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Abstract. As recently pointed out in the literature, Fourier transform infrared (FT-IR) spectroscopy is emerging as a power-
ful tool in stem cell research. In this work we characterized in situ by FT-IR microspectroscopy the differentiation of murine
embryonic stem cells (ES) to monitor possible changes in the cell macromolecular content during the early stages of differen-
tiation. Undifferentiated and differentiating cells at 4, 7, 9 and 14 days were measured. Data were analyzed by the principal
component and subsequent linear discriminant analyses (PCA–LDA) that enabled us to segregate ES cell spectra into well sep-
arate clusters and to identify the most significant spectral changes. Important changes in the lipid (3050–2800 cm−1), protein
(1700–1600 cm−1) and in the nucleic acid (1050–850 cm−1) absorption regions were observed between days 4 to 7 of dif-
ferentiation, indicating the appearance – at day 7 – of the new phenotype into cardiomyocyte precursors. Also the presence of
DNA/RNA hybrid bands (954 cm−1 and 899 cm−1) suggests that the transcriptional switch of the genome started at this stage
of differentiation. Particularly noteworthy, we suggest that the 2936 cm−1 shoulder we observed could reflect methyl group
vibrations thus allowing the detection of variations in methylation levels of the stem cell during differentiation. These infrared
results were found to be in agreement with the biochemical characterization of these differentiating cells, underlying the great
potential of FT-IR spectroscopy in stem cell research.

Keywords: FT-IR microspectroscopy, stem cell differentiation, multivariate PCA–LDA, cardiomyocytes, nucleic acids, methyl
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1. Introduction

Embryonic stem (ES) cells are self-renewing and pluripotent cells that derive from the inner cell mass
of the mammalian blastocyst [25]. Since ES cells, when properly stimulated, are able to differentiate
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into any cell type, they can have therapeutic and pharmaceutical applications for instance in tissue engi-
neering and drug screening in a wide range of therapies [17].

To better understand the ES cell physiology and to exploit their therapeutic potential, it is crucial to
identify the molecular markers that regulate the differentiation process and that can be used to predict
the fate of cell lineages. To this goal, vibrational spectroscopies – Raman and Fourier transform infrared
spectroscopies – have been successfully applied [4,8,13,16,19–21,28] beside the conventional molecular
biology and biochemical techniques. Indeed, these optical approaches allow to detect in situ changes in
the macromolecular content of whole cells, without any labeling of the sample, therefore providing a
unique molecular fingerprint.

In particular, FT-IR spectroscopy has emerged in the last decades as a powerful technique not only for
the study of purified biomolecules [5,6], but also for the study of intact cells [2–4], tissues [9] and whole
organisms [1].

We applied FT-IR microspectroscopy [19,22,27] – supported by multivariate analysis of the data –
to monitor spontaneous murine ES cell differentiation [4]. The use of principal component and linear
discriminant analyses (PCA–LDA) [11,29] allowed to identify, during differentiation, the significant
spectral variations that were assigned to specific molecular events through the support of biological
assays. Important changes of the nucleic acid and protein content occurred during the differentiation
process. Interestingly, also significant variations in the protein secondary structure were observed at the
rising of the new phenotype.

In this work we report the results of our previous FT-IR study on murine ES cell differentiation [4],
adding new insights on lipid modifications occurring during the first stages of this biological process.
Moreover, we will describe in more details the multivariate analysis procedure, which is crucial to vali-
date the spectroscopic results.

2. Materials and methods

2.1. ES cell culture

ES cell culture was performed as previously described ([4] and references therein). Briefly, before FT-
IR measurements, undifferentiated murine ES cells were cultured for 3 passages on T75 gelatin-coated
flasks in a complete medium, to avoid STO contamination.

To induce spontaneous differentiation, colonies were dissociated to a single cell suspension and plated
on new T75 gelatin-coated flasks in a leukemia inhibitory factor (LIF)-free ES medium that was changed
every 2 days. Following plating, differentiated ES cells were collected and prepared for FT-IR analysis
at days 4, 7, 9 and 14. Three independent experiments were carried out.

2.2. FT-IR microspectroscopy

FT-IR absorption spectra of murine embryonic stem cells undifferentiated and at different stages of dif-
ferentiation were collected – from 4000 to 600 cm−1 – using a UMA 500 infrared microscope equipped
with a nitrogen cooled MCT detector (narrow band, 250 µm) and coupled to a FTS-40A spectrometer
(both from Bio-Rad, Digilab Division, MA, USA).

For the infrared measurements, cells were washed three times in a 0.9% NaCl aqueous solution, in
order to eliminate medium contamination. The cell suspension (about 3 µl containing ∼104 cells) was
deposited onto a BaF2 window and dried at room temperature for 30 min.



D. Ami et al. / FT-IR spectroscopy of stem cell differentiation 91

Absorption spectra with an excellent signal to noise ratio (noise of 0.5 mA at 2000 cm−1 peak to
peak) were acquired in transmission by setting the microscope diaphragm aperture at 100 µm × 100 µm,
under the following conditions: 2 cm−1 spectral resolution, 128 scan coadditions, 20 kHz scan speed
and triangular apodization [22]. When necessary, spectra were corrected for residual water vapor ab-
sorption.

Second derivative spectra were obtained following the Savitsky–Golay method (3rd grade polyno-
mial, 13 smoothing points), after a binomial 13 point smoothing of the measured spectra, using the
GRAMS/32 software (Galactic Industries Corporation, USA).

In order to verify spectral reproducibility, we measured different areas of the same cell preparation and
three independent experiments were performed. An excellent reproducibility both in band intensities and
positions was found for each differentiation time – 0, 4, 7, 9 and 14 days.

2.3. Multivariate analysis

The statistical analysis of raw absorption spectra, and their first and second derivative spectra, was
performed applying the principal component analysis and subsequent linear discriminant analysis (PCA–
LDA), as described by Fearn [11]. In LDA, the ratio of the between-cluster variance to the within-cluster
variance is maximized in forming the clusters. The main advantage of LDA is that it uses the classes
information (i.e., differentiation time) in the derivation of clusters.

Using MatLab R2006a software (The Mathworks, USA) the spectral data were projected on the sub-
space defined by the eigenvectors of the covariance matrix and the PCA scores were first computed.
These scores were then used as input for the subsequent LDA, where the class variable corresponded to
the differentiation time. The selected eigenvectors of the PCA were obtained by iteratively repeating the
PCA–LDA, increasing the number of eigenvectors starting from 2 up to the lowest number that corre-
sponded to an associated variance of 100%. In this way the highest classification accuracy was obtained.
25 eigenvectors were used for the raw data analysis, 23 for the first derivative and 22 for the second
derivative spectra. In this last case, the first 3 PCA–LDA discriminant functions accounted for 92% of
the explained variance in the 1800–800 cm−1 range, and for 95% in the lipid region, between 3050
and 2800 cm−1. The classification accuracy was evaluated from the fraction of correctly classified cases
over the total examined ones. The leave-one-out validation was employed to obtain a robust accuracy
estimation.

The most relevant wavenumbers that contribute to the inter-spectral variance were selected from the
PCA–LDA loading matrix and from the total covariance matrix, as described in [4]. The obtained av-
eraged loadings were rescaled in the range of values 0–1 and those with values � 0.80 are reported in
Table 1.

3. Results and discussion

The FT-IR absorption spectra of intact ES cells, undifferentiated and at different stages of differentia-
tion up to 14 days, were obtained using an infrared microscope. Even if the infrared response of the ES
cells is highly complex, the quality of the data was excellent, enabling us to perform the second deriva-
tive analysis of the spectra in order to better resolve the overlapped bands [26]. As described below, most
of the changes were found in the protein (1700–1500 cm−1) and in the nucleic acid absorption (1050–
870 cm−1) regions. Interestingly, also significant variations in the absorption region of the CH2 and CH3
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Table 1

Marker bands of ES cell differentiation

Wavenumbers (cm−1)
from second derivative
spectra

Wavenumbers Assignment
from PCA–LDA

cm−1 Loading
2852.6 ± 0.1 2849.2 0.85 νCH2 symm, sensitive to hydrocarbon chain conformation [10,18]
2923.1 ± 0.3 2915.7 1.00 νCH2 symm, sensitive to hydrocarbon chain conformation [10,18]
1656.7 ± 1.3 1658.0 0.80 α-helix protein secondary structure [6]

1656.1 1.00
966.0 ± 0.6 962.6 0.80 νCC of DNA backbone [5]
954.5 ± 1.0 958.7 1.00 νCC of DNA backbone [5]

954.9 0.90

Notes: Peak positions in the second derivative spectra of the marker bands of ES cell differentiation with their PCA–LDA
loadings. Only loadings � 0.80 are reported.

acyl chain stretching modes (3050–2800 cm−1) were observed, suggesting that lipid modifications occur
during the differentiation process.

3.1. Protein changes during differentiation

The FT-IR spectrum of undifferentiated cells in the protein absorption region of the C=O carbonyl
group of the peptide bond, from 1700 to 1600 cm−1 (Amide I band) [6], is characterized by three main
components, assigned respectively to antiparallel β-sheet (1692 cm−1), α-helix (1657 cm−1) and in-
tramolecular β-sheet (1639 cm−1) secondary structures. As shown in Fig. 1, the relative intensity of
these components changes during the differentiation process, as expected considering the protein ex-
pression of the new phenotype. In particular, an increase of the α-helix content together with the appear-
ance of appreciable β-turn structures, around 1682 cm−1, is observed from days 4 to 7. Interestingly,
by the PAS reaction cytochemical analysis [15,24] performed in the same span of time, a population of
cardiomyocyte precursors was detected [4]. Indeed, these differentiating cells are rich in alpha-myosin
(an α-helix protein) and are characterized by an increase, during differentiation, of gap junctions that
contain connexins, again α-helix proteins with an important percentage of β-turns [23]. Therefore, the
significant increase in the protein infrared response of the α-helix content and the appearance of the β-
turn component allow to monitor in a rapid and easy way the ES cell differentiation into cardiomyocyte
precursors, without any sample handling.

3.2. Nucleic acid changes during differentiation

Three principal bands were identified in the FT-IR nucleic acid absorption regions, between 1050 and
850 cm−1, of undifferentiated cells. They are respectively the 994 cm−1 (RNA ribose phosphate main
chain mode), 966 cm−1 (likely due to the DNA CC stretching of the backbone) and the 914 cm−1 (RNA
ribose ring mode) bands [5]. During ES cell differentiation these components vary in intensity and peak
positions, as shown in Fig. 1. As differentiation started, an important decrease of these bands – that rep-
resent the DNA and RNA content of the cells – is observed. Interestingly, these results are in agreement
with what found by Notingher and colleagues through Raman experiments [20,21]. Indeed, they showed
that ES undifferentiated cells have a higher RNA content than differentiating cells, suggesting that the
decrease in intensity of the RNA response can be taken as a marker of the ES cell differentiation status.
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Fig. 1. Second derivative FT-IR spectra of undifferentiated and differentiating ES cells. Second derivative FT-IR spectra of ES
cells undifferentiated and at different stages of differentiation are reported in the protein and in the nucleic acid absorption
regions. Spectra have been normalized at the tyrosine band around 1515 cm−1. In the region 1050–850 cm−1 the intensity of
the spectra is magnified by a factor three.

As differentiation proceeds (between day 4 and 7), a minor shoulder of the 966 cm−1 band becomes
apparent around 954 cm−1. This last component (due to the CC stretching of DNA backbone), together
with the rising of a band at 899 cm−1 (assigned to a vibrational mode of A-DNA) [5], indicates the
presence – after 4–7 days of differentiation – of a DNA/RNA hybrid, which is known to assume an
A-DNA conformation [5]. At day 7 of differentiation, a new band appears at 969 cm−1 – following a
decrease of the DNA band at 966 cm−1 – that can be assigned to RNA ribose phosphate main chain [5].

These findings are consistent with the temporal response of the cell proteins discussed above and in-
dicate that, between day 4 and 7, the transcription of the genome takes place, followed by the expression
of the proteins of the new phenotype.

We should add that in the nucleic acid spectral region we observed also the absorption bands of glyco-
gen around 1032 and 1022 cm−1 (C–O–H bending), 1081 cm−1 (C–C stretching) and 1154 cm−1 (C–O
stretching) [30], whose intensities increase starting at day 7 of differentiation (Fig. 1). Interestingly, this
result indicates the emergence of a cell population rich in glycogen, in agreement with the PAS reaction
experiments that proved the presence of cardiomyocyte precursors.

3.3. FT-IR response of differentiating ES cells in the 3050–2800 cm−1 CH2/CH3 absorption region

It has been recently suggested that lipid changes could be indicators of the ES cell status, tagging
proliferation, differentiation and apoptosis [12]. Even if the understanding of the lipid role is funda-
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mental to the knowledge of these physiological processes, at present very little is known at this re-
gard.

To get new insights on lipid variations during ES cell differentiation, we analyzed the infrared response
of undifferentiated and differentiating ES cells in the 3050–2800 cm−1 region, mainly due to the CH2

and CH3 acyl chain vibrations [2,10,18].
As shown in Fig. 2, the CH2 bands at 2923 and at 2852 cm−1 – sensitive to hydrocarbon chain confor-

mation [18] – increase as soon as the differentiation process starts (day 0–4), growing again after day 7
up to the end of our observation (9–14 days). These results indicate that during the first stages of the ES
cell differentiation process changes in the lipid composition take place, suggesting that the starting of
the differentiation can be monitored by the lipid infrared response.

It should be also noted that in the early stages of differentiation (up to 4 days) the band at 2923 cm−1,
due to the asymmetric stretching of CH2, displays a prominent shoulder around 2936 cm−1 that markedly
decreases up to day 7 (see the inset of Fig. 2). This last component can be assigned to methyl group
vibrations as suggested by Lewis and McElhaney [18]. At the same times, also the methyl absorption
band at 2873 cm−1 decreases in intensity. We believe that the changes in the 2936 cm−1 shoulder could
reflect variations in the methylation levels of stem cell DNA and histones during differentiation [7,14].
This result, if confirmed by molecular biology assays on the examined ES cells, could be of particular
relevance, considering the role played by the methyl groups dynamics in all the biological phenomena
governed by epigenomic changes regulating gene expression.

Fig. 2. Changes in the CH2 and CH3 absorptions during ES cell differentiation. Second derivative FT-IR spectra – normalized
at the 2960 cm−1 CH3 stretching – of ES cells undifferentiated (dashed line) and at days 4, 7, 9 and 14 (continuous lines) of
differentiation. In the inset, a magnification of the band around 2923 cm−1 (CH2 stretching) is reported after normalization
at the maximum intensity to better appreciate the shoulder around 2936 cm−1. Arrows point in the direction of increasing
differentiation times.
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3.4. PCA–LDA analysis

To validate our spectroscopic results, we performed the PCA–LDA analysis [11,29] that allowed to
identify the most significant spectral changes occurring during the ES cell differentiation process and to
segregate into separated clusters the different stages of differentiation.

The analysis was performed in the spectral region between 1800 and 800 cm−1, where the protein and
nucleic acid absorption is found. Measured absorption, first and second derivative spectra were used as
input for the analysis. In all cases, an excellent segregation of the data into 5 different clusters – each
corresponding to a specific differentiation stage – was obtained [4], as shown in Fig. 3(A) where the two-
and three-dimensional plots of PCA–LDA performed on the second derivatives are reported. Also, this

Fig. 3. PCA–LDA of ES cell differentiating second derivative spectra. Clustering of second derivative spectra from 1800 to
800 cm−1 is reported as 2D (A) and 3D (B) score plots. Clustering of second derivative spectra in the lipid absorption region
from 3050 to 2800 cm−1: 2D (C) and 3D (D) score plots. On each PCA–LDA component, the percentage of the explained
variance is reported. Represented data correspond to 4, 7, 9 and 14 days of differentiation. Clusters are represented as ellipses
in the 2D plot and ellipsoids in the 3D. The semi-axes of ellipses/ellipsoids in the 2D/3D plots correspond to two standard
deviations of the data.
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analysis enabled us to find the wavenumbers in the spectrum that contribute to the largest inter spectral
variance [29], validating the identification of the marker bands of ES cell differentiation obtained by the
direct inspection of the spectral data, discussed in the previous paragraphs. In Table 1 the wavenumbers
with the highest loadings to the inter-spectral variance are reported.

In addition, we performed the PCA–LDA analysis of the second derivative spectra in the lipid absorp-
tion region between 3050 and 2800 cm−1 (Fig. 3(B)). The clusters of the cell spectra at times 0 and
4 days of differentiation are well separated from those at 9 and 14 days, while the cluster at 7 days is
partially overlapped with the other two clusters.

All these results are in agreement with what found by the direct inspection of the spectral data and
confirmed by biological assays. In particular, the temporal evolution of the marker bands of the ES
cell differentiation process indicates that, between days 4 and 7, the transcription of RNA takes place,
followed by the synthesis of the proteins of the new phenotype. Indeed, the most significant marker
bands of differentiation were found to be due to nucleic acid components (see Table 1). In addition, the
emergence of the absorption due to glycogen – evident at day 7 – confirms the appearance of the new
cell type (cardiomyocyte precursors).

3.5. Conclusive remarks

As conclusive remark, this study highlights the potential of FT-IR spectroscopy – supported by the
PCA–LDA analysis – to identify the marker bands of the ES cell differentiation. The temporal evolu-
tion of these marker bands allows to follow in situ the progress of the process through the simultaneous
monitoring of the most important cellular components. Interestingly, the infrared response that we sug-
gest could be due to changes in methylation during differentiation opens the unexplored possibility of
exploiting the potential of FT-IR spectroscopy to detect methyl groups dynamics in epigenomics studies.
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