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Abstract. Recent researches have mainly displayed the significant role of stem cells in tissue renewal and homeostasis with
their unique capacity to develop different cell types. These findings have clarified the importance of stem cells to improve the
effectiveness of any cell therapy for regenerative medicine. Identification of purity and differentiation stages of stem cells are the
greatest challenges of stem cell biology and regenerative medicine. The existing methods to carefully monitor and characterize
the stem cells have some unwanted effects on the properties of stem cells, and these methods also do not provide real-time
information about cellular conditions. These challenges enforce the usage of nondestructive, rapid, sensitive, high quality,
label-free, cheep, and innovative chemical monitoring methods. In this context, vibrational spectroscopy provides promissing
alternative to get new information into the field of stem cell biology for chemical analysis, quantification, and imaging of stem
cells. Raman and infrared spectroscopy and imaging can be used as a new complimentary spectroscopic approaches to gain
new insight into stem cell reseaches for future therapeutic and regenerative medicines. In this paper, recent developments in
applications of vibrational spectroscopy techniques for stem cell characterization and identification are presented.

Keywords: Raman spectroscopy, Raman microspectroscopy, infrared spectroscopy, infrared microspectroscopy, embryonic
stem cells, adult stem cells, mesenchymal stem cells

1. Introduction

Stem cells are unspecialized cells with an ability to renew themselves through cell division and they can
be induced to differentiate specific cell types of different tissues and organs. Stem cells may be isolated
from embryos, umbilical cords, and adult tissues, and the plasticity of a stem cell varies depending on
where they originate from [9, 10]. Embryonic stem cells (hESCs) are derived from the inner cell mass
of fertilized embryos. They have two main characteristics which are the ability to proliferate without
differentiation by a process of self-renewal and the potential to differentiate into specialized cell types
by an induction. These characteristics are very important for regenerative medicine [11]. Adult human
stem cells can be derived from a wide variety of tissues and they have the ability to “regenerate” cell
types found in their specific local environment. They can be hematopoietic or mesenchymal stem cells.
Hematopoietic stem cells are found in peripheral blood and bone marrow, and they generate blood cells
required for daily blood turnover. Hematopoietic stem cells have been used in transfusion medicine
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for decades to treat blood disorders. Mesenchymal stem cells are nonhematopoietic and they have the
potential to differentiate into specific lineages that are mainly chondrocytes, osteoblasts, adipocytes,
fibroblasts, marrow stroma, and other tissues of mesenchymal origin [12–14]. There has been an
increasing demand on therapeutic usage of stem cells in regenerative medicine over the last few years.
Such an increasing interest makes it inevitable to solve existing challenges pertaining to isolation,
identification, enrichment and purification of stem cells for the success of future clinical applications
[15, 16]. Routinely used biological assays to analyze stem cells involve fixation, staining, and drying
steps that destroy cellular characteristics, and cannot provide real-time information about natural life
process of the cells [17]. The unique characteristic of stem cells that are assigned with reliable and
definitive reproducible markers have to be clearly identified by noninvasive techniques. Therefore, the
development and application of new methods capable of nondestructively collecting high-quality, real-
time chemical information from living human stem cells have been enforced [17]. From this point, the
correlation of conventional methods with vibrational spectroscopy to probe biochemical and biophysical
changes associated with stem cell characteristics becomes interesting field [18]. Raman and infrared (IR)
spectroscopy have gained great interest to elucidate unique optical markers for identifying stem cell
populations, their cell lineages, and the degree of their maturation and differentiation as a noninvasive,
nondestructive, and label-free methods [15, 19].

2. Vibrational Spectroscopy with Sampling Methods in Stem Cell Researches

2.1. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a powerful technique to obtain the molecular
fingerprint of a sample which absorbs the IR wave according to chemical bonds of its molecules.
The type of the bonds and the strength of the intermolecular interactions with well-defined vibrational
frequencies produce a specific biochemical and biophysical fingerprint of the sample when they interact
with IR ligth [20, 21]. Therefore, IR spectra of the sample with its complex molecular vibrational modes
provide an information about specific structure of biomolecules. Band assignments of IR spectra of
human cell lines are presented in Table 1, according to different publications in the literature. Mid-
IR spectroscopy, which is more frequently used in stem cell research, uses radiation in the region of
4000–400 cm−1. Two types of vibrations are observed in this region [22]. These are called as stretching
and bending vibrations. Stretching vibrations involve bond-length changes, while bending vibrations
involve changes in bond angles. According to the Beer-Lambert Law, the intensities of the IR bands are
proportional to the concentrations of the macromolecules in sample [20, 23]. One of the major issue
when performing infrared measurements in the mid-infrared region is the strong background signal of
water. Since the signal of water interfere with the spectra of biological sample, the water background has
to be subtracted to obtain final spectra. This problem has been solved with the development of Fourier
transform infrared (FTIR) spectrometers which provides digital subtraction of water bands. In general
application procedure, in addition to automatic subtraction, the mild drying of biological samples with
N2 gas eliminates the excess of water from the system. Synchrotron FTIR imaging with its high signal-
to-noise ratio produce high resolution for single-cell measurements. Attenuated total reflection (ATR)-
FTIR spectroscopic imaging of single cells can be acquired rapidly enough to perform imaging within a
few minutes on live cells by minimizing the effective path length of the IR light in the sample [24, 25].
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Table 1: IR spectroscopy band assignments of human cells [1–4].

Wavenumber
(cm−1) Assignment

3328 Amide A: N–H and O–H stretching vibrations of polysaccharides,
proteins

3129 Amide B: N–H stretching vibrations of proteins

3015 Olefinic =CH stretching: unsaturated lipids, cholesterol esters

2960 CH3 antisymmetric stretching: lipids, protein side chains

2920 CH2 antisymmetric stretching: mainly lipids

2875 CH3 symmetric stretching: protein side chains, lipids

2850 CH2 symmetric stretching: mainly lipids

1720–1745 C=O stretching vibrations of lipids (triglycerides and cholesterol
esters)

1710–1716 C=O antisymmetric stretching: RNA and purine base

1705–1690 C=O antisymmetric stretching vibrations: RNA, DNA

1654 Amide I: C=O (80%) and C–N (10%) stretching, N–H (10%)
bending vibrations: proteins a-helix

1630–1640 Amide I: C=O (80%) and C–N (10%) stretching, N–H (10%)
bending vibrations:proteins β-structure

1610, 1578 C4-C5 and C=N stretching in imidazole ring of DNA, RNA

1515 Aromatic tyrosine ring

1540–1550 Amide II: N–H (60%) bending and C–N (40%) stretching vibrations:
proteins α-helix

1530 Amide II: N–H (60%) bending and C–N (40%) stretching vibrations:
proteins β-structure

1467 CH2 bending vibrations: lipids and proteins

1455 CH3 bending and CH2 scissoring vibrations: lipids and proteins

1370–1400 COO– symmetric stretching and CH3 bending vibrations: lipids,
proteins

1330–1200 Amide III: proteins

1230–1244 PO2
− antisymmetric stretching vibrations: RNA, DNA and

phospholipids

1090-1080 PO2
− symmetric stretching vibrations: RNA, DNA

1060, 1050 C–O stretching vibrations: deoxyribose/ribose DNA, RNA

996 RNA stretch and bend ring of uracil

965 PO4
− symmetric stretch (DNA) and deoxyribose-phosphate skeletal

motions

925–929 Sugar vibrations in backbone of DNA-Z form
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2.2. Raman Spectroscpoy

Raman spectroscopy is based on inelastic scattering of monochromatic light during which the frequency
of photons in monochromatic light slightly changes upon an interaction with a sample at vibrational
level. This is called as Raman effect which is a low probability event since resonance conditions are
not fulfilled with incident radiation. When Raman Effect is produced by frequency shifts of re-emitted
photons, an information about vibrational, rotational, and other low frequency transitions in molecules
is obtained. Molecular fingerprinting is achieved and quantitative information can be acquired from
the spectrum of sample through the number of molecular bonds that are present [16, 26, 27]. Since
Raman spectroscopy has bands with very low intensity values and its investigation requires high-quality
instrumentation and high signal-to-noise ratios to identify subtle spectral differences. Raman signals
and the intensity of bands is enhanced by special techniques such as resonance Raman spectroscopy,
surface-enhanced Raman spectroscopy (SERS), and coherent anti-Stokes Raman spectroscopy. All these
techniques are very suitable for single-cell studies, because single cells are very appropriate for Raman
spectroscopy with their high concentration biomolecules in their condensed volume. Data acquisition of
single cells and their subcellular organelles require coupling of Raman spectrometers with microscopes
that provide two main advantages. One of the advantage is achieving lateral resolutions up to the Abbe’s
limit of diffraction below 1 μm. High axial resolutions are obtained by confocal microscopes. Second
advantage is achieving maximum sensitivity with a maximum photon flux of laser beam onto the sample
and the maximum collection of scattered photons from the sample [20, 28]. Briefly, Raman microscopy
can either be operated in a point-detection mode, scanning of wide field mode with its high spatial
resolution and signal-to-noise ratio enable the single cells to collect their spectra from focal volumes
smaller than 1 μm [29]. As a conclusion, Raman spectroscopy with its nondestructivity using visible or
near-infrared wavelengths for excitation can be applied under in vivo conditions without staining or other
markers in order to monitor inherent vibrational properties of biomolecules in the cells. Raman imaging
of cells complementary with analytical methods in cell biology like electron microscopy, fluorescence
microscopy, and autoradiography which require complicated preparations and manipulations before they
can be applied. Raman imaging can overcome problems resulting from the limited stability, bleaching,
and restricted accessibility of external markers [28]. Band assignments of Raman spectra of human cell
lines are presented in Table 2, according to different publications in the literature.

3. Applications of Vibrational Spectroscopy in Stem Cell Researches

3.1. Stem Cells Analyzed by FTIR Spectroscopy and Microspectroscopy

3.1.1. Embryonic Stem Cells Applications

Embryonic stem (ES) cells by their in vitro differentiation potential into specific phenotypes have an
important role in the development of stem cell therapy, tissue engineering, and regenerative medicine.
FTIR microspectroscopy coupled with PCA and unsupervised hierarchical cluster analysis (UHCA)
were used to determine specific markers of murine ES cell differentiation toward neural cell types in the
study of [30]. Main spectral differences were observed in lipid- and protein-related bands. Significant
increases in the area of lipid bands from CH3 and CH2 stretching vibrations, respectively, at 2959, 2923
and 2852 cm−1 were suggested as an expression of membrane glycerophospholipids responsible for
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Table 2: Raman spectroscopy band assignments of human cells [5–8].

Wavenumber
(cm−1) Assignment

3070 Amide B (CNH bend)

2960 CH3 stretch (antisymmetric) due to methyl terminal of membrane
phospholipids

2936 CH3 stretch

2928 CH2 antisymmetric stretch of Methylene group of membrane phos-
pholipids

2886 CH2 stretch (symmetric) due to methylene groups of membrane phos-
pholipids

2854 CH2 stretch
2739 CH stretch
1736 C=O stretch

1667, 1640 Amide I (protein) C=O stretching of amide coupled to NH2 in-plane
bending

1657, 1659 C=C stretch (lipids), Amide I (α-helix, protein)
1611 Tyr (aromatics)
1566 Phe, Trp (phenyl, aromatics)
1550 Amide II absorption due to N–H bending coupled to a C–N stretch
1509 C=C stretch (aromatics)
1452 CH2 stretch deformation of methylene group (lipids)
1439 CH2 deformation
1420 CH3 asymmetric stretching (lipids, aromatics)
1397 CH3 bending due to methyl bond in the membrane
1382 COO– symmetric stretching
1367 CH3 symmetric stretching
1336 Adenine, Phenylalanine, CH deformation
1304 Lipids CH2 twist, protein amide III band, adenine, cytosine
1267 Amide III (α-helix, protein)
1250 Amide III (β-sheet, protein)
1235 Antisymmetric phosphate stretching
1206 C–C stretch, C–H bending
1165 C–O stretch, COH bending
1130 C–C asymmetric stretching
1100, 1094, 1081 PO2

− symmetric stretching (nucleic acids)
1065 Chain C–C
1056 RNA ribose C–O vibration
1003 Phenylalanine (ring-breathing)
967 C–C and C–N stretch PO3

2− stretching (DNA)
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Table 2: Continued.

Wavenumber
(cm−1) Assignment

957 CH3 deformation (lipid, protein)
936 C–C residue α-helix
921 C–C stretch proline
898 C–C stretch residue
870 C-DNA
853 Ring breathing Tyr-C–C stretch proline

828, 833 Out of plane breathing Tyr; PO2
− asymmetric stretching, DNA (B-

form)
807 A-DNA
786 DNA-RNA (PO2

−) symmetric stretching
746 Thymine
727 Adenine

neural cell differentiation and signal transduction. Important increases in α-helix protein secondary
structures appeared in differentiated cells, while there was a decrease in β-sheet protein secondary
structures. These changes explained by an the increased expression of α-helix-rich proteins of the
cytoskeleton, as tubulin and actin, and important for the establishment of neural structure and function
(Figure 1).

The study of Heraud and colleageus [31] examined the efficacy of FTIR spectroscopy to
distinguish mesoderm and ectoderm committed cells from undifferentiated hESCs. After 4-5 days of
differentiation, significant variations in band shape and absorbance were observed in protein and nucleic
acids-related bands of three experimental groups. The first three principal components (PCs) explained
more than 90% of the variance in the 3 experimental data sets in PCA models. In all experiments hESC
spectra were separated from BMP4/Act A and FGF2 spectra along PC1, whereas BMP4/Act A and
FGF2 spectra were clustered separately along PC3.

FTIR microspectroscopy, which was supported by PCA-LDA analysis, was used to characterize
differentiation stages of murine ESCs spontaneously [32, 33]. Significant spectral changes appeared in
the protein (1700–1600 cm−1) and the nucleic acid region (1150–850 cm−1). α-helix- and β-turns-rich
proteins started to be expressed in mESCs after 4 and 7 days of differentiation that can be resulted from
new proteins belonging to the new phenotype of cardiomyocyte precursors during the early period
(from day 0 to 14) of spontaneous differentiation. DNA and RNA content of undifferentiated cells
decreased upon differentiation. The data were analyzed by the principal component and subsequent
linear discriminant analyses (PCA-LDA) that enabled to segregate ESCs spectra into excellent separate
clusters and to identify the most significant spectral changes.

Synchrotron FTIR microspectroscopy study of Thumanu and colleagues [34] aimed to probe the
chemical composition of single hepatic progenitor cells and study their differentiation into hepatocyte-
like cells from mouse embryonic stem cells. The changes in the secondary structure of amide I band at
1656 cm−1 was investigated. The increase in intensity of amide I α-helix protein secondary structure of
mature hepatocyte cells was interpreted as an emergence of albumin protein during differentiation. The
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Figure 1: Average raw FTIR spectra of mESCs in different stages of differentiation towards the
formation of ESNCs using FPA microspectroscopy (a). Spectra were normalized over the range of
4000–1000 cm−1. (b) shows an enlargement of the lipid spectral region from 2800 cm−1 to 3000 cm−1.
(c) shows amides I and II spectral region from 1500 cm−1 to 1800 cm−1 for average second derivative
spectra of mESCs in different stages of the ESNCs differentiation process after nine points of smoothing
and normalization with EMSC.

frequency shift of β-sheet secondary structure of hepatic progenitor cells from 1627 cm−1 to 1641 cm−1

reflected maturation during distinct differentiation stages. The spectra of endoderm induction, hepatic
progenitor cells, and mature hepatocyte-like cells were clustered separately by PCA score plot separately
along PC1 and PC2 and hierarchical cluster analysis. This study and other recent studies showed that
in the near future FTIR spectroscopy will be used as a complementary to existing approaches used for
stem cell characterization.
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Figure 2: (a, e) Photomicrographs, (b, f) intensity distributions at 1653 cm−1, and (c, g) LDA
classification of FTIR microscopic images. Plots (d, h) are independent from plots (a–c) and (e–g). The
top panel shows nonstimulated hMSCs, the bottom panel osteogenic stimulated hMSCs. Low intensities
near 0 are displayed as blue, high intensities up to 0.12 in red (b, f). Color code for classification results
(c, d, g, h): hMSCs without stimulation (red brown), with glycogen accumulation (yellow), hMSCs with
stimulation (blue), and with high expression of calcium phosphate salts (cyan).

3.1.2. Mesenchymal Stem Cells Applications

Mesenchymal stem cells (MSCs) with their capacity to differentiate into osteoblasts, adipocytes and
chondrocytes are very attractive for transplantation therapy to promote tissue development. Therefore,
definition of specific MSCs markers, identification, and characterization of lineage-specific differences
are very important. In a FTIR spectroscopy study of Ishii and colleagues [35] adipose differentiation
kinetics of preadipocytes and osteoblast differentiation kinetics of bone marrow mesenchymal stem cells
(BM-MSCs) were examined. Absorption spectra of preadipocytes in days 3 and 5 showed increased
intensity of band 1739 cm−1, that resulted from ester bonds in lipids. Characteristic strong band of
calcium phosphate and hydroxyapatite crytstals (HAP) at 1030 cm−1 started to be observed in BM-
MSCs from the fourth day of osteogenic differentiation. Adipocyte and osteoblast differentiation of
3T3-L1 and Kusa-A1 cells was also confimed by Oil-Red O and Alizarin staining, respectively.

In an other study, differentiation states and FTIR signature of human mesenchymal stem cells
(hMSCs) during osteogenic induction were identified using IR microspectroscopy by Krafft and
colleagues [36]. Higher levels of glycogen were observed in nonstimulated MSCs as a result of increased
band intensities at 1025, 1080, and 1152 cm−1, while osteogenic stimulation caused increased intensity
in band at 1100 cm−1 that corresponds an accumulation of calcium phosphate salts. Reduced levels of
intensity of β-sheet secondary structure of amide I band at 1631 cm−1 can also be used a marker of
osteogenic induction of stimulated cells (Figure 2). LDA classification of IR spectra distinguished the
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Figure 3: Three-dimensional plot of covariance ellipsoids of a LDA classification model for hMSCs
with stimulation (w), without stimulation (w/o), with glycogen accumulation (g), and with high
expression of calcium phosphate salts (c). The intensities of the three variates were ratioed against the
intensity at 1653 cm−1.

cells in four separate groups as unstimulated, unstimulated with glycogen, stimulated, stimulated with
Ca phosphate salts (Figure 3).

FTIR microspectroscopy study was performed by Walsh et al. [37] in order to discriminate the
putative stem cell location from that of transit-amplifying and differentiated locations. Antisymmetric
PO2

− (1225 cm−1) and symmetric PO2
− (1080 cm−1) stretching vibrations of DNA significantly

changed between cell groups in different locations. When IR spectral image mapping of tissue sections
reconstructed according to the intensity of 1080 cm−1, both the small and large intestinal crypts showed
the most intense PO2

− signals. This means that PO2
− can be used as a most robust marker for IR spectral

of stem cells located at small and large intestinal crypts which can be used as a means of identifying
stem cells.

Discriminating biomarkers of adult corneal stem cells in human cornea were examined by
Bentley et al. [38], Nakamura et al. [39] and Kelly et al. [40]. Synchrotron-based radiation (SRS)
FTIR microspectroscopy was used in these studies to distinguish chemical biomarkers of putative
stem cells (SCs), transit-amplifying (TA) cells, or terminally-differentiated (TD) cells in human corneal
epithelium. Segregation with three different cluster by PCA analysis showed that TD-cell cluster was
more closely aligned to SC points than those of TA cells and the main differences were observed
in DNA-RNA region including 1040 cm−1 band of C–O vibrations, 1080 cm−1 band of symmetric
phosphate stretching vibrations, 1107 cm−1 band of sugar-phosphate vibrations, and 1225 cm−1 band
of antisymmetric phosphate stretching vibrations. Chemical entities associated with DNA and RNA
conformation of 1080 cm−1 and 1225 cm−1 respectively, were associated with SCs, whereas proteins
at 1158 cm−1 and lipids at 1728 cm−1 most distinguished TA and TD cells. Changes in RNA levels
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are important in the transition from SC to TA cells, while lipid-protein and DNA-RNA conformational
changes are both important in the transition from TA cells to TD cells.

Differentiation states of human mesenchymal stem cells (hMSCs) into the chondrocytes was
probed by synchroton radiation Fourier transform infrared (SR-FTIR) study of Chonanat and colleageus
[41]. The major differences were observed in collagen at 1338 cm−1 (amide III band), PO2

− stretching
band at 1234 cm−1 and C–O–C stretching band at 1203 cm−1 as well as proteoglycan protein related
bands at 1245 cm−1 (S–O stretching band) and 1175, 1107, 1080, 1019, 993 cm−1 (C–O–C stretching
bands from carbohydrate). This indicated an increased levels of collagen and aggrecan bands in
chondrocyte-induced hMSCs than those of controls, which are used as indicators for chondrocyte
differentiation from hMSCs [42]. Partial least squares discriminant analysis (PLS-DA) distinguished
control and chondrocyte-induced cells with 100% accuracy.

The recent study of Aksoy and colleagues [43] aimed to investigate global structural and
compositional changes in bone marrow mesenchymal stem cells (BM-MSCs) of patients with beta
thalassemia major (β-TM) by attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR). The spectral results showed that there were significant increases in the area of bands, which
are assigned to unsaturated and saturated lipids, located at about 3015 cm−1, 2957 cm−1, 2924 cm−1

and 2852 cm−1, respectively, in pretransplant BM-MSCs with respect to healthy BM-MSCs. The area
amide I (1639 cm−1) and amide II (1545 cm−1) bands of proteins were significantly increased in pre-
tranplant MSCs (P < 0.001) when compared to healthy control values. The increase in the band areas
of antisymmetric and symmetric phosphate stretcthing vibrations located at 1234 cm−1 and 1080 cm−1

in pre-transplant BM-MSCs with respect to the control group MSCs was interpreted as an increase
in nucleic acid content. This increase was supported by an increase in the area of at 925 cm−1 which
is assigned as a Z type DNA. The global increase in the concentrations of different macromolecules
in thalassemic BM-MSCs with respect to the healthy was interpreted as increased cell proliferation
activity in thalassemic BM-MSCs according to healthy control BM-MSCs. However, macromolecular
concentrations was decreased in the posttransplant BM-MSCs with values closer to the controls with
respect to the pre-transplant samples. The decreases in the content of macromolecules, EPO and GDF15
levels and MTT proliferation assay results in post-transplant MSCs with respect to the pre-transplant
MSCs were suggested as reduced abnormal ineffective erythropoiesis because of restoring effect of BMT
therapy on hematopoiesis which secondarily leads to normalization of abnormal host microenvironment
as well. Such a restoring effect can be used to study HSCs-MSCs dynamic interactions in bone marrow
microenvironment. As can be seen from Figure 4 hierarchical cluster analysis separated distinctly
control, pre- and posttransplant group BM-MSCs based on their spectral differences in the region
between 3050 and 2800 cm−1.

3.2. Stem Cells Analyzed by Raman Spectroscopy and Microspectroscopy

3.2.1. Embryonic Stem Cells Applications

The first two Raman spectroscopy studies published by Notingher and colleagues [44, 45] were about
in situ characterization of embryonic stem cell differentiation. The first study of Notingher et al.
[44] investigated biochemical changes in murine ESCs throughout the process of differentiation by
Raman microspectroscopy. The most significant differences was observed in the area of nucleic acid
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Figure 4: (a) The representative infrared spectra of control (dotted line), pre (dashed line) and post
(solid line) transplant group human bone marrow mesenchymal stem cells in the 3050–2800 cm−1

region. (The deconvolved spectra were normalized with respect to the amide A band). (b) Hierarchical
cluster analysis performed on the first-derivative and vector normalized spectra of control, pre- and
posttransplant group BM-MSCs and resulting from Ward’s algorithm. The study was conducted in the
3050–2800 cm−1 spectral region.

related Raman spectral bands during the progression of ESCs differentiation (16 days), while there
were no statistically significant differences were observed between the spectra of murine ES cells
in undifferentiated and early differentiation (4 days) stages. The concentration of RNA and DNA
decreased significantly which implied that the decrease in synthesis of specific proteins and in the
number of cells in G2/S and M phases during differentiation, respectively (Figure 5). The second
publication of Notingher et al. [45] aimed to exhibit uniqunies of Raman markers of undifferentiated,
spontaneously differentiated, and differentiated murine embryonic stem cells (mESCs). Although the
Raman spectra of all three cell types exhibited characteristic spectral features associated with typical
cellular components (e.g., nucleic acids, proteins, lipids, and carbohydrates), the main difference could
be attributed to differences in RNA concentrations of cells. The Raman spectrum of RNA indicated a
high concentration of RNA in mESCs compared to differentiated cells. The hierarchical cluster analysis
(HCA) separated undifferentiated mESCs, spontaneous differentiated cells for 4 days, and differentiated
cells via formation of embryoid bodies (EBs) as three different clusters. The results of these two studies
reflected that a reduction in RNA levels can be used as marker of differentiation state of mESCs.

Another study to display structural and functional properties of early-stage differentiation of
hESC-derived CMs was reported by Chan and Lieu [16]. hESCs consistently showed higher DNA and
RNA intensity when compared with the more mature fetal left ventricular cardiomyocytes (FLV-CMs).
These results were consistent with the mESC study described above, which showed that the stem cells
exhibited higher RNA content compared to differentiated cells. A PCA-LDA analysis confirmed that
the hESCs could be discriminated from the FLV-CMs. The sensitivity for accurate discrimination of
hESCs, hESC-CMs, and FLV-CMs into their respective groups as stem cells or CMs, were 98, 96, and
66%, respectively, when performing LDA and leave-one-out cross-validation using the first six principal
components.
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Figure 5: (A) Average Raman spectra of murine embryonic stem cells (mES) at various stages of
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Pascut and colleagues [46] used Raman microspectroscopy (RMS) as a noninvasive method to
identify human-embryonic-stem-cell-derived (hESC) cardiomyocytes (CMs) within highly heteroge-
neous cell populations by detecting their specific image molecular markers. The spectral results showed
that glycogen band can be used as a main marker to determine CMs, while myofibril proteins have
lower contribution. Principal component analysis (PCA) separated CMs from other cell populations
with >97% specificity and >96% sensitivity, as calculated with the use of cross-validation algorithms
(target 100% specificity).

In the study of Konorov et al. [19] cytochemical variations between undifferentiated and partially
differentiated human embryonic stem cell (hESC) colonies were identified by Raman microspectroscopy
to understand the effects of differentiation on hESCs. The protein-to-nucleic acid ratio was used as
an indicator of differentiation status and it increased towards the edges of colony which implied
spontaneous differentiation was higher on the edges of a colony than elsewhere. Additionally, the ratio
of phospholipids to nucleic acids was increased on the edges of pluripotent and partly differentiated
colonies. While glycogen to nucleic acid ratio were higher in the colony centers compared to their
edges. Raman spectral results clearly showed that pluripotent and partly differentiated colonies were
different from each other. In the other study of Konorov and colleagues [47] Raman spectroscopy
was applied in order to measure absolute quantity of glycogen in hESCs. The results reflected that
Raman microspectroscopy was faster and more reliable than existing commercial glycogen assay kits
to glycogen quantification. The in situ glycogen content in hESCs and the distribution of glycogen in
colony can be accurately estimated by Raman spectroscopy. This approach can be implemented to other
cell types and cellular components to find real-time variations of macromolecules.
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3.2.2. Mesenchymal Stem Cells Applications

Osteogenic inducing effect of elk velvet antler (QEVA) extract on MSCs was examined and compared
with osteogenic agent dexamethasone (Dex) by Confocal Raman Microscopy by Azrad and colleagues
[48]. Hydroxyapatite (HA), amorphous calcium phosphate (ACP), and octacalcium phosphate (OCP)
formation were determined by Raman spectral signals within the 950–960 cm−1 region. The Raman
microspectroscopy showed that the proliferation activity of cells treated with QEVA was stronger than
the cells treated with Dex or the control group, up to 4 days. Raman spectroscopy results showed that
cell cultures supplemented with QEVA deposited much more HA then the cell cultures fed with Dex.
Raman spectroscopy enabled to test cellular and molecular events during differentiation, which has the
capacity to characterize bone formation.

Moody et al. [17] used Surface-Enhanced Raman Spectroscopy (SERS) to monitor chemical
activity of human-adipose-derived stem cells (hASCs) during adipogenic differentiation. The gradual
increase was detected in lipid related bands located at 775–778 cm−1 [49], 1362 cm−1 [49, 50] and
another lipid band at 1080 cm−1 [50, 51] during differentiation process. The appearances of lipid bands
through adipogenic differentiation was supported by an increase in the band at 1194 cm−1 which is
resulted from adenine-related molecules [52]. Increase in characteristic adenosine bands is expected
to be indicative of the role of cyclic AMP (cAMP) as a major component in adipogenic stimulation
[53, 54].

In the study of Chen et al. [55], Raman microspectroscopy was applied to human umbical
cord blood mesenchymal stem cells (hUC-MSCs) in different cellular states in order to find sensitive
molecular vibrations that can be used to determine viability of hUC-MSCs. The intensity decrease of
the band at 1342 cm−1 which is attributed from C–H deformation in proteins reflects degradation of
proteins. The intensity increase of the bands at 877 and 744 cm−1, which result, respectively, from
C-H deformation in proteins, C–C symmetric stretching in lipids, and C=O out-of-the-plane bending
in Thymine means the structural modification of lipids and the destruction of base-base stacking
interactions in DNA. These intensity changes reflected low viability that is related with the alterations
of the secondary structures of proteins, the degradation of proteins, the structural modification of lipids,
and the destruction of base-base stacking interactions in DNA.

McManus et al. [56] reported the formation of bone-like apatite mineral during osteogenic
differentiation of human mesenchymal stem cells (hMSCs). Confocal Raman spectra of nonosteogenic
and induced hMSCs showed that the main changes occurred in phosphate groups (950–970 cm−1,
1030 cm−1 and 1070 cm−1). After 14 days of differentiation a crystalline nonsubstituted apatite minerals
started to be observed and the other substituted minerals such as amorphous apatite and a carbonate were
formed. These minerals can be used as a specific Raman markers to identify cristalinity and degree of
mineralisation of hMSCs when they differentiate into osteoblasts.

Pudlas et al. [57] tested the employment of Raman spectroscopy to separate human fibroblasts
and bone marrow mesenchymal stem cells (BM-MSCs). The analysis of mean spectra of fingerprint
region (1800 cm−1–600 cm−1) showed that stem cells had higher metabolic activity and proliferative
capacity. Principal component analysis (PCA) discriminated Raman spectra of human fibroblast and
BM-MSCs along the PC1 axis with 64% variance and with 12% variance along the PC2 as given in
Figure 6. This study clarified convenience of Raman spectroscopy for the rapid detection of fibroblastic
contaminations in BM-MSC cultures.
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Figure 6: (a) Mean Raman spectra obtained from human BM-MSCs (red; n = 122) and fibroblasts
(blue; n = 109) displayed in the fingerprint range from 600 cm−1 to 1800 cm−1. All data are detected
as relative intensities in arbitrary units (a.u.). The difference spectrum (black line) is obtained by
subtracting the spectrum of human BM-MSCs from the spectrum of fibroblasts. Loading values (grey
line) are plotted for the first principal component (PC1), defined by the PCA plot. (b) The PCA dot plot
shows two clearly distinguishable cell populations depicted as red (BM-MSCs) and blue (fibroblasts)
clusters.

4. Conclusion

This paper reviewed the main vibrational spectroscopy techniques that are used for noninvasive moni-
toring and characterization of embryonic and mesenchymal stem cells and their differentiated progenies.
Existing studies in the literature used Raman and FTIR spectroscopy and imaging techniques to analyze
the differences between nondifferentiated stem cells and differentiated cells in both murine [44] and
human embryonic stem cells [16] and also human mesenchymal stem cells [56]. Studies showed that
main differences between matured and differentiated stem cells were associated with the spectral
signatures of nucleic acids and protein components of different stem cell types. These results were
mainly related with the relative quantities of untranslated mRNA, DNA, and protein of stem cells. Stem
cells use up the pool of mRNA in order to synthesize of new, specific proteins of specific cell lineages
during their differentiation process. Meanwhile, conformational changes in DNA reflect changes in
chromatin structure and higher nuclear-to-cytoplasmic ratio that happens during cell differentiation.
When mesenchymal stem cells were differentiated into osteoblasts, they display a clear band(s)
attributed to mineral composition [16, 35]. It can be clearly concluded from the studies in the literature
that vibrational spectroscopy techniques supply valuable information about unique biochemical nature
and structure of stem cells that can both fingerprint cell types and provide an indications of overall
changes in macromolecular composition of stem cells in a label-free, noninvasive, nondestructive
manner.
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