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1. Introduction

In vitro characterization of cellular differentiation
using traditional methods, including immunocyto-
chemistry, fluorescence activated cell sorting and
RNA in situ hybridization analysis, has limitations:
all require large numbers of cells, lengthy steps and

cellular lysis or fixation [1–3]. Recently, there has
been a drive to characterize and monitor cellular dif-
ferentiation processes in situ and real-time by faster
and non-invasive methods. Raman microspectro-
scopy (RM) and atomic force microscopy (AFM)
are two highly sensitive analytical techniques able to
characterize cellular biochemical [4] and biomecha-
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Traditional approaches to characterize stem cell differen-
tiation are time-consuming, lengthy and invasive. Here,
Raman microspectroscopy (RM) and atomic force micro-
scopy (AFM) – both considered as non-invasive techni-
ques – are applied to detect the biochemical and biophysi-
cal properties of trophoblast derived stem-like cells incu-
bated up to 10 days under conditions designed to induce
differentiation. Significant biochemical and biophysical
differences between control cells and differentiated cells
were observed. Quantitative real time PCR was also ap-
plied to analyze gene expression. The relationship be-
tween cell differentiation and associated cellular biochem-
ical and biomechanical changes were discussed.

Monitoring trophoblast cells differentiation
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nical [5] properties in cell samples under near phy-
siological conditions [6].

RM is a spectroscopic technique based on inelas-
tic scattering that exhibits energy shift of laser
photons corresponding to frequencies of vibration
within molecules from samples. Raman shifts can
serve as a “fingerprint” to provide information about
the molecular compositions, structures, and quanti-
ties of cellular biopolymers with a minimal back-
ground signal from water [7, 8], allowing the study
of living cells under physiological states, without la-
bels or using other invasive steps [9]. Previous stu-
dies reported that Raman intensities of nucleic acids
on undifferentiated stem cells were dominant in
comparison with differentiated cells, while differen-
tiated cells had larger spectral intensities of proteins
and lipids than undifferentiated cells [6, 7, 10–18].

AFM is a high-resolution scanning probe micro-
scopy that involves the movement of a sharp tip over
the surface of a biological sample while detecting
the near-field physical interactions between the sam-
ple and tip [19, 20]. AFM can image cytoskeleton,
cellular microenvironments, and quantitatively de-
tect cellular mechanical properties at nanometer
scales in physiological condition [5, 21, 22]. It was
found that stem cell stiffness will increase with dif-
ferentiation [23–25] and cellular mechanical proper-
ties are indicative of stem cell differentiation poten-
tial [26, 27].

In the earliest stages of eutherian mammalian
embryo development, all the cells (blastomeres) are
functionally equivalent, and equally capable of giv-
ing rise to all cell types necessary for proper and
complete embryonic/fetal growth and survival.
However, at a species-specific timepoint (approxi-
mately day 3 in mice, day 5 in humans and pigs, and
day 7 in cattle, e.g.), molecular and morphological
transitions destine some of the cells for development
into the primitive placenta (i.e. the trophectoderm),
while the remaining cells give rise to the embryo/fe-
tus proper (i.e. the so-called embryonic stem cells)
and retain a relatively undifferentiated status [28–
30]. Trophoblast cells are the first cells within the
early developing embryo to undergo a recognizable
differentiation event, and the proper formation and
function of cells is essential to embryo and fetal sur-
vival. In fact, many instances of early embryo mor-
tality – at least in in vitro-manipulated embryos –

can be traced back to dysfunctional trophoblast cells
[31–33]. Yet the process of trophoblast differentia-
tion is poorly understood. A thorough appreciation
of the biochemical and biophysical aspects of tro-
phoblast differentiation may enhance trophoblast
function for increased embryonic survival.

In this experiment, trophoblast stem-like cells de-
rived from day 10 porcine embryos have been in-
duced by serum and serum-free medium to study
cellular differentiation in physiological conditions.

This is the first work to combine RM and AFM to
monitor and identify discrete biochemical and bio-
mechanical changes during serum-induced differen-
tiation.

2. Experimental

2.1 Preparation of trophoblast cells

The cells were collected from porcine embryos on
gestational day 10 as described elsewhere (Suasna-
vas et al., unpublished) and were passaged without
senescence or morphological changes until utilized
for experiments. Cell colonies were transfected with
an expression construct coding for green fluorescent
protein (GFP) using Jet Pei reagent (Polyplus trans-
fection Inc., NY, USA) according to instructions.
GFP cells help observe TE cells morphological
changes on magnesium fluoride (MgF2, United Crys-
tals Co., Port Washington, NY, USA) over time
without chemical label. Cells were cultured in se-
rum-free medium to maintain undifferentiated, stem-
like characteristics [34], whereas cells cultured in fe-
tal bovine serum medium (15% [v : v]) underwent
dramatic and predictable changes to cell morphology
and behavior (data not shown here; manuscript in
preparation). Table S1 lists formulations for serum-
free and serum-containing medium.

2.2 Fluorescence imaging of trophoblast cells

Bright field and fluorescence images were collected
by Olympus IX71 inverted fluorescence microscope
(Olympus America Inc., USA) equipped with an
Olympus DP30BW CCD camera using DP-BSW
Controller and Manager Software. Images were ac-
quired via a 10× lens (Olympus), and cell samples
grown on MgF2 substrates were observed in med-
ium. Fluorescence images were processed by ImageJ
software and nucleus diameter measurements were
performed on 50~100 cells.

2.3 Raman microspectroscopy

The Raman spectra were measured by Renishaw
inVia Raman spectrometer (WiRE 3.0 software,
Renishaw, UK) equipped with a 300 mW 785 nm
near-IR laser that was focused through a 63 × (NA
= 0.90) water immersion objective (Leica Microsys-
tems, USA). Cells were cultured on MgF2 and im-
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aged in Earle’s balanced salt solution (EBSS, Invit-
rogen).

The Raman laser spot size is about 24 μm ×
0.5 μm, focusing primarily on the cellular nuclear re-
gion. Raman spectra were collected at Raman static
mode at 1 accumulation with 10 s exposure time. At
each treatment group, two MgF2 windows with cells
were measured. On each treatment group,
40 ~ 60 Raman spectra from multiple individual cells
(10 ~ 15 cells, each cell collected 4 spectra) were de-
tected within 2 hours at room temperature. Renishaw
Wire 3.3 software performed for Raman spectra
baseline corrected, spectral smoothed and normal-
ized at maximum peaks. The processed spectra were
imported to OriginPro 8 software (OriginLab Corp.,
MA, USA) for Raman intensity analysis. The signifi-
cance testing was employed by one-way ANOVA,
and the data were reported as mean ± SD. PCA was
processed in Matlab R2012b using baseline corrected
data.

2.4 Atomic Force Microscopy

Contact mode AFM controlled by Picoview software
(Picoplus, Agilent Technologies) was applied to tro-
phoblast cells on MgF2 in culture medium. Sharp
silicon nitride AFM probes (tip radius, 20 nm) were
employed (Bruker Corp., Billerica, MA, USA).
Spring constant of tips was calibrated as 0.10 ~ 0.11 N/
m and deflection sensitivities were 45 ~ 50 nm/V.

Scanning Probe Image Processor (SPIP) software
(Image Metrology, Denmark) calculated Young’s
modulus by converting the force-distance curves to
force-separation curves and fitting the Sneddon var-
iation of Hertz model as below formula shows [35–
37]:

Ecell = 4 ∙ F(ΔZ) ∙ (1 – η2cell)/3 ∙ (ΔZ1.5) ∙ tan θ,
where Ecell: Young’s modulus; F: loading force; ηcell:

Poisson ratio; ΔZ: indentation; θ: tip half cone open-
ing angle.

The Poisson’s ratio was 0.5 and the tip half cone
opening angle was 36°. For each group, at least 20
force curves of each cell (the total cells are over 15)
were collected, and detection was accomplished
within 2 hours to approximate normal physiologic
conditions. The AFM images were processed with
WSXM software (Nanotec, Madrid, Spain) for de-
flection and 3-D view.

2.5 Quantitative real time PCR analysis

On days 3 and 10, total RNA was isolated from cells
by the Total RNA kit I (Omega Bio-tek; Norcross,
GA) following protocol. mRNA was reverse tran-
scribed using GoScript Reverse Transcription Sys-
tem kit from Promega (Madison, WI). Quantitative
PCR (qPCR) was performed on the Eppendorf Mas-
tercylcer Realplex2 machine using Promega GoTaq
qPCR master mix with primers (Table S2) for
HAND1, KLF4, CYP17A1, KRT8 and EIF4A1
genes.

3. Results and discussion

3.1 Fluorescence imaging for trophoblast
cells

Figure 1 compares nucleus diameter of the groups at
different days (Figure 1(a)) and shows representa-
tive cell images on each group (Figure 1(b)). Figure S1
displays the histogram of cell nucleus diameter at
day 3, 5, 7 and 10 in serum-free and serum medium.
According to Figure 1(a), the nucleus diameter of
serum-free cell maintains similar value with time,

Figure 1 Nucleus diameter of tro-
phoblast cells (a) and representative
GFP images of cells in serum-free
and serum medium at day 3, 5, 7
and 10 (Error bars of (a) are stan-
dard deviation of the mean (each
bar has at least 50 samples), *means
P < 0.05).

Q. Li et al.: Non-invasive measurement of trophoblast cells differentiation640

© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



from 27.5 ± 4.6 μm at day 3 to 26.1 ± 5.3 μm at day
10. On the contrary, the nucleus diameter of cells in
serum gradually increases with time, from 41.6 ±
9.5 μm at day 3 to 55.8 ± 9.1 μm at day 7, maximiz-
ing at day 10 (67.0 ± 9.7 μm). Figure S2 shows that
cells grown in serum medium exhibit larger cell
shape with less proliferative feature over time, com-
pared with those in serum-free medium at the same
date.

Overall, the above observations indicate tropho-
blast cells maintain smaller nucleus diameter in se-
rum-free medium up to 10 days.

3.2 Raman intensity comparison

After exposure to 785 nm laser in Raman detection
(within 2 hrs), LIVE/DEAD Viability/Cytotoxicity
was conducted by staining cells with Calcein AM
(green, live cells)/ethidium homodimer-1 (red, dead
cells) (Invitrogen). Few dead cells were observed as
shown in Figure S3, indicating little photodamage ef-
fect from near infrared light, which is consistent with
previous studies [38–40]. Comparing GFP and non-
GFP cells in Figure S4, there is ignorable difference
in Raman spectra. Thus, GFP-TE cells were used in
this work for better morphological observation.

Table S3 lists the tentative Raman band assign-
ments of trophoblast cells. Averaged Raman spectra
of different groups are shown in Figure S5. There are
some remarkable differences among groups, for ex-
ample, 717 cm–1 CN–(CH3)3 (lipid/choline)), 760 cm–1

(Tryptophan), 786 cm–1 (DNA & phosphdiester
bands DNA), 813 cm–1 (Phosphodiester bands
RNA), 1006 cm–1 (Phenylalanine) and 1057 cm–1 (li-
pid). The mean Raman peaks intensities were ex-
tracted to quantitatively analyze the differences, as
shown in Figure 2. For serum groups, the DNA in-
tensity gradually decreases from 0.12 at day 3 to 0.09
at day 10 (Figure 2(a)). However, the DNA intensity
of cells in serum-free medium fluctuates over time.
Similar to DNA changes, the RNA intensity of se-
rum groups (Figure 2(b)) slowly drops, while that of
cells in serum-free medium fluctuates over times.
The tryptophan (760 cm–1) intensity of serum groups
(Figure 2(c)) increases over time. However, for cells
in serum-free medium the tryptophan intensity fluc-
tuates. Similarly, for serum groups the phenylalanine
(1006 cm–1) intensity (Figure 2(d)) grows continu-
ously, while that of cells in serum-free medium fluc-
tuates with time. The lipid/choline intensities (717 cm–1

and 1057 cm–1) fluctuates with time regardless cells in
serum or serum-freemedium (Figure 2(e–f)).

Our spectral results are similar to previous stu-
dies [10, 38, 41, 42] that an increase of protein peak

Figure 2 Raman peak intensity analysis of trophoblast cells on DNA (a), RNA (b), tryptophan (c), phenylalanine (d), lipid/
choline (e) and lipid (f) at day 3 (black), 5 (red), 7 (blue) and 10 (cyan) in serum and serum-free medium (Error bars (each
bar has at least 40 samples) are standard deviation of the mean, * means P < 0.05).
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intensity and decrease of nucleic acids peak intensity
are related to the differentiation of stem cells. How-
ever, the lipid peak intensities exhibits an increasing
trend. Regardless of the days in culture, the lipid
peaks of serum groups (differentiated cells) are high-
er than those of serum-free groups (undifferentiated
cells). The lipid peaks do not show a steady increase
in trophoblast cell system, which is not consistent
with those observation in multipotent and pluripo-
tent stem cells [13]. The reason may be accounted
for different cell types and different culture condi-
tions.

3.3 Spectroscopic markers comparison
and principal component analysis
of Raman spectra

Previous studies indicate increasing 757 cm–1 to
784 cm–1 intensity ratio is correlated with the reduc-
tion of Oct4 and Nanog expression, which decrease
rapidly with the differentiation of human embryonic
stem cells (hESCs) [38, 43] and human induced
pluripotent stem cells (hiPSCs) [44]. Here, the peak
intensity ratio of 760 cm–1 (tryptophan) to 786 cm–1

(DNA) was applied to assess trophoblast cells differ-
entiation.

Peak intensity ratio (760 cm–1/786 cm–1) of tro-
phoblast cells are presented in Figure 3(a) (inset
fluorescence images of cells at day 10). The ratios in
serum medium were larger than those in serum-free
medium at each day. For serum groups the ratio in-
crease in the first five days, then drops slightly,
reaching the maximum at day 10. The ratio of se-
rum-free groups grows in the first seven days, then
decrease largely at day 10. This ratio of serum
groups increased with time, probably suggesting the

cellular differentiation. In contrast, the ratio fluctu-
ated for serum-free groups, which may indicate cells
still remain undifferentiated or differentiated slowly
in serum-free medium.

Turner et al. have successfully assessed hESCs
differentiation by distribution diagram of two pro-
tein/nucleic acid intensity ratios (757 cm–1/784 cm–1

(tryptophan/nucleic acid) and 853 cm–1/784 cm–1 (ty-
rosine/nucleic acid)) [38]. We applied the same meth-
od as shown in Figure 3(b). The X-axis displays the
peak intensity ratio of 760 cm–1/786 cm–1, and Y-axis
is the peak intensity ratio of 854 cm–1/786 cm–1. The
serum group at day 10 (upper right) has the largest
distribution in comparison with other groups, even
though over 50% of these points overlay with other
points.

Principal component analysis (PCA) is also ap-
plied to analyze Raman spectra difference for serum
and serum-free groups (each group has ≈ 200 spec-
tra). PCA simplifies the spectra by exhibiting the
data with principal component (PC) variables or-
dered from the largest variance to the least variance
[45]. The X-axis and Y-axis correspond to the 1st
and the 2nd PC variables, respectively. Figure S6 pre-
sents the calculated loading vectors of the first PC
and the second PC, i.e., PC1 and PC2. These two
PCs account for 87.58% of variance and mainly re-
present the Raman spectra of the cells. Similarly to
Figure 3(b), the data points in serum group at day
10 (white diamond) are not closely clustered, even
over 50% of these points overlay with other groups
as shown in Figure 3(c). Clusters of other groups sit
tightly with each other.

Our distribution diagram and PCA analysis (Fig-
ure 3(b, c)) both imply that “Day 10 serum” group
exhibits the largest distribution of cellular biocompo-
nents (e.g., proteins/nucleic acids) among other
groups.

Figure 3 Raman peak ratio (760 cm–1/786 cm–1) in serum and serum-free medium (a) (Inset fluorescence images of tropho-
blast cells at day 10, scale bar: 50 μm); distribution diagram of two protein/nucleic acid peak intensity ratios (760/786 cm–1

and 854/786 cm–1) (b), and PCA plot (c) (Error bars of (a) are standard deviation of the mean (each bar has at least 40
samples), * means P < 0.05).
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3.4 Topography and biomechanics
comparison

The nucleus diameter can be obtained by AFM, as
shown in Figure 4. The inset is the line profiling of
nucleus height crossed cells. The nucleus diameter of
cells in serum-free medium (Figure 4 (a–d, a′–d′))
remains the similar value over time, while its cytos-
keleton structures (e.g., filamentous actin bundles)
increase from over time. Howerver, the nucleus dia-
meter of serum group (Figure 4 (e–h, e′–h′)) in-
creases with time, and its surrounding cytoskeleton
structures become less visible over time. At day 3,
mesh-like structures are clearly visible on surface of
cells in serum (Figure 4 (e, e′) black arrows pointed)
in comparison with those of serum-free group (Fig-
ure 4(a, a′) one black arrow pointed). Meantime, the
nucleus diameter (~42 μm) of cells in serummedium is
larger than that (~27 μm) of cells in serum-free med-
ium. At day 5, the nucleus diameter (~32 μm) of cells
in serum-free medium is still less than that (48 μm) of
cells in serum medium. Similar trends are observed
over 7 days (cells in serum medium have larger nu-
cleus diameter than those in serum-free medium). For
the height differences, the overall height (around 1.65
μm) of cells in serum-free medium is higher than that
(around 1.00 μm) of cells in serum medium over time.
The AFM image analysis confirms the result of nu-
cleus diameter shown in Figure 1.

To analyze the biomechanics properties, we com-
pare the Young’s modulus (via AFM force-distance

curve measurements) of different groups (Figure 5).
Serum groups show a gradual increase in Young’s
modulus over time, from 3.16 ± 0.90 kPa at day 3
to 11.20 ± 4.41 kPa at day 10. However, Young’s
modulus of serum-free groups remains unchanged
(~7.30 kPa) from day 3 to 7, then significantly in-
creases to 13.70 ± 4.11 kPa at day 10.

The Young’s modulus gradually increases in se-
rum groups over time, which is similar to the mouse
embryonic stem cells study conducted by Pillarisetti
et al. [24]. However, that of serum-free groups main-
tains stable at first 7 days, followed by significant in-
crease at day 10. Further studies are needed to in-
vestigate the reason leading to Young’s modulus in-
crease of undifferentiated cells at day 10.

3.5 Analysis of gene expression by qPCR

Four genes were selected for qPCR: CYP17A1,
HAND1, KLF4 and KRT8. The gene CYP17A1 is
involved in the steroid biosynthetic pathway, testing
for differentiation [46]. HAND1 is essential for pla-
cental development and to promote trophoblast
giant cells differentiation [47]. The KLF4 gene is a
transcription factor that regulates proliferation, dif-
ferentiation, development and apoptosis [48]. KRT8
is prominent in simple single-layer epithelial cells,
such as differentiated trophoblast [49].

In Figure 6, the X-axis displays time point and
the Y-axis shows the expression ratio (fold-change;
serum/non-serum). Figure 6(a) exhibits that on day 3
CYP17A1 are approximately 200-fold higher for se-
rum group than serum-free group, but this discre-
pancy has disappeared by day 10. Day 3 HAND1
from serum-treated cells are undetectable, thus there
is insufficient data (N/A = not available) in Panel B.

Figure 4 AFM deflection (a–h) and corresponding 3-D
view (a′–h′) images of cells in serum-free and serum med-
ium at day 3, 5, 7 and 10. Insets in deflection images are the
line profiling of nucleus height.

Figure 5 Young’s modulus of cells in serum-free and serum
medium at day 3, 5, 7 and 10. Error bars (each bar has at
least 200 samples) are standard deviation of the mean,
*means P < 0.05.
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Panel C shows there is a numerical drop in relative
KLF4 gene expression in serum- vs. un-treated cells,
but this drop is not statistically significant and rela-
tive KRT8 gene expression levels do not change sig-
nificantly across time in Panel D.

Cells express very low levels of CYP17A1 when
cultured in serum-free conditions, but CYP17A1 is
turned on when these cells are in serum medium.
After three days the cells in serum medium showed
a 200 fold upregulation of CYP17A1 compared to
the serum-free groups. There is a significant de-
crease of CYP17A1 from day 3 to day 10. HAND1
transcripts were undetectable in serum groups on
day 3, so expression ratio was not feasible. For day
10, the serum group had 12-fold higher HAND1 ex-
pression compared to the cells cultured in non-serum
medium, which is consistent with the role played by
HAND1 in cellular differentiation. qPCR results de-
monstrated a non-significant drop when analyzing
KLF4 and KRT-8 genes. Thus, these genes might
not have an impact on these cells. The medium and
time differences might impact the expression of cer-
tain genes, and these biomacromolecules variations
can also be observed in Figure 2.

Our initial qPCR results give us clues that we
may seek and screen more genes related to cell bio-
mechanics (e.g., cell adhesion, extracellular matrix)
and cell differentiation to sort out such potential cor-
relation.

4. Conclusion

Porcine trophoblast derived cells are interesting
model for stem like cell research for their regenera-

tive properties, indefinite passage, and foreign DNA
receptivity. Trophoblast cells exhibit different
morphologies and functions with/without serum
medium, providing a unique tool for studying tro-
phoblast cell differentiation. This is the first work to
combine RM and AFM to compare trophoblast cell
differentiation, showing that RM and AFM are able
to distinguish between undifferentiated and differen-
tiated trophoblast cells. Meantime, this work evalu-
ated the biochemical and biophysical changes of
both undifferentiated and differentiating cells at the
same day instead of only studying cellular differen-
tiation over time. Characterization of trophoblast
cells biochemical and biophysical properties extends
the knowledge to further investigations as this area
develops.

Supporting Information

Additional supporting information can be found in
the online version of this article at the publisher’s
website: doi: http://dx.doi.org/10.1002/jbio.201400062.
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Figure 6 Gene expression analysis
of cells cultured 3 and 10 days in
serum medium compared to serum-
free medium by qPCR. All values
are presented as a ratio of fold-
change values: Serum/Non-serum
fold-change. (a) CYP17A1 levels.
The ratio at day 10 was approach
zero, which does not register on the
scale used to present the data, but
should not be interpreted as an ab-
sent or null value (as in panel b);
(b) HAND1 levels; (c) KLF4 le-
vels; (d) Relative KRT8 levels. Er-
ror bars are standard error of the
mean. (* means P < 0.05; N.S. =
non-serum; N/A = fold change ratio
not available because of a null val-
ue for non-serum group).
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