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Abstract. We present the use of two-photon excited fluo-
rescence (TPEF) as a noninvasive means to monitor differ-
entiation of human mesenchymal stem cells (hMSCs) into
an adipogenic pathway relying entirely on endogenous
sources of contrast. Specifically, we demonstrate that TPEF
can be used to reveal quantitative differences in the bio-
chemical status and the shape of differentiating and non-
differentiating stem cells in two-dimensional (2-D) cul-
tures. We find that even in simple 2-D cultures, not all
cells are undergoing differentiation at the same rate. Last,
such noninvasive approaches may also ultimately allow
for determination of the lineage toward which the cells are
differentiating (e.g., fat versus bone). Thus, intrinsic TPEF
imaging provides quantitative morphological and bio-
chemical biomarkers associated with stem cell differentia-
tion and could serve as an important enabling technology

in tissue engineering applications. © 2007 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.2823019]
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Tissue engineering approaches hold great promise for the
development of functional tissue that can be used to improve,
repair, or replace damaged tissues and organs.l Most tissue
engineering endeavors involve the placement of pluripotent
cells, such as adult human mesenchymal stem cells (hMSCs),
within a biomaterial scaffold and an environment that will
provide a variety of chemical and or physical stimuli that
ultimately induce cell differentiation and development of a
particular tissue phenotype, such as bone, fat, heart, eye, etc.
The timing of the stimuli can be as important to the outcome
of the tissue as the nature of the stimulus itself.” Thus, to
enable efficient protocol optimization for these types of
changes, it is important to be able to monitor the progress of
the engineered tissue throughout the entire process. Of inter-
est are cell proliferation, viability, metabolism, and morphol-
ogy, as well as interactions with scaffolding and the extracel-
lular matrix.

Currently, these parameters are monitored through invasive
procedures that rely on serial biopsies or the use of multiple
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experimental replicates that are sacrificed gradually at selec-
tive time-points. While these destructive assays yield a wealth
of useful information, the maintenance of experimental cul-
ture replicates for monitoring the progression of the engi-
neered tissue is costly, labor intensive, selective only for the
time-points assessed, and at best an indirect measure of the
primary sample. Therefore, noninvasive approaches could
make a significant impact in this area.’

Optical technologies such as multiphoton microscopy
(MPM) are generally considered noninvasive and have re-
cently been investigated for monitoring engineered tissue
components.* Evaluation of cellular activity with optical mi-
croscopy is long established in the literature, through the in-
trinsic fluorescence of oxidized flavoproteins (FPs) and re-
duced pyridine nucleotide (NADH and NADPH).** In this
letter, we explore the use of two-photon excited fluorescence
(TPEF) at 800-nm excitation as a noninvasive method for
assessing biochemical and morphological cell features that
can be correlated to adipogenic stem cell differentiation. At
this wavelength, we expect that the observed fluorescence
originates primarily from NAD(P)H (i.e., NADH and
NADPH), FPs, and retinol, while lipids and vitamin D are
probably minor contributors.® The inherent depth-resolution
capabilities of this imaging modality should allow us to di-
rectly extend our findings to more complicated differentiation
studies in three-dimensional (3-D) scaffolds. In this study, we
monitor and compare the fluorescence of differentiating and
nondifferentiating stem cells in the 455 nm =35 nm and
525 nm £ 25 nm regions of the spectrum over a period of
three weeks. NADH fluorescence is expected to have major
contributions in the 455-nm detector, flavins will be detected
primarily by the 525-nm one, while retinol can contribute
significantly to the fluorescence acquired by both detectors.
Using these images, we extract the fluorescence ratio, cell
area, and eccentricity as quantitative biochemical and mor-
phological biomarkers that we can correlate with differentia-
tion status.

TPEF images were acquired on a Leica confocal micro-
scope (IMDRE2) with a TCS-SP2 scan head and a Ti:Sap-
phire laser light source (Mai Tai, Spectra Physics) tuned to
800 nm with an average power at the sample of 8 mW. The
fluorescence was collected by two nondescanned PMTs
through a filter cube with a 700-nm short-pass filter
(HQ700sp 2p, Chroma) to reject the excitation light, a di-
chroic mirror (495dcxr, Chroma), a 455 nm * 35 nm band-
pass filter (HQ455 70m2p, Chroma) and a 525 nm = 25 nm
bandpass filter (HQ525 50m, Chroma). A six-frame average
was acquired for each image. This level of exposure was
found to yield on average only a 3% decrease in the mean
intensity of an image for both detectors. The resulting images
were analyzed with the MATLAB software package (Math-
works, Natick, Massachusetts). Specifically, the average fluo-
rescence intensity from an area devoid of cells was measured
and subtracted as background for the images from each detec-
tor. Cellular fluorescence was then measured as the mean in-
tensity of all pixels within a manually selected region bound-
ing the cell. Dark pixels were excluded such that the nucleus
and lipid droplet areas did not contribute to the mean cellular
fluorescence intensity estimates. The same regions were ana-

1083-3668/2007/12(6)/060504/3/$25.00 © 2007 SPIE

November/December 2007 « Vol. 12(6)



JBO LETTERS

Fig. 1 Intrinsic fluorescence images of human mesenchymal stem
cells exposed to adipogenic differentiation factors. The TPEF detected
at 455 nm [(a), (b), (c)] and the resulting fluorescence ratio [(d), (e),
(f)] images are shown on days 3 [(a), (d)], 8 [(b), (e) and 21 [(c), (D].
Fluorescence ratio images [(d), (e), (f)] reveal the changing cellular
morphology and biochemical status of cells undergoing differentiation
in false color, with blue likely indicating more metabolically active
cells. The scale bar corresponds to 50 um. (Color online only.)

lyzed in each corresponding image pair from the 455-nm and
525-nm detectors.

Human mesenchymal stem cells (hMSCs) were isolated
from adult bone marrow aspirates7 and maintained with pre-
viously described culture medium containing propagation or
adipogenic differentiation factors.® on culture dishes with cov-
erslip bottoms (MatTek, Ashland, Massachusetts) for 21 days.
At the end of the study, differentiation was confirmed by as-
sessing the expression of the adipocyte marker lipoprotein
lipase (LPL) and the osteocyte associated marker alkaline
phosphatase (AP) using RT-PCR.

In Fig. 1, we show representative measured fluorescence
images of hMSCs under differentiation conditions acquired
with the 455-nm detector at early (day 3), mid (day 8), and
late (day 21) time-points. The fluorescence ratio images, de-
fined simply as the pixel-by-pixel ratio of the intensity de-
tected by the 525-nm detector to that of the 455-nm detector,
are displayed in false color, where red and yellow indicate a
high ratio and blue represents a low ratio. We note that the
computed fluorescence ratio images retain the morphological
information of the measured fluorescence images, while pro-
viding visually accessible biochemical data. We detect signifi-
cant differences in the levels of the fluorescence and in cell
morphology as a function of incubation time in differentiation
media. Specifically, cells induced into adipogenic phenotypes
have accumulated a large number of lipid droplets, which can
be seen as voids in the TPEF images, and have a larger,
rounder appearance. We note also that the differentiating hM-
SCs display a lower fluorescence ratio than the cells at the
onset of treatment.

The corresponding images of hMSCs cultured in propaga-
tion medium shown in Fig. 2, indicate that nondifferentiating
cells maintain their elongated morphology over the 21-day
period and exhibit a different profile of fluorescence intensity
changes. Specifically, we observe that the fluorescence ratio
of nondifferentiating hMSCs is maintained at fairly elevated
values throughout treatment. Thus, the biochemical and mor-
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Fig. 2 Intrinsic fluorescence images of human mesenchymal stem
cells exposed to propagation medium. The TPEF detected at 455 nm
[(a), (b), (c)] and the resulting fluorescence ratio [(d), (e), (f)] images
were aquired on days 2 [(a), (d)], 9 [(b), (e)], and 21 [(c), (f)]. Fluo-
rescence ratio images [(d), (e), (f)] reveal the maintenance of elon-
gated cellular morphology and biochemical state of cells in propaga-
tion medium in false color, with red and yellow likely indicating a low
level of metabolic activity. The scale bar is 50 um. (Color online
only.)

phological changes noted in Fig. 1 are attributed to stem cell
differentiation.

These observations are represented in a more quantitative
fashion in Fig. 3, based on measurements of typically 15 to 20
cells visible in two microscopic fields of a culture dish at each
time-point. Specifically, we find that the fluorescence intensity
detected at 455 nm and 525 nm increases as a function of
time for both groups of cells. However, the rate of increase in
the blue fluorescence intensity (455235 nm) is higher for
the differentiating cells, with a statistically significant increase
(p<<0.01, based on a two-tailed student’s t-test) noted on days
14 and 17 of differentiation treatment compared to cells in
propagation medium. The levels of green/yellow fluorescence
(525 *25 nm) is similar for the two groups up to the 17th
day of treatment. However, the mean intensity per cell mea-
sured at this wavelength regime becomes significantly lower
(p<<0.01) on the 21st day of culture for the differentiating
than for the nondifferentiating cells.

The mean fluorescence ratio for each of the cells included
in these calculations is shown in Fig. 3(c). We note that ini-
tially, the range of fluorescence ratios is similar for the stem
cells in the propagation and differentiation groups, as ex-
pected. However, as incubation time increases, we observe
that the fluorescence ratio of cells in the differentiation me-
dium shifts to values lower than that of cells in propagation
medium. In fact, the mean fluorescence ratio for differentiat-
ing stem cells is statistically lower (p<<0.01) than that for the
cells in propagation medium for all measurements conducted
on days 8 to 21. Fluorescence ratio values are included in Fig.
3(c) as a function of the product of two morphological param-
eters that we acquire from the TPEF cell images. Specifically,
we multiply the area of the cell (in thousands of pixels) with
a factor indicating how circular the cells are. This factor is
defined as 1 minus the eccentricity (measured as the ratio of
the distance between the foci of the major and minor axies of
an ellipse encompassing the cell) and is thus equal to O for a
line and 1 for a perfect circle. These factors are used to rep-
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Fig. 3 Quantitative analysis of differentiating and nondifferentiating
stem cells. The mean intensity per cell of TPEF from the 455 nm
(black) and 525 nm (gray) detectors is reported over 21 days in cells
undergoing differentiation (a) and those maintained undifferentiated
in propagation medium (b). (c) The fluorescence ratio and the mor-
phology normalized area of the cells can be used as quantitative
biomarkers to separate nondifferentiating cells (filled triangles) from
an increasing number of cells in differentiation medium (filled
circles), as suggested from the line drawn based on visual data inspec-
tion. Different colors represent progressive days of exposure to propa-
gation or differentiation medium. (d) RT-PCR confirms strong expres-
sion of lipoprotein lipase (LPL), an adipogenic differentiation marker,
and lack of expression of alkaline phosphate (AP), an osteogenic
marker, in cells incubated with adipogenic differentiation medium.
Stem cells maintained in propagation medium do not express LPL or
AP. (Color online only.)

resent quantitatively a significant increase in the area and the
circularity of differentiating cells. It is interesting to note
based on the results in Fig. 1 and Fig. 3(c) that not all cells are
undergoing adipogenic differentiation at the same rate, even
in simplified two-dimensional (2-D) cultures. This is impor-
tant, since most molecular characterization techniques assess
global changes. In addition, we note that it is possible to draw
a simple line based on visual inspection of the data, to sepa-
rate all but 1 out of the 117 cells in propagation medium from
10%, 23%, 70%, 77%, 96%, and 90% of the cells in differ-
entiation medium imaged on days 2, 8, 12, 14, 18, and 21 of
treatment, respectively. Adipogenic differentiation is con-
firmed by RT-PCR analysis [Fig. 3(d)]. LPL, a marker of adi-
pogenic differentiation, is expressed in hMSCs maintained in
adipogenic differentiation medium while expression of AP is
not detected. Only low levels of LPL and AP are expressed in
stem cells maintained in propagation medium.

The increase of blue fluorescence seen in differentiating
cells relative to those in propagation medium could be attrib-
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uted to an increase in NADH. Considering that NADH fluo-
rescence also contributes to green/yellow fluorescence, the
lack of a significant increase in the fluorescence detected at
525 nm from differentiating cells may be due to a decrease in
FPs. This complementary increase of NADH and decrease of
FPs would be consistent with an overall increase in metabolic
activity of differentiating cells. Further studies performed at
additional excitation wavelengths are necessary to identify the
origins of such changes more accurately.

In summary, this initial study demonstrates the potential of
intrinsic TPEF imaging to provide quantitative biochemical
and morphological biomarkers that can be used to monitor
stem cell differentiation into an adipogenic pathway. We ex-
pect that this modality may also be sensitive to changes that
are associated with other differentiation pathways, such as
those involved in bone, cartilage, and vascular tissue develop-
ment, as well as provide a means for monitoring cell/matrix
interactions in engineered tissues.
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