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Abstract Stem cell studies hold enormous potential for
development of new therapies for tissue regeneration
and repair. Bone marrow mesenchymal stem cells
(BM-MSCs) can differentiate into a variety of non-
hematopoietic tissues and contribute maintenance of
healthy hematopoiesis by providing supportive cellular
microenvironment into BM. Here, we investigated age-
related differences in BM-MSCs by using attenuated
total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy and FTIR imaging together with hierar-
chical clustering as a novel methods to clarify global
alterations in the structure and function of macromole-
cules in characterized BM-MSCs of different aged do-
nors. The results may contribute to identification of age-
related newmolecular marker(s) to determine the effects
of donor age on MSCs. The spectral results reflected
that there were significant increases in the concentration
of saturated lipids, proteins, glycogen, and nucleic acids

in children and adolescent group BM-MSCs when com-
pared to the infants and early and mid adults. The
concentration of mentioned macromolecules in adult
(early and mid) BM-MSCs were significantly lower
than the concentrations in the children and adolescents.
These results were attributed to the increase in the
proliferation activity in younger BM-MSCs. The distri-
bution of macromolecules into the cells was shown as in
the form of chemical maps by FTIR imaging, and the
results are in agreement with the ATR-FTIR spectros-
copy results. The cellular activity degree was deter-
mined by the thiazolyl blue tetrazolium bromide
(MTT) proliferation assay to support ATR-FTIR spec-
troscopy results. BM-MSCs of five different age groups
were discriminated by making the hierarchical cluster
analysis where the spectral data according to alterations
in structure and composition of macromolecules were
considered.
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Introduction

A stem cell is a special kind of cell that has a unique
capacity to renew itself and to give rise to specialized
cell types (Pittenger et al. 1999). Mesenchymal stem
cells (MSCs) are present in a variety of tissues, and they
have the potential to differentiate into specific lineages
that are mainly chondrocytes, osteoblasts, adipocytes,
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fibroblasts, marrow stroma, and other tissues of mesen-
chymal origin. These cells are isolated according to their
plastic adherence capability, and they can be differenti-
ated in vitro into adipocytes, osteocytes, and
chondrocytes (Baxter et al. 2004). MSCs have gained
significant importance in regenerative medicine for the
last decade, because of the ease of their isolation, differ-
entiation potential, immunosuppressive properties, and
availability for autologous and allogenic transplantation
(Pittenger et al. 1999; Aggarwal and Pittenger 2005).

MSCs in specific organ systems are required for the
maintenance and repair of the tissues throughout adult
life. This function of stem cells is regulated by molecu-
lar signaling to ensure proper cellular, tissue, and organ
homeostasis, but how this coordination changes with
aging is mostly unknown (Drummond-Barbosa 2008).
The reciprocal interactions between stem cell aging on
tissue homeostasis and aged cellular microenvironment
on stem cells will be critical to the success of any
therapeutic application of stem cells in the emerging
field of regenerative medicine (Rando 2006;
Drummond-Barbosa 2008).

The process of MSC aging is important because of
their role in tissue regeneration and repair. In order to
achieve favorable clinical outcomewith cellular therapy,
the impact of age on MSCs has to be understood clearly
(Wilson et al. 2010). Existing studies have focused on
the effect of aging on the differentiation ability or on the
number of colony-forming unit fibroblast (CFU-F) to
study the proliferation capacity of MSCs. Some, but not
all studies showed that aging reduces osteogenesis,
chondrogenesis, and adipogenesis (Zheng et al. 2007;
Tokalov et al. 2007). In these studies, decrease in the
number of MSCs in the bone marrows of rodents, mon-
keys, and humans were reported. Furthermore, the stud-
ies in the literature showed that MSCs of older donors
revealed decreased proliferation potential and increased
senescence when compared with the cells of younger
donors (Baxter et al. 2004; Mareschi et al. 2006). It was
suggested that aging is associated with a decrease in the
number and function of stem cells (Baxter et al. 2004;
Mareschi et al. 2006). However, causal relationship is
largely unknown. Despite available information, little is
known about how and why MSCs age in vivo. The
effects of donor age in regenerative medicine and
in vivo use for wound healing have not been investigat-
ed in detail, so far. It is proposed that donor age may
have a significant impact on the efficacy of stem cell
treatments. Stem cells can be differentiated into many

different types of cells. Determination of the molecular
differences in stem cells depending on the donor age
may contribute to better selection of donors in regener-
ative medicine, development of in vitro conditions for
stem cell-based clinical applications. Thus, understand-
ing of the cellular, biochemical, and molecular interac-
tions between MSCs and their microenvironment and
other stem cells will contribute to development of better
in vitro modeling strategies for stem cell studies.

Fourier transform infrared (FTIR) spectroscopy is a
non-disturbing, non-invasive technique which provides
quantitative and structural information about biological
samples (Cakmak et al. 2011). It gives valuable infor-
mation about the biological samples by detecting chang-
es in the functional groups belonging to the tissue or cell
components such as lipids, proteins, carbohydrates, and
nucleic acids, simultaneously (Kneipp et al. 2000;
Cakmak et al. 2011). The shifts in the band frequencies,
changes in the bandwidth, and band area/intensity
values provide valuable information that is correlated
with the alterations in the structure and composition of
macromolecules (Naumann 2001). FTIR spectroscopy
has become a valuable tool for diagnosis in medicine
(Leskovjan et al. 2010; Severcan et al. 2010). This
technique is used to determine the effect of
radioprotectant in irradiated tissues (Cakmak et al.
2011), taxonomical studies in microbiology (Dogan
et al. 2007), plant studies (Gorgulu et al. 2007), discrim-
ination of drug-resistant and drug-sensitive cancer cells
(Gaigneaux et al. 2006), and examination of apoptosis
(Di Giambattista et al. 2011), and it is also recently used
in determination of differentiation of stem cells (Ishii
et al. 2007) and characterization of substrates related
with stem cell growth and labeling (Krafft et al. 2007;
Aksoy et al. 2012). Attenuated total reflection (ATR)
mode of FTIR spectroscopy is a powerful tool to study
biomedical samples. In this technique, sample prepara-
tion procedure is reduced, because the samples can
directly be placed on an ATR crystal before spectral
measurements have been performed (Kazarian and
Chan 2006).

FTIR microspectroscopy (FTIRM) can be defined as
a combination of an infrared spectroscopy with a micro-
scope. It provides spatially resolved information on
unstained thin tissue samples or cell monolayers by
allowing the generation of IR images with high image
contrast (Cakmak et al. 2012). Unlike staining tech-
niques, IR microcopy with its label-free, non-invasive,
and non-destructive properties generates information
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about relative concentrations and structure of macro-
molecules by considering alterations in the infrared
spectra and the specific heterogeneties (Bechtel et al.
2009; Cakmak et al. 2011). In this context, FTIR imag-
ing contains a multiplicity of contrast yielding mecha-
nisms that are derived from variations in the chemical
composition, without the addition of extrinsic markers
or stains. IR microspectroscopy of biological systems is
a developing area to investigate cells in different stages
such as their growth cycles (Matthaus et al. 2006),
cancerous states (Dukor 2002), and contaminated states
with pathogens (Erukhimovitch et al. 2005).

The use of MSCs in the field of hematology holds
promise, since these cells provide supportive environ-
ment for cells of the hematopoietic system. The current
study was designed to investigate age-related differ-
ences in MSCs that may be useful in donor selection
in allogenic stem cell transplantation as well as in other
stem cell therapies. In this context, the present study was
intended to identify new molecular marker(s) reflecting
the effects of aging on BM-MSCs that were obtained
from different aged healthy bone marrow donors. For
this purpose, ATR-FTIR spectroscopy and FTIR
microspectroscopy were used together to evaluate the
results by standard statistic and chemometric methods.

The spectral results of each sampling group were dis-
criminated by cluster analysis according to their varia-
tions. This analysis not only offers the opportunity to
differentiate between sampling groups but also tests the
interpoint distances between all samples.

Results

In the present study, molecular level differences or sim-
ilarities between healthy BM-MSCs from different age
groups were investigated initially by ATR-FTIR spec-
troscopy followed by FTIR microspectroscopy and hi-
erarchical cluster analysis. The spectral results of each
group were statistically compared with the remaining
four groups in order to reveal the differences between
them.

BM-MSCs were characterized by their adherence to
plastic surface of culture flask, their fibroblast-like mor-
phology under inverted light microscope, and according
to their phenotypic and differentiation characteristics in
accordance with International Society for Cellular Ther-
apy (ISCT) criteria (Dominici et al. 2006). As can be
seen from Fig. 1, BM-MSCs from all groups showed
similar morphology; they were positive for CD105,

Fig. 1 The results of surface antigen profiles of healthy BM-MSCs belonging to five different age groups
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CD73, and CD90 antigens in ≥95 % while they lacked
expression of hematopoietic markers including CD45
and CD34. According to definitions of ISCT, BM-
MSCs must have capacity to differentiate into at least
osteoblasts and adipocytes by standard differentiation-
inducing media (Dominici et al. 2006). Adipogenic and
osteogenic differentiation was assessed by using Oil
Red O and Alizarin Red staining, respectively. As can
be seen in Fig. 2a, b, there were decreases in the
adipogenic and osteogenic differentiation potentials in
early and mid adults (ages >20–50 years) when com-
pared with the younger donors (range of ages 0–
19 years) visually.

Figure 3 shows the phosphate-buffered saline (PBS)
buffer-subtracted general representative FTIR spectra of
healthy human BM-MSCs from different age donors in
the 3,800–800 cm−1 spectral region. The spectrum con-
tains several bands representing many different func-
tional groups of lipids, proteins, carbohydrates, and

nucleic acids. The positions of these bands are assigned
in Table 1. The spectra of BM-MSCs from different age
groups were analyzed in two major regions as 3,000–
2,800 and 1,800–800 cm−1. The baseline-corrected av-
erage spectra were used to perform accurate measure-
ments of the spectral parameters like band frequencies
and band areas. All spectra presented in the figures were
normalized with respect to the amide A band centered at
around 3,330 cm−1 for illustrative purposes. Numerical
variation of band area values are listed in Table 1.

Figure 4 represents FTIR spectra of BM-MSCs from
five different age groups in the 3,000–2,800 cm−1 region
that was used to determine the level of saturation in the
lipid acyl chains by examining the changes in the CH3,
CH2 antisymmetric, and CH2 symmetric stretching
bands (Severcan et al. 2005; Leskovjan et al. 2010).
The variations in the area under the spectral bands give
information about concentration of the functional
groups belonging to the relevant molecule; for example,

Fig. 2 a Oil Red O staining of
healthy P3 BM-MSCs at the end
of 21 days—infant MSCs (a),
children MSCs (b), adolescent
MSCs (c), early adult MSCs (d),
and mid adult MSCs (e)
(magnification=×20). b Alizarin
Red staining of healthy P3 BM-
MSCs at the end of
21 days—infant MSCs (a),
children MSCs (b), adolescent
MSCs (c), early adult MSCs (d),
mid adult MSCs (e)
(magnification=×20)
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the increase in the band area values represent an increase
in the concentration of assignedmolecule (Cakmak et al.
2006, 2011; Severcan et al. 2005). The band area values
of the CH3 antisymmetric stretching band at 2,957 cm−1

was significantly higher in the children (p<0.01) and
adolescent (p<0.001) groups with respect to the infant
group. The area of this band decreased significantly in
early adult (p<0.01) and mid adult BM-MSCs (p<0.01)
in comparison to the area of children group BM-MSCs.
Additionally, a significant decrease was also present in
early adults (p<0.001) and mid adults (p<0.001) when
compared with the area of adolescent BM-MSCs
(Table 1). The area of CH2 antisymmetric stretching
band of BM-MSCs increased significantly in the chil-
dren (p<0.001) and the adolescent groups (p<0.001)
with respect to the infants. Meanwhile, the area of the
band was significantly lower in early adults (p<0.001)
and mid adults (p<0.001) when compared with the area
of children and adolescent BM-MSCs (Table 1). The
CH2 symmetric stretching band area was higher in ado-
lescent group BM-MSCs (p<0.01) with respect to in-
fants. The band area degrees were lower in early adult
(p<0.01) and mid adult BM-MSCs (p<0.05) with re-
spect to the children group. The band area value of BM-
MSCs frommid adults decreased significantly (p<0.05)
when compared with the area value of adolescent group
(Table 1). The increase in saturated lipid concentration
in the infant, children, and adolescent groups was further
supported by the increase in the area of CH2 bending

vibrations of lipids, at 1,453 cm−1 (Di Giambattista et al.
2011), and COO− symmetric stretching vibrations of
fatty acid side chains, at around 1,400 cm−1 (Table 1)
(Peuchant et al. 2008; Cakmak et al. 2006). Such an
increase in the saturated lipid contents may indicate an
increase in lipid synthesis in younger cells as a result of
increased cellular proliferation.

Figure 5 represents the 1,800–800 cm−1 spectral re-
gion containing vibrational modes of several distinct
functional groups belonging to lipids, proteins, carbo-
hydrates, and nucleic acids. The bands located at 1,639
and 1,545 cm−1 are assigned to C=O stretching and N–
H bending (amide I) and N–H bending and C–N
stretching (amide II) vibrational modes of structural
proteins, respectively. Changes in the band areas of
amide I and amide II reflect an alteration in the protein
concentrations in cells (Manoharan et al. 1993; Haris
and Severcan 1999). As can be seen in Fig. 5 and
Table 1, amide I and amide II band area values of BM-
MSCs were significantly higher (p<0.001) in children
and adolescents (p<0.001) than infant, early adult, and
mid adult groups. However, significant decreases were
observed in the amide I band area of early adult BM-
MSCs (p<0.001) and mid adult BM-MSCs (p<0.001)
with respect to the area of children group. The amide I
band area of BM-MSCs also decreased significant-
ly in mid adults (p<0.001) according to the ado-
lescents. Amide II band area value of BM-MSCs
of adolescents was significantly higher (p<0.001)

Fig. 3 The representative infrared spectra of healthy BM-MSCs
from different age donors.Green line represents infant BM-MSCs;
blue line represents children BM-MSCs; pink line represents ado-
lescent BM-MSCs; red line represents early adult BM-MSCs; and

black line represents mid adult BM-MSCs in the 3,800–800 cm−1

region (the spectra were normalized with respect to the amide A
band) (color figure online)
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than the value of infants. The area of amide II
band was significantly lower in early adults
(p<0.001) and mid adults (p<0.001) according to
the children and adolescent BM-MSCs.

The strong bands at 1,234 and 1,080 cm−1 arise from
antisymmetric and symmetric stretching vibrations of
phosphodiester groups that are present in the phosphate
moieties (PO2

−) of nucleic acid backbone structures and
phospholipids (Rigas et al. 1990). Children and

adolescent BM-MSCs showed significantly (p<0.01)
higher PO2

− antisymmetric stretching band area values
with respect to the infant BM-MSCs. The band area
values for PO2

− antisymmetric stretching band in early
and mid adult BM-MSCs were significantly lower
(p<0.001) when compared to the children and adoles-
cent values. Similar band area alterations were observed
in the PO2

− symmetric stretching band at around
1,080 cm−1. The area of this band decreased in early

Fig. 5 The representative infrared spectra of healthy BM-MSCs
from five different age groups in the 1,800–800 cm−1 region.
Green line represents infant BM-MSCs; blue line represents chil-
dren BM-MSCs; pink line represents adolescent BM-MSCs; red

line represents early adult BM-MSCs; and black line represents
mid adult BM-MSCs (the spectra were normalized with respect to
the amide A band) (color figure online)

Fig. 4 The representative infrared spectra of healthy BM-MSCs
from five different age groups in the 3,000–2,800 cm−1 region.
Green line represents infant BM-MSCs; blue line represents chil-
dren BM-MSCs; pink line represents adolescent BM-MSCs; red

line represents early adult BM-MSCs; and black line represents
mid adult BM-MSCs (the deconvolved spectra were normalized
with respect to the amide A band) (color figure online)
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adults and mid adult BM-MSCs (p<0.05) with respect
to the children and adolescent values.

The area of the band at 1,152 cm−1, which is due to
stretching mode of the C–O–O–C groups existing in
glycogen and nucleic acids (Rigas et al. 1990), was
higher in children and adolescent BM-MSCs. The band
areas of early adult (p<0.01) and mid adult (p<0.01)
BM-MSCs tended to decrease significantly when com-
pared with the band area values of infant, children, and
adolescent BM-MSCs. The other two bands located at
about 1,025 and 1,045 cm−1 are attributed from the
vibrational frequency of –CH2OH groups and the C–O
stretching frequencies coupled with C–O bending fre-
quencies of the C–OH groups of carbohydrates (includ-
ing glucose, fructose, glycogen, etc.) (Parker 1971). As
can be seen in Table 1, while increase in the area values
of 1,045 cm−1 band of children (p<0.01) and adoles-
cents (p<0.001) were significant with respect to infant
BM-MSCs, the values of early adult (p<0.01) and mid
adult (p<0.05) BM-MSCs were significantly lower than
those from infants. Significant decreases in the area of
this band in early adult (p<0.001) and mid adult
(p<0.001) BM-MSCs were observed when they were
compared to the band area values of children and ado-
lescent BM-MSCs. Children (p<0.05) and adolescent
(p<0.001) BM-MSCs had also significantly higher
band area values for 1,025 cm−1 band than infants. On
the contrary, early adult (p<0.01 and p<0.001) and mid
adult (p<0.01) BM-MSCs had lower band areas than
children and adolescent BM-MSCs, respectively.

The two bands at about 925 and 855 cm−1 are
assigned to sugar vibrations in left-handed Z-type
DNA (Dovbeshko et al. 2000) whose area increased in

adolescent BM-MSCs significantly (p<0.05 and
p<0.01, respectively) according to the infant values.
However, in early adult (p<0.05) and mid adult BM-
MSCs (p<0.05), band area values decreased significant-
ly with respect to the adolescent BM-MSCs.

Thiazolyl blue tetrazolium bromide (MTT) prolifer-
ation assay was used to support ATR-FTIR spectrosco-
py results which reflects global alterations in the con-
centrations of different macromolecules of passage 3
BM-MSCs. MTT proliferation assay is based on the
cleavage of the yellow MTT (3-(4.5-dimethylthiazol-2-
yl)-2.5-diphenyltetrazolium bromide, a tetrazole) salt to
purple formazan crystals in the mitochondria of meta-
bolically active and highly proliferative viable cells (Van
de Loosdrecht et al. 1994). In the present study, BM-
MSCs of five different sample groups were compared in
terms of their cellular activity byMTTassay for 11 days.
Metabolic and cell proliferation activities of BM-MSCs
were measured at days 1, 3, 5, 7, 9, and 11 bymeasuring
the purple solution of formazan crystals in sodium do-
decyl sulfate (SDS) by spectrophotometry at 620-nm
wavelength. Statistical analysis results of MTT prolifer-
ation assay are shown in Table 2; at day 3, the metabolic
and cellular activity of mid adult group decreased sig-
nificantly with respect to the children and adolescent
groups. At day 5, the metabolic and cellular activity of
adolescent group showed significant increase with re-
spect to the infant group, while the metabolic and cel-
lular activity of early adult group decreased significantly
with respect to the adolescent group; also, metabolic and
cellular activity of the mid adult group showed signifi-
cant decrease with respect to the children and adolescent
groups. At day 7, the metabolic and cellular activity of

Table 2 MTT proliferation assay results of healthy BM-MSCs obtained from five different age groups

Absorbancea

Days Infants Children Adolescents Early adults Mid adults

1 0.148±0.002 0.157±0.014 0.167±0.002 0.141±0.011 0.132±0.005

3 0.165±0.004 0.171±0.005 0.179±0.002 0.156±0.007 0.150±0.002†,### ↓

5 0.173±0.005 0.177±0.002 0.188±0.001* ↑ 0.163±0.006## ↓ 0.158±0.004††,### ↓

7 0.179±0.032 0.183±0.006 0.195±0.003 0.169±0.001### ↓ 0.165±0.003

9 0.185±0.003 0.191±0.003 0.21±0.003**,†† ↑ 0.176±0.003***,†,## ↓ 0.170±0.003*,†††,### ↓

11 0.180±0.006 0.196±0.015 0.214±0.004* ↑ 0.179±0.008# ↓ 0.173±0.003# ↓

a The values were shown as “mean±standard error” for each group. Each group were compared to one another for each day separetely. The
significancies were only obtained with respect to the infant, children, and adolescent groups. The degree of significance was denoted for each
day as follows: *p<0.05, **p<0.01, ***p<0.01 with respect to infants; † p<0.05, †† p<0.01, ††† p<0.01 with respect to children; # p<0.05,
## p<0.01, ### p<0.01 with respect to adolescents
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early adult group decreased significantly with respect to
the children group. At day 9, adolescent group showed
significant increase with respect to the infant and chil-
dren groups, while early adults and mid adults showed
significant decrease with respect to the infant, children,
and adolescent groups. At day 11, adolescent group
showed significant increase with respect to the infant
while early adults and mid adults showed significant
decrease with respect to the adolescent.

The specific integrated spectral regions for the infra-
red bands were used to determine distribution of func-
tional groups in the FTIR spectral images. The average
chemical maps were colored according to the peak
integrated areas of CH2 antisymmetric stretching, amide
I, and PO2

− antisymmetric stretching bands in order to
observe distribution of lipids, proteins, and nucleic acids
in BM-MSCs, respectively. Red color corresponds to
the highest ratio, and blue color corresponds to the
lowest ratio in the color bars that were stated in the
chemical maps. As can be seen from the Fig. 6a–c, the
concentrations of saturated lipids, proteins, and nucleic
acids were higher in the children and adolescent groups

when compared with the infants and early and mid
adults supporting the ATR-FTIR spectroscopy empirical
results.

FTIR imaging was used as a supportive method for
ATR-FTIR spectral results which provides visual repre-
sentation of the variations in the molecular content and
concentration. The differences in the distribution of
concentration of lipids, proteins, and nucleic acids in
MSCs of five different age groups were demonstrated
representatively. The intensity/area changes of the CH2

antisymmetric stretching band gives an information
about saturated lipid concentration in the system
(Severcan et al. 2003, Cakmak et al. 2006). We consti-
tuted the chemical maps of saturated lipids by using the
peak integrating maps of the CH2 antisymmetric
stretching band. In order to observe the changes in
concentrations of proteins, we constituted the chemical
map by using the area distribution of bands which arises
mainly from the C=O stretching and N–H bending
vibration of the amide I band (Manoharan et al. 1993,
Haris and Severcan 1999). In addition to these bands,
the integrated band area distribution of PO2

−

Fig. 6 Spectral image maps that
reflect distribution of lipids,
proteins, and nucleic acids in the
BM-MSCs from five different age
groups. These maps were derived
respectively by taking the peak
integrated areas of a CH2

antisymmetric stretching bands of
lipids, b amide I band of proteins,
and c PO2

− antisymmetric
stretching bands of nucleic acids
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antisymmetric stretching of nucleic acids was used to
make a chemical map of nucleic acid changes in the
cells (Rigas et al. 1990). The concentrations of saturated
lipids, proteins, and nucleic acids of BM-MSCs in chil-
dren and adolescent groups were higher when compared
with the infants, early adults, and mid adults (Fig. 4a–c).
The average chemical maps were colored according to
the intensity/area values of mentioned bands where red
color corresponds to the highest ratio and blue color
corresponds to the lowest ratio as shown on the color
bar in the figures. As it was understood from the color
changes in these chemical maps, concentrational chang-
es can be ordered from higher to lower values as ado-
lescents, children, infants, ealy adults, and mid adults.

Finally, hierarchical cluster analysis was performed
to compare BM-MSCs of infants, children, adolescents,
early adults, and mid adults based on their spectral
differences in ATR-FTIR. The analysis was applied to
vector-normalized 29 independent spectra of five sam-
pling groups in two different regions, namely, 3,000–
800 and 1,800–800 cm−1. As depicted in Fig. 7a, five
different clusters were produced with a high accuracy of
success for infants (4/6), for children (6/6), for adoles-
cents (6/6), for early adults (6/6), and for mid adults
(5/5), respectively, for 3,000–800 cm−1 spectral region.
The heterogeneity value was 1.4 and two samples from
infant group that were marked with asterisk (*) mixed
into the children group. Additionally, as can be seen in
Fig. 7b, different clusters were produced with a high
accuracy of success for infants (6/6), for children (5/6),

for adolescents (6/6), for early adults (6/6), and for mid
adults (5/5), respectively, for 1,800–800 cm−1 spectral
region with the heterogeneity value 3. Only one sample
from the children group that was marked with number
sign (#) mixed into the infant group. As can be seen
from the dendrograms, all samples were successfully
differentiated into the five different clusters.

Discussion

There has been limited information about how donor
age affects the fate of stem cells and whether the chang-
es caused by aging alter the stem cell niche (Campisi
and Sedivy 2009). It is hypothesized that impaired tissue
homeostasis and regeneration capacity may arise from
alterations in the number and/or function of stem cells
(Rando 2006). In this context, the question arises wheth-
er age-related changes are due to the intrinsic aging of
stem cells or due to the aged stem cell microenviron-
ment (niche) (Wagner et al. 2008). There is a need for
investigation of age-related alterations in stem cells and
their external environment in order to standardize qual-
ity products and cellular therapies. The effects of the
number of passages and population doublings on cell
aging and senescence-associated molecular changes are
not clearly defined, particularly when their influence on
cellular therapies are considered. These findings make it
inevitable to define a reliable and easy method to track
cellular aging of MSCs (Wagner et al. 2010). Studies in

Fig. 7 Hierarchical cluster analysis performed on the vector-normalized spectra of BM-MSCs of infants, children, adolescents, early adults,
and mid adults and resulting from Ward’s algorithm. The study was conducted in the a 1,800–800 and b 3,000–800 cm−1 spectral regions
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the literature have reflected that cellular senescence does
not significantly affect the viability, morphology, func-
tion, proliferation, and differentiation capacity of cells,
while it causes decline in cellular metabolism (Wagner
et al. 2008, 2010). Until now, senescence-associated β-
galactosidase (SA-β-gal) has been used to determine
senescence. Although SA-β-gal is overexpressed and
accumulates specifically in senescent cells, it is not
considered as a specific marker of senescence. The
enlarged and apoptotic cells in higher passages also
become SA-β-gal-positive, suggesting that β-
galactosidase activity is associated with mainly replica-
tive senescence in vitro (Wagner et al. 2010). Therefore,
at present, a specific molecular marker to indicate the
degree of cellular aging in MSCs is lacking. In this
context, the present study suggested that infrared spec-
troscopy as a novel and non-destructive research meth-
od with its real-time chemical monitoring and high-
quality data collection properties can be used to identify
molecular marker(s) reflecting the stem cell aging.

In the present study, bone marrow samples from adult
and aged donors who are older than 50 years old were not
available. In the current hematopoetic stem cell transplan-
tation (HSCT) practice in adult and aged donors, the use
of granulocyte colony stimulating factor (GCSF)-mobi-
lized peripheral blood stem cells (PBSC) is the preferred
stem cell source due to the ease of collection and the lack
of the need for general anesthesia. Therefore, bone mar-
row harvest is rarely used in aged adults, and the samples
above 50-year-old donors were not used in this study for
comparison. On the other hand, bone marrow harvest
from sibling donors of pediatric age still remains as a
common practice in family transplants. Therefore, bone
marrow from healthy donors is practically available in
pediatric practice of HSCT, where most donors are of
young age as opposed to adult HSCT where stem cell
source is GCSF-mobilized peripheral blood rather than
bone marrow. For this reason, all healthy donors greater
than 50 years old found in the cell collection of our stem
cell center had received GCSF for mobilization of pe-
ripheral blood stem cells; therefore, advanced age sub-
jects were not included in the study.

In our study, passage 3 BM-MSCs obtained from
different aged donors showed similar morphology in
terms of their surface antigen characteristics. These re-
sults were in accordance with the study of Mareschi
et al. (2006) where BM-MSCs of early adult donors
(range of age 20–50) and pediatric donors (range of
age 6–11) were compared until passage 10. The study

by Huang et al. (2005) demonstrated that BM-MSCs of
fetuses, 0–20-, 20–40-, and >40-year-old donors, had
similar morphology and antigenic phenotype. In
the present study, adipogenic and osteogenic dif-
ferentiation capacity of BM-MSCs was lower in
adults (>20–50 years) when compared with the
younger donors (ages 0–20). Kretlow et al.
(2008) showed that chondrogenic, osteogenic, and
adipogenic differentiation potentials of cells were
decreased by aging.

The impairment of stem cell-based therapies can be
caused by two factors as stem cell age and donor health.
Aging is characterized by decline in the regenerative
capacity and the function of stem cells resulting in less
effective tissue homeostasis and repair (Raggi and
Berardi 2012). Therefore, an understanding of MSC
aging process is important for selecting most accurate
donor to be able to increase the success of cellular
therapies. The age-associated molecular changes in the
cells include alterations in the proliferation rate, differ-
entiation capability, genome stability, and expression
profiles which means MSC aging is a complex, finely
organized process at genomic, transcriptomic, epigenet-
ic, and proteomic levels (Raggi and Berardi 2012; Harris
2012). The present ATR-FTIR and FTIR imaging stud-
ies showed that the changes in the concentration of
essential molecules in BM-MSCs were interpreted as
alterations in the proliferation capacity of the cells
caused by donor aging. According to the results of
ATR-FTIR study, the concentration of proteins, saturat-
ed lipids, carbohydrates, and nucleic acids decreased in
the early and mid adults that were associated with the
decline in the cell proliferation rate and bone marrow
activity which were also supported by MTT prolifera-
tion assay results. Especially in early, mid, and older
adults, stem cells reduced or ceased their growth and
regeneration capacities to maintain tissue homeostasis
or to reduce cancer development risk in aging tissues
(Signer and Morrison 2013). Additionally, the current
findings in the literature suggest that such biochemical
changes in the stem cell niches are responsible for
regenerative declines in older mammalians (Conboy
and Rando 2012). The MTT assay results of the present
study showed that metabolic and cellular activity of the
early and mid adult BM-MSCs decreased, such a de-
crease in the mitochondrial activity, growth, and meta-
bolic rates of the cells of mammalian tissues can influ-
ence the rates of the cellular aging at the later stages of
the life (Dillin et al. 2002).
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Human MSCs with their multilineage differentiation
ability and self-renewal capacity have great potential as
a source of cells for cellular therapies in regenerative
medicine and for tissue engineering approaches (Baksh
et al. 2004). BM-MSCs provide housing for HSCs and
enhance their engraftment after HSC transplantation
(Lazarus et al. 2005) which has been used for some
years in the treatment of leukemia and other cancers
(Tabbara et al. 2002). Therefore, the use of MSCs in
stem cell therapies requires standardization and quality
control of each step from isolation to transplantation
(Wagner et al. 2010). The present study aimed to inves-
tigate the effect of healthy donor age on the quality of
the BM-MSCs at molecular level by considering the
available data in the literature about the negative impacts
of the MSC donor age and the disease status of the
donor in terms of their clinical utility and the success
of the clinical outcomes (Harris 2012). The results of our
ATR-FTIR and imaging study showed significant de-
creases in the proliferation capacity and the bone mar-
row activity of the early and mid adult BM-MSCs while
the proliferation activity were higher in younger BM-
MSCs obtained from infants, children, and adolescents.
These spectral results were also supported by the suc-
cessful discrimination of the different age groups via
cluster analysis. The higher heterogeneity values were
obtained by the cluster analysis which implied presence
of important molecular alterations among BM-MSCs of
different age groups. As can be seen in Fig. 7a, b, MSCs
of early andmid adult groups were separated in the same
branch of the dendrogram, while MSCs of infant, chil-
dren, and adolescent groups which were separated in the
other branch of the dendrogram together which reflected
the differences between older and younger donor
groups. According to the results of ATR-FTIR spectros-
copy and FTIR imaging together with the results of
cluster analysis, it is suggested that the MSCs obtained
from older adult donors with lower proliferation rate and
regenerative capacity may have disadvantages. On the
other hand, the cells obtained from infants, children, and
adolescents have significantly higher proliferative ca-
pacity, but there are ethical issues to be considered when
using children donors. Generally, elder donor is selected
if there are several donor candidates in a family for
HSCT. However, in pediatric transplants, HLA-
matched donor is usually the sibling of the child who is
of young age but ethical limitations for use of children’s
materials restrict the use of young donors for transplant
or for research. The study subjects in the present study

were all family donors, and ethical approval was obtain-
ed to use a very small amount of the harvested material
for MSC expansion. Here, the advantage of ex vivo
expansion of MSCs may enable the use of those young
donors with small volume of starting samples obtained
from bone marrow harvest products. However, in order
to obtain sufficient number of therapeutic cells from
1–3 ml of starting sample volumes, there is a need for
improvement of MSC ex vivo expansion protocols. Our
supportive cluster analysis results especially reflected
that the infant, children, and adolescent groups were
discriminated as in different clusters of the same branch
of the dendrogram. For cellular therapy process, if there
is choice chance when selecting the appropriate donor
cells with very small starting volumes, infant and chil-
dren groups may be preferred for each other by consid-
ering closeness of their clusters in the same branch
(Fig. 7b). Similarly, if there is a choice option when
selecting the appropriate donor, children and adolescent
groups may be preferred for each other by considering
closeness of their clusters in the same branch (Fig. 7a). It
has been shown that increased donor age in human bone
marrow can cause changes in the both MSC properties
and also HSCs that are closely interactedwith each other.
The increased donor age in bone transplantation is a
predictor of transplant-related mortality, consistent with
the cell-autonomous HSC defects, maintenance, and
stress responses of the HSCs (Tower 2012). The study
of Jinui and colleagues (Harris 2012) showed that aging
mice transplanted with MSCs from young donors had
prolonged life span by 15 to 20 %. In contrast, MSCs
isolated from the older donor animals failed to prolong
life span at all, showing significantly less capability to
differentiate into bone, fat, neural, and muscular cells as
compared to MSCs from younger animals. The other
study performed by Kollman and colleagues (2001) also
reflected that age was the only donor trait significantly
associated with overall and disease-free survival. The
study of Kollman and colleagues (2001) showed that 5-
year overall survival rates for recipients were higher in
younger donors with respect to the older ones and the use
of younger donors may lower the incidence of GVHD
and improve survival after bone marrow transplantation.

All these results mean that stem cells collected from
younger and healthier donors provide more successful
therapeutics than the cells obtained from older donors. It
seems that age-related changes in MSC properties
should be taken into account whenever they are
intended for application in cellular therapy or research.
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Conclusion

In summary, the results of the study showed that donor
age had significant influence on the concentrations of
the essential molecules existing in the cells. The BM-
MSCs from healthy donors in different ages had similar
cellular morphology under inverted light microscope at
passage 3. Also, their expression profiles for CD105,
CD90, CD73, CD45, and CD34 surface antigens were
the same. In addition to this, adipogenic and osteogenic
differentiation potentials of early and mid adult BM-
MSCs were found lower when compared to the younger
infant, children, and adolescent group BM-MSCs with a
visual evaluation under light microscopy. The spectral
results reflected that there were significant increases in
the concentration of saturated lipids, proteins, glycogen,
and nucleic acids in children and adolescent group BM-
MSCs when compared to the infants, early adults, and
mid adults. The concentrations of mentioned molecules
in early and mid adult BM-MSCs were significantly
lower than the concentrations in the children and ado-
lescent BM-MSCs. These increases in the concentra-
tions of molecules might be due to an increase in the
proliferation activity in younger BM-MSCs. FTIR
microspectroscopy revealed the distribution of bio-
molecules in the cells as chemical maps whose
results also are in agreement with the ATR-FTIR
results. The cellular activity degree was determined
through the MTT proliferation assay results, and
this was used to support ATR-FTIR spectroscopy
results. The MTT assay showed that BM-MSCs
obtained from younger donors, such as infants,
children, and adolescents, had higher cellular activ-
ity than the BM-MSCs obtained from early and mid
adults. Based on the spectral differences, BM-
MSCs of five different age groups were successful-
ly discriminated from each other by applying the
hierarchical cluster analysis to FTIR spectra. As a
result of cluster analysis of two different spectral
regions, the older and younger donor groups were
separated in two different branches of the two
dendrograms.

The current ATR-FTIR spectroscopy and imaging
study together with hierarchical clustering can be used
as a novel method to clarify the global alterations in
structure and function of essential biomolecules in char-
acterized BM-MSCs of different aged donors and to
identify new molecular marker(s) in order to determine
the effects of donor age on BM-MSCs.

Materials and methods

Sampling groups

Human bone marrow aspirates (3–5 ml) which were
obtained from posterior iliac crest of healthy bone mar-
row transplantation donors were used as a source of
BM-MSCs. Five different age groups classified as in-
fants (0–3 years of age, n=6), children (ages >3–12, n=
6), adolescents (ages >12–19, n=6), early adults (ages
>19–35, n=6), and mid adults (ages >35–50, n=5) were
analyzed. Marrow samples were obtained during the
marrow harvest procedure after signing of informed
consent that were prepared according to procedures
approved by the ethics committee of the Bone Marrow
Transplantation Unit, Hacettepe University Children’s
Hospital, Ankara, Turkey.

Isolation and cultivation of MSCs from human bone
marrow samples

The isolation of BM-MSCs from different aged group
healthy donors and their cultivation till passage 3 (P3)
were performed according to the standard protocols
(details reported in Aksoy et al. (2012)). These passage
3 BM-MSCs were used in all other detailed investiga-
tions that were performed in the scope of this study.

Flow cytometry

Flow cytometric analysis of P3 BM-MSCs were per-
formed on a FACS Aria flow cytometer (Becton, Dick-
inson Biosciences, USA) to evaluate BM-MSCs in
terms of expression of main MSC surface markers
CD73 (BD Biosciences, USA), CD90 (BD Biosciences,
USA), and CD105 (e-bioscience, USA) and lack of
expression of HSC markers CD34 (BD Biosciences,
USA) and CD45 (BD Biosciences, USA). All markers
were conjugated with either fluorescent isothiocyanate
(FITC) or phycoerythrin (PE). BM-MSCs were
trypsinized and washed with PBS. To evaluate BM-
MSC marker profile, 1×105 cells were suspended in
100-μl PBS-BSA-Na azide with 2 μl of each flow
cytometry antibody in a separate tube for 30min at dark.
At the end of incubation time, cells were washed twice
with PBS and finally diluted in 200-μl PBS-BSA-Na
azide. The analysis of cells was performed according to
10.000 event count with the FACS Aria (Beckon Dick-
inson Biosciences, USA). The acquired data was
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analyzed by using BD FACSDiva software v6.1.2
(Beckon Dickinson Biosciences, USA).

Adipogenic and osteogenic differentiation experiments

Passage 3 BM-MSCs from healthy donors were sub-
jected to certain differentiation induction media to eval-
uate their stem cell potency by activating adipogenesis
and osteogenesis.

Adipogenic differentiation

Confluent (90 %) cells from P3 of BM-MSC cultures in
six-well plates were treated with 1 μM dexamethasone
(Sigma, USA), 60 μM indomethacine (Sigma, USA),
500 μM IBMX (Sigma, USA), and 5 μg/ml insulin
(Sigma, USA) in dulbecco's modified eagle's medium
(DMEM-LG) (Biological Industries, Israil) with 10 %
fetal bovine serum (FBS) (Gibco, USA). Medium was
replaced every 3 days for a 3-week period, and adipo-
genesis was followed by microscopic investigation dur-
ing 3-week period. Meanwhile, the cells in control wells
were cultured for 3 weeks in DMEM-LG with 10 %
FBS. At the end of differentiation period, cells were
fixed with 10 % buffered formalin for 20 min at room
temperature and stained with Oil Red O (Sigma, USA)
for 10 min at room temperature to visualize adipogenic
differentiation.

Osteogenic differentiation

Confluent (70–80 %) BM-MSCs from P3 in six-well
plates were subjected to osteogenic medium composed
of DMEM-LG (Biological Industries, Israil), 10 %
FBS (Gibco, USA), 100 nM dexamethasone (Sig-
ma, USA), 10 mM β-glycerophosphate (Sigma,
USA), and 0.2 mM ascorbic acid (Sigma, USA).
The induction medium of wells was replenished
every 3 days, and also, osteogenesis was followed
by microscopic investigation during 3-week period.
Meanwhile, the cells in control wells were cultured
for 21 days in low glucose DMEM with 10 % FBS.
In order to visualize calcium deposits, cultures were
stained with Alizarin Red solution (pH 4.2) after
being fixed in 10 % formalin for 10–20 min at
room temperature.

MTT proliferation assay

Passage 2 BM-MSCs of five different age group were
seeded in a 96-well plate at a density of 1×104 cells/well
in 200-μl complete medium, and the MTT assay was
applied (Van de Loosdrecht et al. 1994). Cultured cells
were expanded in 5 % CO2 incubator at 37 °°C. One set
of wells with MTT and culture medium without cells
were used as a blank control. Twenty-microliter MTT
(5 mg/ml in PBS) (Thiazolyl Blue Tetrazolium Bro-
mide, Sigma-Aldrich, USA) solution was added to each
well at days 1, 3, 5, 7, 9, and 11 of culturing. After
addition of MTT, 96-well plate was covered with thin
foil and incubated for 4 h at 37 °C in 5%CO2 incubator.
Formazan crystals were observed as dark crystals at the
bottom of plate under the inverted light microscope. At
the end of the incubation period, 100 μl SDS (Sigma-
Aldrich, USA) was added to each well and incubated at
room temperature for 24 h by covering the plate with
thin foil. SDS is defined as MTT solvent that dissolves
formazan crystals by producing a purple solution. At the
end of the incubation time, the absorbance of each well
was measured at 620 nm using ELISA reader (Tecan
Systems Inc., San Jose, CA, USA).

ATR-FTIR spectroscopy experiments

Sample preparation

In ATR-FTIR spectroscopy measurements, 2×106 BM-
MSCs at passage 3 were used. MSC cells harvested by
5-min centrifugation at 1,500 rpm (Eppendorf Interna-
tional 5810) after 10-min trypsin (0.25% trypsin+1mM
EDTA) treatment at 37 °C in a 5 % CO2 environment.
Then, cell pellet was washed twice with 1-ml 0.9 % PBS
solution to remove all growing media. The cell pellet
was re-suspended in 10-μl 0.9 % PBS buffer, and then
cell suspension was deposited on Diamond/ZnSe (Di/
ZnSe) crystal plate of the Universal ATR unit of the
FTIR spectrometer by rapidly evaporating using mild
N2 flux for 30 min to obtain a homogenous film of the
entire cells on ATR crystal.

Data acquisition and spectroscopic measurements

Infrared spectra were obtained by scanning the prepared
homogenous BM-MSCs film on Di/ZnSe crystal plate
of the Universal ATR of Spectrum 100 FTIR spectrom-
eter in the one-bounce ATR mode (Perkin-Elmer Inc.,
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Norwalk, CT, USA). The spectra of BM-MSCs were
recorded in the 4,000–650 cm−1 region at room temper-
ature. Each interferogram was collected with 100 scans
at 4 cm−1 resolution. The spectrum of atmospheric water
vapor and carbon dioxide interference were recorded as
background and then subtracted automatically using the
Spectrum One software program. In order to prevent
inorganic phosphate contribution in PBS to the spec-
trum, 10μl PBS buffer was first dried with nitrogen (N2)
flux at identical conditions with the sample and the
buffer spectrum was subtracted from the cell spectra.
Recording and analysis of the spectral data were per-
formed using the Spectrum One software from Perkin
Elmer. Before the spectral analysis is performed, accord-
ing to the requirements of analysis technique, some
preprocessing steps are applied to the spectral data sets
to make the spectra comparable. By these preprocessing
approaches, the number of variables can either be re-
duced to prevent overfitting. Baseline correction, which
is mainly used to get rid of a sloping and curving
baseline, is a wavelength-dependent intercept and
unique for each sample spectrum. The detailed data
analysis and accurate determination of the variations in
band area, values original baseline corrected spectrum
was considered, while the band positions (frequency
values) were measured according to the center of weight
of the peaks from raw spectral data. All these mentioned
quantitative analysis were performed on non-
normalized but preprocessed average spectra. However,
by the purpose of visual presentation of the differences,
the average spectra of sampling groups were normalized
with respect to the specific bands.

Cluster analysis

Cluster analysis was applied to find out spectral varia-
tions among sampling groups that were investigated in
the study. OPUS 5.5 software (Bruker Optic, GmbH)
was used to obtain the first derivative and vector-
normalized spectra of each BM-MSC belonging to dif-
ferent age groups. Then, the cluster analysis was applied
to these spectra in order to distinguish samples accord-
ing to their spectral similarities and differences. The
result of the analysis is represented in the form a den-
drogram. The change in variances between the spectra
of samples is represented by heterogeneity values.
Higher heterogeneity between the clusters demonstrates
higher differences among analyzed groups. Pearson’s

correlation coefficients were used to measure the dis-
tances between the pairs of spectra. Ward’s algorithm
was used to construct dendrograms for hierarchical
clustering. The details of the calculation and algorithm
can be found in Severcan et al. (2010).

Statistical analysis

The results of spectral measurements and MTT prolif-
eration assay were expressed as “mean±standard error”
values. At first, the experimental data were evaluated by
normality test to decide whether the parametric or non-
parametric statistical test to be used. Since the data
showed normal distribution, all the results were evalu-
ated by using one-way ANOVA and Tukey’s multiple
comparison test by considering their statistical signifi-
cances in terms of *p< 0.05, **p< 0.01, and
***p<0.001.

FTIR microspectroscopy experiments

Slide preparation

Passage 3 BM-MSCs were trypsinized, and after the
trypsin was blocked with 10% FBS, cells were collected
with centrifugation at 1,500 rpm (Eppendorf Interna-
tional 5810) for 5 min, washed with PBS once, and then
the two final washings were performed with normal
saline solution to remove salt crystals. The cell pellet
was dissolved in 1 ml of culture medium, and BM-
MSCs were counted with Thoma lam by using trypan
blue. MSCs (25.000) were placed on silver (Ag/SnO2)-
coated low-e microscope slides, and theywere grown on
at 37 °C in a 5 % CO2 environment by overnight
cultivation. At the end of cultivation time, BM-MSCs
on low-e microscope slide were fixed by 10 % formalin
for 10 min. In order to remove excess formalin, slides
were washed with serum physiologic solution, and then,
they were kept in dry environment to evaporate excess
solution at room temperature for at least 1 h.

Collection of spectral images and preprocessing
of spectral data

Perkin Elmer FTIR microscope coupled with Perkin
Elmer Spotlight 400 software was used to map BM-
MSC samples on microscope slides. The microscope is
equipped with a liquid nitrogen cooled MCT detector
and a CCD camera to provide an optical image of the
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area under interrogation. An aperture size of 6.25 μm×
6.25 μm was used to obtain spectra from confluent
monolayers. IR image maps were collected in the re-
flection mode through the spectral range 4,000–
700 cm−1 with a 4 cm−1 resolution and 32 scan numbers.
Background spectra were collected from a separate
piece of blank MirrIR low-e slide. ISys software (Spec-
tral Dimensions, Olney, MD, USA) was used to analyze
the conventional FTIR microspectroscopic data. Whole
baseline correction was performed between 3,800 and
800 cm−1 region. Then spectral masking was applied for
analysis by using ISys software to get rid of the contri-
butions from the surface around the cellular regions by
marking the cells. The chemical maps were constructed
for each group by taking area of specifically selected
spectral bands arisen from lipids, proteins, and nucleic
acids.
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