refreshed with maintenance media or commercial
chondrogenic media (Zen-Bio, Raleigh, NC), with scaffolds
cultured in maintenance media serving as the control group.
Scaffolds were placed on an XYZ shaker, agitated at 25 rpm
in standard culture conditions (37�C, 5% CO2, 95% air), and
maintained for up to 7 weeks, with medium changes oc-
curring three times per week.

TRFS measurements

ECM and collagen composition within tissue constructs
were interrogated using a TRFS prototype apparatus devel-
oped in our lab and detailed elsewhere.12 In brief, a pulsed
nitrogen laser (337 nm; 0.7 ns; 30 Hz) provided the excitation
light through an optical fiber (600 mm core diameter, NA =
0.22), which was positioned perpendicular to the sample and
directed light onto the sample. Sample autofluorescence was
collected via a collection fiber and dispersed by a spectro-
photometer after which scattered excitation light was re-
moved by the use of a long pass filter (340 nm). The
fluorescence signal was detected via a gated multichannel
plate photomultiplier tube amplified by a wideband pre-
amplifier (1.5 GHz), captured by a fast digitizer (2.5 GHz
bandwidth, 20 G samples/s), and transferred to a computer
utilizing custom analytical software written in LabVIEW.
The fluorescence emission of each sample was obtained by
scanning of the monochromator across a spectral range of
360–560 nm (steps of 5 nm, scanning time: 25 s) and by inte-
gration of the measured fluorescence pulse transients over
time. The laser output power was adjusted to 2 mJ/pulse
(measured at the end of the optical fiber), which yielded a
maximum fluence of 707mJ/cm2 per pulse at the tissue sur-
face. Measurements were taken from three points on the
sample, with the probe placed in direct contact with the
sample. The fluorescence spectra were then normalized by
dividing the fluorescence intensity at each measured emis-
sion wavelength by the peak intensity. Reflected laser pulses
from the sample were measured and used to represent the
temporal profile of the laser pulse. This profile was used in
the Laguerre polynomial deconvolution technique to esti-
mate the intrinsic fluorescence decay and to calculate the
fluorescence lifetime as previously reported.29,30 The average
fluorescence lifetime was computed as the interpolated time
at which the deconvolved fluorescence decayed to 1/e of its
maximum value. Four Laguerre coefficients (LEC-0, LEC-1,
LEC-2, and LEC-3) obtained during the process of the de-
convolution were also used for differentiation of the tissue
composition. The steady-state spectrum was calculated by
integrating the fluorescence decay as a function of time at
each wavelength over the whole emission range. Control
values were obtained by averaging all measurements of
control samples for all time points since no significant change
was observed for control samples at any time point.

FLIM measurements

The FLIM system consisted of a gated intensified camera
(ICCD) 4 Picos, a pulsed nitrogen laser, an imaging bundle
with a gradient index (GRIN) lens objective, and a filter
wheel as described previously.31 Similar to TRFS measure-
ments, the sample was excited with a pulsed nitrogen laser
(337 nm, 0.7 ns pulse width). A maximum fluence of 0.80 mJ/
cm2 per pulse was delivered at the tissue surface. The
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excitation light was delivered via a high numerical aperture
(0.4) 200mm core diameter polymer fiber. The fluorescence
light was collected using the GRIN lens objective (NA of 0.5,
0.5 mm diameter, 4 mm field of view) cemented to a fiber
image guide (0.6 mm diameter, 10,000 fibers). The excitation
optical fiber and the image guide were integrated into an
imaging probe of 2 mm outer diameter. A 20 · objective
magnified the fluorescence image to cover the ICCD sensor.
A filter wheel inserted after the objective facilitated the se-
lection of the two emission wavelength bands of interest
(377 – 25 nm and 460 – 30 nm). Subsequently, the image was
recorded by the ICCD with 0.5 ns gating time (image ac-
quisition time: 1.5 min). A graphical-user-interface composed
in MATLAB was utilized for image processing and lifetime
deconvolution. The Laguerre polynomial deconvolution
technique was also utilized for rapid deconvolution of the
time-dependent fluorescence images as previously de-
scribed.29 Mean fluorescence lifetimes for samples cultured
up to 7 weeks were determined by averaging all pixels from
all FLIM images for a given sample type and time point. As
FLIM measures average fluorescence lifetime at each pixel in
the image, mean fluorescence lifetime is the statistical mean
of multiple average fluorescence lifetime values. Average
fluorescence lifetime refers to the interpolated time for fluo-
rescence intensity to decay 1/e of its maximum (given that
more than a single fluorophore contributes to the lifetime
value observed).

UBM measurements

The UBM experimental setup was previously described.32

Briefly, a high-voltage pulser generating a rectangular wave
(200 V peak-to-peak) was used to drive the transducer. The
received radiofrequency (RF) echoes were amplified with a
30 dB low-noise amplifier and filtered with a bandpass filter
(24–90 MHz). A 12 bit analog-to-digital converter with a
sampling rate of 400 M samples/s was employed, which
maintained the signal-to-noise ratio of the received RF sig-
nals and provided good resolution and dynamic range of
60 dB. A custom-built positioning assembly incorporating a
miniature precision linear motorized stage (1 mm resolution)
allowed for scanning and forming an image.32 A customized
40 MHz focused transducer (aperture size of 3.75 mm, 63%
bandwidth, 6 mm focal depth) was used (Ultrasonic Trans-
ducer Resource Center, University of Southern California,
Los Angeles, CA). The axial and lateral resolution (30 and
65 mm, respectively) was estimated from the image acquired
by scanning across a 13 mm tungsten wire (subresolution
point target). UBM data acquisition and analysis was ac-
complished via customized LabVIEW and MATLAB scripts,
respectively. To form an ultrasound image, DC offset was
first subtracted from the RF data, and the band-pass filter
with proper frequency range was used to remove the noise.
The Hilbert transform was applied to the filtered RF signals
to detect the envelopes, followed by logarithmical compres-
sion to display the images with a wide dynamic range. Then,
the processed data for each line of sight were displayed as a
gray-scale B-mode ultrasound image showing the recon-
struction of the cross section of the tissue constructs. In an
effort to noninvasively explore construct mechanical fea-
tures, attenuation of the UBM RF signal was quantified over
a region of interest of 2 mm lateral (100 pulses) and 1.2 mm in

depth. Each line scan was taken in 1 s. The UBM data were
processed as follows: First, the ultrasound RF signals were
averaged over the 100 pulses within the image and then
averaged over the samples. Second, the envelop of the mean
RF signal was detected and the RF data were logarithmically
compressed. Third, the intensity of the envelop of ultrasound
signals was normalized by the maximum value and plotted
as a function of depth. The integrated area below the RF
profile was quantified and used as an indicator for the signal
attenuation, which was then averaged within the region of
interest. Attenuation was compared for each type of tissue
constructs as a function of culture time.

DNA quantification

Scaffolds were bisected and collected at weeks 1, 3, 5,
and 7, rinsed in phosphate-buffered saline (PBS), minced
with a razor blade, and placed in 200 mL of passive lysis
buffer (Promega, Madison, WI). The buffer was sonicated
for 3 s followed by centrifugation for 5 min at 10,000 rpm.
The supernatant was removed, and total DNA content was
determined using the Quant-iT PicoGreen dsDNA kit (In-
vitrogen).33

Compressive testing of cell-seeded scaffolds

Scaffolds from each time point were rinsed in PBS and
placed in an Instron 3345 compressive testing device as de-
scribed.28 Scaffolds were loaded between two unconfined,
impermeable flat platens and compressed at 1 mm/min.
Compressive modulus of the samples was calculated from
the linear portion of the force–displacement graph for strain
ranging from 0% to 20%.

Histological staining

Bisected scaffolds collected at each time point (n = 2) were
rinsed in PBS, fixed in 10% formalin overnight, and stored in
70% ethanol. Scaffolds were then encased in HistoGel
(ThermoFisher Scientific, Kalamazoo, MI) before paraffin
embedding and sectioning, a process that dissolves most of
the polymer scaffold. Cell morphology was observed from
hemotoxylin and eosin staining of scaffold sections. Collagen
deposition was detected by staining with picrosirius red
(PSR), whereas the presence of proteoglycans was observed
by staining with Safranin-O with counterstaining by Fast
Green (FCF) solution (both from Sigma Aldrich, St. Louis,
MO) using standard protocols.

Collagen content and fiber color

Collagen fiber orientation was observed by imaging PSR-
stained samples at 100· magnification on a microscope set
up for circularly polarized light imaging. After capturing
multiple fields of view from each slide, collagen content was
calculated as a percentage of the area of each image (ex-
pressed in pixels) utilizing a custom MATLAB script that
analyzed each pixel within a given image.

Collagen II immunohistochemistry

Paraffin-embedded sections were deparaffinized and re-
hydrated. Tissue sections were pretreated with proteinase K
for antigen retrieval, and endogenous peroxidase activity
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was quenched with 3% H2O2 in water. Sections were blocked
with goat serum for 30 min, followed by incubation with
mouse monoclonal antibody CIIC1 (Developmental Hy-
bridoma Studies Bank, University of Iowa) diluted at 1:2.5
overnight at 4�C. This antibody has been reported to cross-
react against equine collagen type II.17 After rinsing, slides
were successively incubated with a biotinylated secondary
goat anti-mouse IgG antibody, streptavidin-HRP, DAB
chromogen, and counterstained with Weigert’s hematoxylin
(Sigma). Equine medial femoral condyle tissue was pro-
cessed in parallel to verify specificity of the primary anti-
body, whereas sections treated with PBS (no primary
antibody) were used as a negative control. Positive staining
is indicated by the presence of brown staining on the tissue
sections.

Data analysis and statistics

Data are presented as mean and standard error of the
mean from at least four independent measurements. Statis-
tical significance was established via a two-way ANOVA
analysis of control samples, chondrogenic samples, and time
point implemented in a parametric test with the exception of
the UBM results, which utilized a Student’s t-test. Statistical
significance was established at p < 0.05.

Results

Time-resolved fluorescence spectroscopy

Fluorescence emission spectra (Fig. 1A) of cells induced
toward the chondrogenic lineage exhibited broad emission
with a peak at *430–440 nm in control samples, weeks 1 and
3 samples, and the peak was slightly blue-shifted at *410–
420 nm in week 5 and 7 samples. These wavelengths were
chosen to provide high signal-to-noise ratio while remaining
within a range where changes in collagen cross-links can be
observed. A marked and statistically significant increase in
overall fluorescence intensity of the chondrogenic spectra
was observed throughout the study duration, suggesting an
increase in the amount of autofluorescent molecular species
in tissue constructs. Fluorescence emission was further
characterized by an increase of the average radiative fluo-
rescence lifetime values as a function of time from week 1
(1.19 – 0.05 ns) to week 7 (2.18 – 0.14 ns), suggesting the
formation of a new fluorescent component during culture.
For all wavelength ranges, chondrogenic samples from
weeks 5 and 7 exhibited a significant increase in average
fluorescence lifetime values over control samples (Fig. 1B).
However, the increase in radiative lifetime for chondrogenic
samples was more pronounced at longer wavelengths, with
the greatest increase measured within 480–530 nm. The
Laguerre coefficients retrieved through numerical deconvo-
lution also demonstrated a change in the fluorescence decay
dynamics during the chondrogenic differentiation process
(data not shown).

Fluorescence lifetime imaging microscopy

Differences in fluorescence lifetimes for cell-seeded scaf-
folds were apparent upon FLIM measurements (Fig. 2A).
Average fluorescence lifetime of samples examined at
460 – 30 nm increased from week 1 (1.4 – 0.09 ns) to week 7
(2.2 – 0.14 ns). The change in lifetime values was significant

between all time points except between weeks 1 and 3 (Fig.
2B). The distribution of the lifetime histogram values became
progressively narrower (full-width-at-half-maximum of
0.47 – 0.1 ns in week 1 vs. 0.11 – 0.1 ns in week 7) with in-
creased culture time in chondrogenic conditions. These data
suggest greater homogeneity of ECM content relating to
collagen composition and associated collagen cross-links
within each scaffold over prolonged culture (Fig. 2B). Similar
trends were observed for both spectral ranges investigated
(377 and 460 nm center wavelengths).

Ultrasound backscatter microscopy

We detected a significant difference in ultrasound atten-
uation between control and chondrogenic samples (Fig. 3),

FIG. 1. (A) Normalized average fluorescence emission
spectrum of chondrogenic samples retrieved for each time
point (weeks 1, 3, 5, and 7) and control for comparison. Inset
represents non-normalized emission spectra of the same
samples. The spectra of all samples were averaged at each
time point. (B) Average fluorescence lifetime averaged over
all samples for each time point from TR-LIFS measurements
(wavelength range 400–440 nm). The control value was ob-
tained by averaging measurements of control samples for all
time points. Data represent mean – standard error of the
mean (SEM) (n = 4, *p < 0.05 vs. control, #p < 0.05 vs. week 3).
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with samples cultured in chondrogenic conditions exhibiting
increasing attenuation with culture time. UBM images re-
constructed the cross section of control scaffolds (Fig. 3A–C)
and scaffolds in chondrogenic media (Fig. 3D–F) over 5
weeks. We were unable to collect UBM data at week 7 due to
damage of the ultrasound transducer. While control scaffolds
retained their original morphology, scaffolds maintained in
chondrogenic conditions exhibited a pronounced curvature
during the culture period, likely a function of cellular con-
traction, ECM deposition, and substrate remodeling. In
agreement with these observations, ultrasound attenuation
increased over time in chondrogenic samples, suggestive of
increased matrix deposition. The signal of the chondrogenic
group attenuated at a faster rate compared to that of the
control group, as demonstrated by a plot of normalized in-
tensity of the envelope of ultrasound signals as a function of
sample depth (Fig. 3G). There were no significant changes for
the attenuation of the control group over 5 weeks (Fig. 3H).

Histological characterization of tissue constructs

PSR staining confirmed progressive increases in collagen
content, observed as any nonblack region, within chondro-
genic constructs. Staining was most pronounced at week 7 in
chondrogenic constructs (Fig. 4A) with increasing collagen
deposition observed over longer culture durations, whereas
control samples had no observable collagen (Fig. 4A, lower
left inset). Upon quantification of total collagen content as a

FIG. 2. (A) Representative average fluorescence lifetime
images from fluorescence lifetime imaging microscopy
measurements: (A) control sample and scaffolds cultured in
chondrogenic conditions for (B) 1, (C) 3, (D) 5, and (E) 7
weeks. (B) Average fluorescence lifetime histogram of
chondrogenic samples for each time point and control sam-
ples over 7 weeks (n = 4 for each week). Color images
available online at www.liebertonline.com/tec.

FIG. 3. Ultrasound back-
scatter microscopy images of
(A–C) control scaffolds and
(D–F) scaffolds cultured in
chondrogenic conditions
from week 1, 3, or 5 (top to
bottom); (G) Changes in nor-
malized intensity of the en-
velope of ultrasound signals
as a function of sample
depth; (H) changes in atten-
uation. Data are mean – SEM
from week 1 to 5 (*p < 0.05
vs. control sample at the
same time point, #p < 0.05 vs.
week 1, +p < 0.05 vs. weeks 1
and 3).
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function of sample coverage (Fig. 4B), we observed a sig-
nificant difference between chondrogenic and control sam-
ples at weeks 5 and 7, yet no differences were apparent at
weeks 1 or 3. Immunohistochemical staining for type II col-
lagen in chondrogenic samples revealed minimal protein
deposition (denoted as brown staining) after 3 weeks (Fig.
4C), yet staining was appreciably more extensive at week 7
(Fig. 4D). We failed to detect positive staining in control
samples cultured in maintenance media for any time point.
Staining for collagen type II confirmed diffuse protein dis-
tribution within the sample by week 7, with a noticeably
larger amount around the edges of the scaffold. Safranin-O
staining for GAG deposition revealed visible staining after 7
weeks of culture in samples maintained in chondrogenic
conditions (Fig. 4F), but little GAG was evident after 3 weeks
of culture (Fig. 4E), similar to type II collagen staining.

Cellularity and compressive testing
of cell-seeded scaffolds

Scaffolds maintained in chondrogenic media exhibited
greater DNA content throughout the 7-week study (Fig. 5A),
with significant increases evident at weeks 1 and 3 compared

to scaffolds in maintenance media. The increased cellularity
in chondrogenic constructs likely resulted in early reduc-
tions in scaffold stiffness due to enzymatic degradation.
However, we detected a stepwise increase in compressive
modulus for samples in chondrogenic conditions over time
(Fig. 5B), likely due to collagen II deposition by eASCs
undergoing chondrogenic differentiation. Samples main-
tained in maintenance media exhibited a decrease in com-
pressive modulus over the culture period. The reduction in
scaffold stiffness likely results from minimal collagen de-
position, as suggested by PSR and IHC, and scaffold di-
gestion due to early cellular proliferation and increased
acidic byproducts of anaerobic cellular metabolism by cells
deprived of sufficient nutrients.

Relationships between fluorescence parameters,
collagen content, and mechanical properties

A linear regression (Fig. 6) for all time points (weeks 1, 3,
5, and 7) revealed a significant correlation of the fluorescence
intensity versus the compressive modulus (R2 = 0.998,
p < 0.05) and total collagen content vs. fluorescence intensity
(R2 = 0.981, p < 0.05).

FIG. 4. Biochemical staining
for total collagen, collagen
type II, and glycosaminogly-
cans. (A) Picrosirius red (PSR)
staining of scaffolds cultured
in chondrogenic conditions
for 7 weeks and observed at
100· magnification; scale bar
represents 100 mm. Inset in
upper right is PSR staining at
3 weeks in chondrogenic
conditions, whereas inset in
lower left is staining of con-
struct in maintenance media
after 7 weeks. (B) Quantifi-
cation of collagen content as
determined by PSR staining
over 7 weeks; *p < 0.05 vs.
control, #p < 0.05 vs. weeks 5
and 7, +p < 0.05 vs. all
weeks). IHC for collagen type
II after 3 (C) and 7 (D) weeks
on construct in chondrogenic
conditions; insets are con-
structs cultured in mainte-
nance media for the same
duration. Image shown at
10· magnification; scale bar
is 200mm. Safranin-O stain of
constructs in chondrogenic
media after 3 (E) and 7 (F)
weeks. Insets are constructs
cultured in maintenance me-
dia for the same duration.
Images shown at 40· magni-
fication; scale bar is 25 mm.
Color images available online
at www.liebertonline
.com/tec.
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Discussion

The results of this study suggest that optical imaging and
spectroscopic modalities can be used to monitor bioengi-
neered tissue formation in vitro. The three tissue character-
ization techniques (TRFS, FLIM, and UBM) utilized herein
successfully detected changes in ECM content during chon-
drogenic differentiation of eASC on a 3D matrix that corre-
lated strongly with standard biochemical and mechanical
assays. Although this study was directed toward monitoring
chondrogenic tissue maturation, these data demonstrate the
feasibility of this approach for widespread application to-
ward engineering other tissues including bone, vascular
grafts, and soft tissue.

Upon appropriate stimulation, multipotent eASCs can be
induced toward the chondrogenic17 and other tissue line-
ages.26,34 Chondrogenic differentiation is associated with
expression of collagen, mostly type II, and GAGs,22,24

thereby providing a target for optical detection. Collagen
cross-links are responsible for collagen’s strong auto-
fluorescence,35 and cross-linked collagen comprises the ma-
jority of articular cartilage ECM proteins, which increase
rapidly during cartilage maturation,23,24 and plateau once
cartilage has reached maturity.24 Previous studies report that
increases in collagen cross-linking, achieved by the addition
of advanced glycation end products, translate to increases in
cartilage stiffness.36 Similar increases in collagen cross-links,
as well as total collagen, have been reported with the addi-
tion of TGF-b2 to chondrocytes in alginate beads,37 and each
of these processes occur over increased culture duration and

construct aging. In addition, collagen cross-links represent a
critical contributor to the mechanical properties of carti-
lage,38 thereby providing a link between ECM content and
stiffness. These data demonstrate increased collagen depo-
sition with prolonged culture for constructs in chondrogenic
conditions, and these findings are consistent with progenitor
cells differentiating along a chondrogenic pathway. Further,
these results are correlated with fluorescence measurements
that demonstrate a continuous increase of fluorescence in-
tensity (Fig. 1a) over the entire culture period. This obser-
vation suggests a linear relationship between the progressive
increase in the amount of collagen cross-links formed in the
tissue construct and the fluorescence intensity values. The
time-resolved derived fluorescence parameters (i.e., lifetime)
indicate that the type of fluorescent species produced during
differentiation reaches a steady-state configuration and dis-
tribution within construct between week 5 and 7 of differ-
entiation. This is demonstrated by both the nonsignificant
increase of fluorescence lifetime values (Fig. 1b) and the
narrow distribution of the lifetime histogram values (Fig. 2b)
at weeks 5 and 7. Further, the increasing observance of
cross-links correlated with increases in fluorescence intensity,
average fluorescence lifetime, and stiffness of the construct
(Fig. 6).

While TRFS and FLIM are characterized by distinct de-
tection methods, including optical pathways, light delivery
systems, and fluence rate reaching the sample, the fluores-
cence decay characteristics of tissue constructs retrieved with
both techniques were consistent. Both modalities revealed
significant increases in average fluorescence lifetime values
as a function of time, ranging from *1 ns in control samples
to *2.2 ns in chondrogenically induced samples after 7
weeks. This underscores the advantage of time-resolved
fluorescence methods that allow for the characterization of
tissue fluorescence emission independent of the excita-
tion intensity and light excitation-collection geometries.

FIG. 5. (A) DNA content and (B) compressive moduli of
cell-seeded constructs over time. Data are mean – SEM
(n = 4, *p < 0.05 vs. control sample at the same time point,
#p < 0.05 vs. weeks 1 and 3, +p < 0.05 vs. weeks 1, 3, and 5).
Control samples are open bars; chondrogenic samples are
filled bars.

FIG. 6. Linear regression of fluorescence intensity versus
compressive modulus of chondrogenic samples (R2 = 0.998,
p < 0.05) and versus total collagen content of chondrogenic
samples (R2 = 0.981, p < 0.05). Square markers and dashed
line correspond to collagen content (right) y-axis, whereas
circular markers and solid line corresponds to compressive
modulus (left) y-axis.
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However, while TRFS enables the interrogation of both
sample fluorescence spectrum profile and lifetime values
along the emission spectrum, FLIM facilitates an assessment
of tissue heterogeneity via formation of a fluorescence life-
time image. Consequently, these modalities complement
each other to yield a rapid and more complete character-
ization of the fluorescent sample. Given the biochemical
content of cartilage tissue constructs, the most likely auto-
fluorescent biomolecules in these constructs are the enzyme
cofactor NAD(P)H in cell and the constituents of the ECM
(e.g., collagen II and its cross-links, and GAG). The fluores-
cence emission of these biological fluorophores was previ-
ously studied and reported.7–10,39 Upon UV excitation
around 337 nm, NAD(P)H exhibits a peak emission centered
between 440 and 460 nm with a lifetime that ranges from
*0.5 ns (free form) to 2–3 ns (protein-bounded forms),
whereas mature collagen type II presents a blue-shifted peak
emission at about 380–390 nm with and a longer lifetimes
over 3 ns. Collagen fluorescence emission peak, bandwidth,
and band-shape change with excitation wavelength. The 3-
hydroxypyridinium cross-link or pyridinoline (peak ab-
sorption at 325 nm) presents a peak fluorescence emission
around 390 nm and was identified as an abundant compo-
nent of cartilage collagen.40 Thus, this cross-link is most
likely to dominate the fluorescence of mature collagen type
II. While GAG demonstrated a peak fluorescence emission
at about 390 nm, similar to collagen type II at 337 nm, GAG
emission measured in tissue extracts for the same excita-
tion fluence rate was found at least two times weaker than
that of collagen type II (data unpublished). This suggests that
the collagen emission characteristics are most likely to
dominate the overall fluorescence emission when both col-
lagen and GAG molecules are present. Current TRFS and
FLIM results obtained for cartilage constructs suggest that
for weeks 1–3 the weak and short-lived fluorescence that
peaks at *440 nm is mainly generated by NAD(P)H in cells.
The blue-shifted increased fluorescence intensity and longer
lifetime values observed after week 3 suggests that collagen
and its cross-links began to contribute to cartilage construct
fluorescence.

As shown in these studies, these fluorescence-based tech-
niques can effectively characterize ECM content, which is of
critical importance for evaluating the development of func-
tional tissue constructs. Along with other optical methods
such us Raman spectroscopy,41,42 we anticipate that fluo-
rescence techniques will provide a new dimension for the
nondestructive evaluation of bioengineered tissue within a
host of culture environments (e.g., tissue culture, small- and
large-scale bioreactors). The capacity to frequently and reli-
ably monitor ECM composition and cross-link formation will
facilitate customized maintenance of each tissue construct—
an important opportunity in light of the donor-to-donor
variability in cellular responsiveness to lineage-specific cues.
Additionally, optical methods offer high resolution (except in
depth), high specificity, and sensitivity to biological changes,
while also enabling multiple measurements over a short
period of time without tissue damage.

We determined that UBM measurements successfully
complemented the optical methods by providing morpho-
logical information of the cross section of the sample and
permitting construct sampling at greater penetration depth
without sacrificing any tissue. In its current configuration,

UBM can reach a penetration depth of 5–6 mm, which is an
order of magnitude deeper than attainable for the optical
techniques applied here ( < 250 mm). The analysis of the ul-
trasound RF signals facilitates not only a direct observation
of the sample but also functional information.

While the current study produced very promising results,
it also identified a number of challenges with regard to
routine assessment of larger tissue constructs. Most notably,
the optical methods described here rely on excitation in the
near UV range, which results in limited depth resolution
(200–250 mm at 337 nm). While this may be ameliorated to a
degree through the use of two-photon excitation, this
method requires complex and expensive instrumentation
that may limit its applicability for routine monitoring of
engineered tissue constructs. The development of improved
techniques to reliably and reproducibly detect auto-
fluorescent moieties at greater depths merits further inves-
tigation. In addition, the static seeding of eASC on polymeric
scaffolds results in heterogeneous distribution of cells,43 and
this lack of homogeneity within a single scaffold may alter
the correlation between optical and biochemical data.

Although equine cells were used in this study due to their
ready availability and accelerated proliferative potential, the
results of this study have relevance to human medicine. In-
deed, our results are in agreement with previous studies that
have successfully applied optical techniques, such as fluo-
rescence lifetime contrast, to monitor the differentiation of
multipotent human progenitor cells toward the osteogenic
lineage.12 Moreover, we confirmed that chondrogenically
induced eASC demonstrate an increase in collagen (partic-
ularly type II) expression over time, and this is in agreement
with previous studies.44,45 As mechanisms of differentiation
are highly conserved between mammalian stem and pro-
genitor cells, it is expected that the application of optical
techniques toward constructs seeded with human cells will
yield similar results.

Conclusion

The application of optical and ultrasonic techniques offers
a novel method for monitoring the rate and quality of tissue
maturation by following a construct’s chemical composition,
structure, and mechanical properties in a nondestructive and
noninvasive manner. This approach may have a profound
benefit in the ex vivo growth of engineered tissues where
conventional analysis techniques are destructive, require
comparatively large amounts of the tissue construct, and
incur significant additional resources. Moreover, any single
modality examined in this study demonstrated the ability to
discriminate between changes in constructs maintained in
growth or chondrogenic environments, yet the combination
of the three modalities provides additional information that
may enable accurate discrimination complex engineered tis-
sues.
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