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We used the combined imaging modality of multiphoton autofluorescence and second-harmonic generation
microscopy to investigate the chondrogenic process of human mesenchymal stem cells cultured in chitosan
scaffold. Isolated human mesenchymal stem cells seeded onto chitosan scaffold were induced to undergo
chondrogenesis by addition of the transforming growth factor-b3. After continuous culturing, the engineered
tissues at the same scaffold location were imaged at different time points for up to 49 days. Using the acquired
images of the chondrogenic process, we quantify tissue morphogenesis by monitoring the changes in multi-
photon autofluorescence and second-harmonic generation signals from the engineered tissues. We found that
the extracellular matrix generation can be modeled by an exponential function during the initial growth stage
and that saturation occurs between days 11 and 14. Further, the growth rate of the extracellular matrix was
found to increase toward the surface of the chitosan scaffold. Our work demonstrates the use of multiphoton
microscopy for performing long-term monitoring and quantification of the tissue engineering process.

Introduction

The idea of using stem cells to cultivate usable tissues
for organ repair holds tremendous promise.1–3 Human

mesenchymal stem cells (hMSCs) derived from bone marrow
offer such a possibility. At this point, the transformation of
stem cells into the appropriate cell type and the physiological
processes governing the transformed tissues is not com-
pletely understood.4 However, most optical examinations of
engineered tissues are accomplished by traditional histolog-
ical examination with a number of drawbacks. Histological
images are temporal snapshots of fixed tissues, and the
details of subsequent physiological mechanism cannot be
investigated. In addition, there is a need of a minimally in-
vasive imaging modality that can monitor the morphological
and functional states of the engineered tissues. Quantitative
analysis and modeling of such image monitoring can act as a

quality control check of the engineered tissues and are nec-
essary for evaluating the appropriateness of the engineered
tissues for transplantation. Clearly, a qualitative and quan-
titative diagnostic tool for evaluating the engineered tissues
before implantation will be of tremendous value to stem cell
research and tissue engineering. Although confocal imaging
is the dominant technique for obtaining microscopic struc-
tural information in stem cell research,5–8 this approach can
lead to out-of-focus photodamage, and the use of a confocal
aperture can decrease signal strength due to sample scat-
tering.

One promising technique that may address the need of
stem cell biology and tissue engineering for minimally in-
vasive three-dimensional cellular imaging is multiphoton
microscopy. Pioneers of this technique used either multi-
photon fluorescence excitation or the harmonic generation
process to achieve imaging of biological tissues.9–12 In the
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fluorescence mode, fluorescent molecules typically excited
by ultraviolet or visible photons are induced to reach the
excited states by the absorption of two or more near-infrared
photons. In the harmonic generation mode, the nonlinear
polarization of the tissue of interest is explored for imaging
purposes. In biological tissues with noncentrosymmetric
molecular structures, P(2)

i , the second-order polarization ef-
fect induced by the external electric field, E, is given by

P(2)
i ¼ vijkEjEk, (1)

wherein vijk is the second-order susceptibility tensor. The
second-harmonic generation (SHG) effect can be used to ef-
fectively image tissues such as collagen and muscle fibers.12–14

Among the features of multiphoton microscopy are point-
like excitation and enhanced depth penetration. For tissue
imaging, the confocal-like imaging quality and axial-depth
discrimination feature resulting from point-like excitation
within the specimen allow confocal-like image quality to be
achieved without the use of confocal aperture, and the
greatly reduced photodamage resulting from the point-like
excitation limits specimen photodamage to the focal volume.
The latter feature is especially significant for tissue engi-
neering and stem cell biology study, if one were to achieve
long-term, noninvasive characterization of the engineered
tissues. Specifically, an advantage of this methodology is
prolonged specimen longevity.15 In this work, we performed
multiphoton autofluorescence (MAF) and SHG microscopy
on engineered tissues synthesized from hMSCs cultured onto
chitosan scaffolds. In a previous study, the use of PGA as a
scaffold for collagen production led to scaffold structural
change,16,17 which prevented the use of quantitative analysis
over the same region, and the application of a physical
model for describing extracellular matrix (ECM) growth. In
this work, we use chitosan for improved scaffold structural
integrity, which allows us to return to the same location for

long-term imaging. By imaging and analyzing the same lo-
cation in the scaffold over an extended period, we show that
the growth and development of the engineered tissue con-
structs from hMSCs can be followed with minimal invasion.

Materials and Methods

Multiphoton microscopy

A schematic diagram of the MAF and SHG microscope
used in this study is shown in Figure 1. Our system is
composed of a custom-built laser scanning microscope im-
aging system constructed from an inverted microscope
(TE2000U; Nikon, Tokyo, Japan). For MAF and SHG imag-
ing, a diode-pumped, solid-state (Millemnia X; Spectra
Physics, Mountain View, CA) pumped titanium-sapphire
laser (Tsunami; Spectra Physics) producing 80-MHz femto-
second laser pulses was used as the excitation source. In this
study, the laser was tuned to 780 nm for both MAF and SHG
production. The computer-controlled galvanometer scanning
system (Model 6220; Cambridge Technology, Cambridge,
MA) steers the laser source in two dimensions. The scanned
laser beam is expanded and then reflected by the primary
dichroic mirror (700DCSPXRUV-3p; Chroma Technology,
Rockingham, VT) into the back aperture of an oil-immersion
objective (S Fluor 40�, NA 1.3; Nikon). The epi-illuminated
MAF and backward SHG signals are then collected by the
same objective and passed through the primary dichroic onto
the photodetectors. Before reaching the detectors, spectrally
resolved autofluorescence and the SHG signals are separated
by the combination of dichroic mirrors (555dclp, 495dcxr,
435dcxr; Chroma Technology) and filters (HQ525=50,
HQ390=20; Chroma Technology). The detection bandwidths
for autofluorescence and the SHG signals were 500–550 nm
and 380–400 nm, respectively. All signals were detected by
single-photon-counting photomultiplier tubes (R7400P; Ha-
mamatsu, Hamamatsu City, Japan). For large-area scanning

FIG. 1. Diagram of the
multiphoton autofluorescence
(MAF) and second-harmonic
generation (SHG) microscope
used in this experiment.
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FIG. 2. Large-area MAF and SHG im-
ages of engineered tissues from human
mesenchymal stem cells cultured in chit-
osan scaffold. Representative images
shown were acquired at the depth of
15 mm on (a) day 0, (b) day 7, (c) day 14,
and (d) day 49. The green represents
MAF, and the blue represents SHG. Red
arrows in (a) show that the scaffold
boundaries can be delineated by MAF. At
day 7, traces of second-harmonic gener-
ating fibers are visible (white arrows, b).
By day 14, globular masses of SHG fibers
are visible (yellow arrows, c). Color ima-
ges available online at www.liebertonline
.com=ten.

FIG. 3. Magnified multiphoton image of
selected regions of interest at (a) day 0,
(b) day 7, (c) day 14, and (d) day 49 of
Figure 2 (boxed regions). The green
represents MAF, and the blue represents
SHG. The lack of contact between the
induced collagen fibers and the chitosan
scaffold is shown by the white dashed
arrows, and the linkages formed by the
collagen from adjacent chitosan domains
are shown by the yellow arrows. The red
arrows show the lacunae-like structures
that have been formed within collagen
clusters, with autofluorescent cells inside.
Color images available online at
www.liebertonline.com=ten.
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in two and three dimensions, a computer-controlled, mo-
torized sample translation stage (H101; Prior Scientific
Instruments, Cambridge, United Kingdom) was used in
conjunction with the scanning software. In addition, the
imaging microscope was surrounded by a thermally insu-
lating enclosure, with the temperature of the imaging area
kept constant at the physiological temperature of 378C.

hMSC preparation

The procurement and preparation of the hMSCs used in
this study have been previously described.16 Bone marrow
samples were procured with written informed consent from
patients who had undergone total hip surgery. The hMSCs
obtained from the bone marrow were suspended in Dul-
becco’s modified Eagle’s medium-low glucose (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum,
10 U=mL penicillin G, and 10 mg=mL streptomycin. Drops of
the cell-medium suspension were then added to both sides of
a 1 mm thick, 3 mm�3 mm piece of chitosan scaffold.

Chitosan scaffold preparation

The chitosan=acetic acid solution (2% w=v) was poured
into a 3.5-cm tissue culture dish and frozen at �208C for 24 h.
The chitosan scaffold was then washed with 1 M NaOH=
methanol aqueous solution for 10 min followed by another
10 min wash with water. Finally, methanol solution (50%
w=v) was used to wash the scaffold until the pH became 7.
The scaffold was stirred with methanol solution (99% w=v)
for 20 min and lyophilized in a freeze-dryer (VIRTIS, War-
minster, PA) to remove the residual methanol. All chemical
reagents had been purchased from Sigma (St. Louis, MO).

Sample preparation

The chitosan scaffold and the MSCs were cultured in a
humidified 5% CO2 incubator at 378C for 1 day before the
scaffold was glued onto the cover glass of a glass bottom
dish with a tissue adhesive (Histoacryl�; B. Braun, Melsun-
gen, Germany). Gluing the scaffold onto the cover glass al-
lowed us to image the same area over the course of the
experiment. During the period of experiment, the scaffold
and the MSCs were cultured in a medium that contained
transforming growth factor-b3 (TGF-b3; R&D Systems,
Minneapolis, MN) to induce the differentiation of MSCs into
chondrocytes. The medium was changed every 3 days, and
the samples were imaged before the addition of medium
with TGF-b3 (day 0) and on days 7, 11, 14, 21, 28, and 49 after
introduction of the TGF-b3 containing culturing medium. In
this study, three separately prepared MSC–chitosan speci-
mens were imaged and analyzed.

Results and Discussion

A set of representative, large-area MAF and SHG images
of the stem cell=chitosan system is shown in Figure 2. These
images were acquired at the approximate depth of 15mm,
and they represent multiphoton images acquired of the same
synthesized tissues at days 0, 7, 14, and 49, respectively. In
Figure 2 and subsequent figures, the green pseudo color
represents the specimen autofluorescence signal from 500 to
550 nm, and the blue pseudo color represents the SHG signal

FIG. 4. Large-area MAF and SHG images of engineered
tissues from human mesenchymal stem cells cultured in
chitosan scaffold on day 21 and at the depths of (a) 0 mm, (b)
15 mm, and (c) 30mm (green, MAF; blue, SHG). Color images
available online at www.liebertonline.com=ten.
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centered at 390 nm. As the images demonstrate, the large-
area multiphoton image shows that the chitosan scaffold is
strongly autofluorescent and that the scaffold boundaries can
be easily delineated (red arrows). However, without the
addition of the chondrogenic induction factor TGF-b3, one
would not expect chondrogenesis to begin, as no SHG gen-
erating collagen fibers were observed on day 0. On day 7,
however, traces of second-harmonic generating fibers (white
arrows) became visible. We found that under the constant
induction condition, the production of ECM is highly non-
linear and progresses rapidly after day 7. This observation is
substantiated by the day 14 image, wherein globular masses
of SHG fibers can be located within the individual chitosan
compartments (yellow arrows). Therefore, the geometrical

FIG. 5. Magnified MAF and SHG images of selected re-
gions of interest on day 21 and at the depths of (a) 0 mm,
(b), 15 mm, and (c) 30mm of Figure 4 (boxed regions) (green,
MAF; blue, SHG). Color images available online at www
.liebertonline.com=ten.

FIG. 6. Plots of the sample average of the normalized SHG
as a function of induction time for the three imaging depths
show saturation occurs between days 11 and 14 at all ob-
served depth. The curves show the result of model fitting
with an exponential function. The solid, short-dash, and
long-dash curves show respectively the results of model fit-
ting with an exponential function for the depth of 0, 15, and
30 microns.

FIG. 7. RT-polymerase chain reaction (PCR) analysis of
the expression of mRNA for type I and type II collagen.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis showed that the expression of type II collagen was
not detected before day 21 after chondrogenic induction.
Loading of PCR products of b-actin served as an internal
control.
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constraints imposed by the scaffold materials have a sub-
stantial influence on the outcome of the morphology of
cultured ECM. Qualitatively, we found that the ECM pro-
duction process begins to saturate at approximately day 14,
and the images at day 49 show a saturation of ECM pro-
duction. Although large-area imaging provides us with a
global view of induced tissues, high-resolution structural
information can be visualized by magnified images. The
images of the respective selected regions of interest from the
results of days 0, 7, 14, and 49 in Figure 2 (boxed regions) are
shown in Figure 3a–d. The enlarged images correspond to
the same area in the chitosan scaffold and show several
significant features of the MSC–chitosan system. First, let us
notice the lack of contact between the induced collagen fibers
and the chitosan scaffold with gaps between these two
structures (white dashed arrows in Fig. 3c, d). As a result, the
synthesized collagen fibers form clusters that are confined
within individual chitosan domains. In fact, it was observed
that collagen clusters between adjacent chitosan domains
prefer to form mutual linkages rather than costructures with
the chitosan scaffold (yellow arrows in Fig. 3c, d). In addi-
tion, individual cultured MSCs and their clusters within the
collagen clusters are visible under MAF imaging. Specifi-
cally, by day 14, lacunae-like structures with autofluorescent
chondrocytes found in natural cartilage begin to appear
within collagen clusters (red arrows).18

To further characterize features of the MSC–chitosan sys-
tem, representative, large-area MAF and SHG images of the
results of day 21 acquired at the imaging depths of 0, 15, and
30 mm are shown in Figure 4. Several prominent features
stand out. First, there is depth-dependence of collagen pro-
duction. At the surface (0 mm), collagen production is evident
with extension to regions outside the chitosan scaffold.
Among the three imaging depths, observable collagen den-
sity is the highest at 0mm and decreases with increasing
depths into the chitosan scaffold. This observation is con-
sistent with previous findings using immunohistochemical
methods and is likely due to the difficulty for the cell and the
collagen produced to penetrate the chitosan scaffold struc-
ture.19 Although these observations over the MSC–chitosan
scaffold are global, magnified images in Figure 5 [(a) 0mm,
(b) 15mm, and (c) 30mm] show these features more clearly.
Further, collagen cluster formation and confinement within
the chitosan scaffold are found throughout the MSC–
chitosan matrix.

In addition to qualitative imaging, we also attempted to
quantify our observation of the collagen production process.
In this effort, we determined the area of SHG at the three
imaging depths (0, 15, and 30mm) as a function of induction
time (days 0, 7, 11, 14, 21, 28, and 49). Quantification of ECM
production by using SHG area instead of SHG intensity
avoids the effects of spherical aberration on SHG signal
production. By measuring the number of pixels with SHG
intensity above the background threshold value, we effec-
tively quantify the volume inside the chitosan scaffold that
has been filled with collagen ECM. The resulting SHG as a
function of time at the three depths are plotted in Figure 6.
The SHG for each sample are normalized with respect to the
largest value for that sample over the course of the experi-
ment, and the error bars are calculated from the standard
deviation of the normalized SHG value over three samples.
This quantitative analysis reveals that collagen production is
nonlinear and is concentrated at the MSC–chitosan surface.
Further, the saturation for collagen production occurs be-
tween days 11 and 14. By fitting the growth stage (from day
0 to 11) with an exponential function SHG¼ a � (eb�t� 1),
wherein a is a constant, b is the growth rate, and t is time in
days, we find the growth rate, b, for the depths of 0, 15, and
30 mm to be 0.33� 0.12, 0.22� 0.03, and 0.19� 0.03, respec-
tively. The fitted curves are shown in Figure 6 with solid,
short-dash, and long-dash curves for the depths of 0, 15, and
30 mm, respectively. These results show that although the
growth rate of ECM increases toward the surface of the
chitosan scaffold, the saturation point is reached in about
the same time for each observed depth.

Using the same reverse transcriptase-polymerase chain re-
action (RT-PCR) analysis, as previously described,16 reveals
that the cells found in the scaffold started to express type II
collagen at day 21 (Fig. 7), whereas the multiphoton imaging
shows collagen fibril production as early as day 7. Figure 8a
and b show, respectively, type I and type II immunostaining of
near adjacent frozen section of a sample that was used for
multiphoton imaging. This sample was frozen right after the
final multiphoton image acquisition (day 49). Both collagen I
and II were immunostained with Mayer’s hematoxylin (Sigma
Aldrich, St. Louis, MO), as previously described.16 The images
show that similar scaffold features can be identified in the two
histological sections. Comparison of the histological images
with the multiphoton images (Figs. 2–4) indicates that the lo-
cation of the collagen produced (yellow arrows in Fig. 8) rel-

FIG. 8. Histological images
of (a) type I and (b) type II
immunostaining of adjacent
sections of the sample used
for multiphoton imaging. The
location of chitosan (black
arrows) and the produced
collagen matrix (yellow ar-
rows) are consistent with the
multiphoton images (Figs.
2–4). The red arrows in (b)
show cells inside lacunae-like
structures within the collagen
II matrix. Color images
available online at www
.liebertonline.com=ten.
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ative to the chitosan scaffold (black arrows in Fig. 8) is con-
sistent with the multiphoton images. As in multiphoton im-
ages, cells inside lacunae-like spaces of the collagen II matrix
are also observed (red arrows in Fig. 8b). Further, both type I
and type II collagen contribute to the observed SHG signal.
Although SHG imaging alone cannot separate the two types of
collagen, future developments using polarization dependence
of SHG may allow such distinction.20

Conclusion

We demonstrated the application of MAF and SHG im-
aging of the TGF-b3 induced chondrogenesis of hMSCs
seeded on chitosan scaffold and found that, without extrinsic
labeling, MAF allows the identification of the chitosan scaf-
fold and imbedded MSCs, whereas the SHG signal allows
the morphological characterization of the synthesized colla-
gen. Quantitative determination of SHG further demon-
strates that the saturation point is reached between days 11
and 14, and collagen production occurs more rapidly closer
to the scaffold surface than the interior. The decreasing
quantity of collagen produced at increasing imaging depth is
likely due to the difficulty for the cells to penetrate the
structure of the chitosan scaffold. This is consistent with our
observation that the collagen production is confined to
within individual chitosan scaffold domains and that the
collagen produced internal to the scaffold have a tendency to
form individual clusters with minimal interaction with the
chitosan scaffold.

Our results show that qualitative and quantitative multi-
photon analysis is an effective technique for monitoring syn-
thetic tissues. Both scaffold-tissue interaction and the status of
synthesized collagen matrix can be provided without invasive
histological procedures. These advantages make multiphoton
microscopy a potential widespread technique for noninvasive
microscopic examination of the quality of engineered tissues
for tissue engineering applications.
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