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Background: Mesenchymal stem cells (MSCs) are multipotent precursor cells with the ability to self-
renew and differentiate into multiple cell linage, including the Schwann-like fate that promotes
regeneration after lesion. Raman spectroscopy provides a precise characterization of the osteogenic,
adipogenic, hepatogenic and myogenic differentiation of MSCs. However, the differentiation of bone
marrow mesenchymal stem cells (BMSCs) towards a glial phenotype (Schwann-like cells) has not been
characterized before using Raman spectroscopy.
Method: We evaluated three conditions: 1) cell culture from rat bone marrow undifferentiated
(uBMSCs), and two conditions of differentiation; 2) cells exposed to olfactory ensheathing cells-
conditioned medium (dBMSCs) and 3) cells obtained from olfactory bulb (OECs). uBMSCs phenotyping
was confirmed by morphology, immunocytochemistry and flow cytometry using antibodies of cell sur-
face: CD90 and CD73. Glial phenotype of dBMSCs and OECs were verified by morphology and immu-
nocytochemistry using markers of Schwann-like cells and OECs such as GFAP, p75 NTR and O4. Then, the
Principal Component Analysis (PCA) of Raman spectroscopy was performed to discriminate components
from the high wavenumber region between undifferentiated and glial-differentiated cells. Raman bands
at the fingerprint region also were used to analyze the differentiation between conditions.
Results: Differences between Raman spectra from uBMSC and glial phenotype groups were noted at
multiple Raman shift values. A significant decrease in the concentration of all major cellular components,
including nucleic acids, proteins, and lipids were found in the glial phenotype groups. PCA analysis
confirmed that the highest spectral variations between groups came from the high wavenumber region
observed in undifferentiated cells and contributed with the discrimination between glial phenotype
groups.
Conclusion: These findings support the use of Raman spectroscopy for the characterization of uBMSCs
and its differentiation in the glial phenotype.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Neurological disorders are the principal cause of disability and
the second leading cause of death worldwide as consequence of
x (G. Gudi~no-Cabrera).
se Society for Regenerative

ative Medicine. Production and ho
the limited recovery capacity of the central nervous system (CNS)
[1]. Functional and cognitive alterations become aggravated by the
few therapeutic available options. Therefore, more effective
treatments based on cellular therapy are needed to replace, or
repair damaged tissue, and increase the functional restoration of
the CNS [2,3]. Several studies in models of CNS injury and disease
propose cell-based therapies using oligodendrocyte precursor cells
(OPCs), Schwann cells (SCs), and olfactory ensheathing cells
(OECs); however, those cells are difficult to harvest and to expand
in vitro [2,4].
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Mesenchymal stem cells (MSCs) are considered a valuable
alternative source for cell replacement therapies since they can be
easily obtained from adult tissues and possess excellent self-
renewing, proliferation, and multi-directional differentiation ca-
pabilities [5]. BMSCs had the potential to differentiate into
Schwann-like cells with an induction efficiency calculated in
approximately 97%, these cells develop a Schwann-like cell
morphology and expressed several markers such as low-affinity
nerve growth factor receptor (p75), glial fibrillary acidic protein
(GFAP), S-100 and O4 [6]. Its differentiation in a glial phenotype
helps to generate glial primary cell cultures and reduces compli-
cations of tumorigenesis during cell transplantation in damaged
tissue [4]. Cell fate specification allows induce stem cells into glial
differentiation exposing them to several factors including b-mer-
captoethanol (b-ME) and all-trans retinoic acid (RA) followed
cytokine cocktail including forskolin, bFGF, PDGF and neuregulin-1
[7]. Physiological microenvironment composition have also been
studied including cell cocultures of MSCs with glial cells [8] and
exposure of MSCs to OECs-conditioned medium (OECs-CM) [9,10].

The characterization of glial-differentiated MSCs is necessary to
ensure the selection of the appropriate cell population prior to
transplant. To detect specific proteins the commonly used ap-
proaches are immunocytochemistry or western blotting, which
evidence co-expression of glial proteins (e.g. GFAPþ, p75þ, S100þ)
and a decreased expression of MSCs markers (e.g. CD90þ, CD73þ)
[11,12]. However, both techniques are expensive and require a
substantial number of cells for analysis and/or sample immuno-
staining, even more important their results are influenced by
multiple parameters of the pre-analytical, analytical and post-
analytical phases [13,14]. An alternative technique to asses cell
differentiation is Raman spectroscopy which is an optical technique
based on inelastic scattering of laser photons by molecular vibra-
tion of cellular molecules, which has raised interest in the field of
biomedicine as it provides information of the cell chemical
fingerprint withminimal sample manipulation (i.e. fixation, lysis or
use of labels and other contrast enhancing chemicals) [15,16].

The cell differentiation process involves a series of changes that
will result in a somatic functional unit; therefore, it is expected that
a differential expression of specific biomolecules at various stages
of differentiation will provide the key to discriminate between
undifferentiated and differentiated cells [15]. Previously, Raman
spectroscopy has been used to prove the osteogenic, adipogenic,
hepatogenic and myogenic differentiation of MSCs [17e21]. How-
ever, information regarding the stem cell differentiation into a glial
fate assessed by this technique remains scarce [22]. Thus, the aim of
this study was to fully characterize the activity of cell culture rat
bone marrow undifferentiated MSCs (uBMSCs), glial-differentiated
MSCs (dBMSCs, exposed to OECs-CM) and OECs obtained from rat
olfactory bulb by Principal Component Analysis (PCA) of Raman
spectroscopy.

2. Materials and methods

2.1. Experimental animals and ethics statement

This work was performed using tissues obtained from Wistar
rats (Rattus norvegicus, RRID: RGD_68115). Rodents were housed
under optimal environmental conditions maintained in individual
cages in a temperature-controlled room on a 12-h light/dark cycle
with ad libitum access to food and water. All experiments were
performed in accordance with the guidelines of the University of
Guadalajara and Official Mexican regulations governing laboratory
animal use (NOM-062-ZOO-1999 and NOM-033-ZOO-1995). The
experimental procedures were designed to minimize the total
number of animals used (n ¼ 3) and the suffering of the animals.
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The animals were euthanized by CO2 asphyxiation and immediately
decapitated to extract the tissues for cultures.

2.2. Isolation and expansion of mesenchymal stem cells from bone
marrow (BMSCs)

The BMSCs isolation culture was performed as previously
described [22], briefly, the femur and tibia were dissected, the ends
were cut at the level of the metaphysis and the bone marrow was
obtained. After, this tissue passed under pressure the Hanks' solu-
tionwith Ca2þ andMg2þ andwas centrifuged at 250 g for 7min, the
supernatant was removed and the cells were grown in medium
supplemented with 10% FBS and kept under standard culture
conditions in an atmosphere of 5% CO2 and 36.5 �C. Cell viability
was measured using the MTT assay (Invitrogen, Cat. M6494). At the
second passage, the uBMSCs, dBMSCs and OECs were seeded in 96-
well plates, after 3 days was added 20 ml of MTT (5 mg/ml) for 4 h of
incubation. Finally, DMSO was added to dissolve the formazan
crystals. Absorbance was measured at 590 nm (Supplementary
Figure 1).

2.2.1. Immunophenotypic analyses of expressed antigens on cell
surface

BMSCs characteristics were verified by morphology, adipogenic,
chondrogenic and osteogenic differentiation potential using several
mediums: Stem MACS AdipoDiff Media (Miltenyi Biotec, Cat. 130-
091-677), StemMACS ChondroDiff Media (Miltenyi Biotec, Cat. 130-
091-679) and StemMACS OsteoDiff Media (Miltenyi Biotec, Cat.
130-091-678) (Supplementary Figure 2). Further validation was
done by immunocytochemistry and flow cytometry using anti-
bodies of cell surface such as CD90 (Millipore, Cat. MAB1406, RRID:
AB_11213488), CD73 (BD Pharmigen, Cat. 551123, RRID:
AB_394057) and CD45 (BD Pharmigen, Cat. 554878, RRID:
AB_395571). Data acquisition was performed in an Attune-NXT
Acoustic Focusing Cytometer (Thermo Fisher Scientific) and
analyzed with Kaluza Analysis 1.3 software. Three independent
experiments were performed with three replicates in each case. For
acquisition of each sample (10, 000, 000 events) we derived an
initial dot-plot (FSC-A versus FSC-H) for singlets, then we per-
formed a dot-plot analysis to define the region of uBMSCs with the
combination of FSC-A versus SSC-A. Unstained cells in each channel
were used to adjust the background fluorescence. Data were
analyzed with Mini Tab 17 software. Average percentage of markers
expression in the two groups were estimated. The complete in-
formation of antibodies is shown in the Supplementary table 1.

2.2.2. Immunocytochemistry
Cells were fixedwith 4% paraformaldehyde (SigmaeAldrich, Cat.

P6148) for 8 min and washed prior to primary antibody incubation.
As described above, to identify positive antigens on cell surface in
cell with fibroblast-like morphology (undifferentiated cells), we
used primary antibodies of cell surface (CD90 and CD73). In
contrast, to analyze differentiated cells into a glial phenotype, we
used primary antibodies such as mouse monoclonal IgG anti-
p75NTR (Millipore, Cat. MAB365, RRID: AB_2152788), rabbit poly-
clonal IgG anti-GFAP (DAKO, Cat. Z0334, RRID: AB_10013382) and
mouse monoclonal IgM anti-O4 (Millipore, Cat. MAB345, RRID:
AB_11213138). All the antibodies were diluted 1:1000 in
phosphate-buffered saline (PBS), pH 7.4, with 0.01% bovine serum
albumin (SigmaeAldrich, Cat. A9418). The incubation period with
the anti-p75NTR and O4 antibodies were at least 16 h at 4 �C,
whereas the incubation period with GFAP antibody was 1 h at room
temperature. Next, the cells were incubated with a corresponding
secondary antibody Alexa-Fluor 488-conjugated anti-mouse IgG
antibody (Invitrogen, Cat. A21121, RRID: AB_141514), or Alexa-Fluor
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594-conjugated anti-rabbit IgG antibody (Invitrogen, Cat. A-11012,
RRID: AB_141359); those secondary antibodies were diluted 1:1000
in PBS and incubated for 45 min at room temperature. Then, cells
were covered with a mounting solution (50% glycerol in PBS).
Finally, we photographed cells under 40� objective using an
Olympus BX53 fluorescence microscope with a Camera Micro-
Plublisher 6 and Image Pro imaging software.

2.3. OECs culture and OECs-CM

Primary OECs cultures and OECs-CM obtainment were per-
formed as previously described [23,24]. To acquire OECs-CM, pu-
rified OECs were maintained in medium supplemented with B-27
(Invitrogen, Cat. 17504-044).

2.3.1. Evaluation of the cell differentiation process
To confirm the glial differentiation status of BMSCs by Raman

spectroscopy, after 72 h the glial expression was analyzed in three
conditions: 1) uBMSCs maintained in medium supplemented with
10% FBS, 2) dBMSCs maintained in OECs-CM, and 3) OECs main-
tained in B-27. For Raman imaging, three different cell cultures
were plated on sterilized calcium fluoride windows (CaF2;
25 � 25 � 1 mm; Crystran Ltd.) and fixed with methanol (�20 �C,
molecular grade), samples were kept at a �20 �C temperature until
analysis. Data were recorded with an alpha300 RA Raman micro-
scope (WITec) at a 532 nm excitation wavelength (CW continuous
wave), a laser intensity of 10 mW/mm2 and a 50� lens. Raman
measurements were carried out with an accumulation time of 20 s.
For each treatment five cells were selected and five spectra per cell
were recorded. Then, spectra were pre-processed with Witec
Control Software to perform background subtraction, baseline
flattening and cosmic rays’ removal. Raman spectroscopy datawere
Fig. 1. Immunophenotypic characterization of rat bone marrow mesenchymal stem cells
positive for CD90 and CD73; and a scarce stain of CD45 and Alexa fluor 488 (AF488) wer
analysis of cell population was selected by prior elimination of duplicated events. Expressi
uBMSCs show a high expression of CD73 and CD90 and a very low expression of CD45. BM
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averaged to obtain a single spectrum by using Excel (Microsoft
Office) and then plotted with Origin Pro 8 software. Spectra were
aligned to the phenylalanine peak at 1003 cm�1 before analysis.

2.4. Statistical analyses

Statistical assessment was performed using SPSS Statistics 20
(IBM Corp., Armonk, NY, USA) and GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA, USA) statistical software. Data obtained
from the three independent experiments were analyzed using one-
way analysis of variance (ANOVA) with Bonferroni correction or
Student's T-Test. Statistical significance was set at a value of
p < 0.05.

3. Results

3.1. uBMSCs produces a fibroblast-like morphology and a high
expression of CD73 and CD90

BMSCs were evaluated following the international criteria to
define a MSCs that included the expression of cell surface markers
and fibroblast-like in appearance [25]. The phenotypic character-
ization of the MSCs was done by immunocytochemistry and flow
cytometry techniques. uBMSCs were adhered to plastic surface
during the first 24 h of cell culture. Then, confluence was achieved
after 7e10 days and cells were identified by the fibroblast-like
morphology and positive expression of CD90 and CD73 by immu-
nocytochemistry (Fig. 1A). In contrast, uBMSCs showed low stain of
CD45 (Blank: Alexa 488) (Fig. 1A). Flow cytometry analysis
confirmed that uBMSCs showed a high expression of CD90
(89.27% ± 3.64) and CD73 (56.10% ± 22.8) as compared to the
minimum expression of the stem cell hematopoietic marker CD45
(BMSCs). (A) uBMSCs showed a fibroblast-like morphology (white arrows) and were
e observed by immunocytochemistry, Bar: 50 mm. (B) Representative flow cytometry
on of CD73, CD45 and CD90 is shown in stained cells (C) and unstained cells (D). (E)
SCs: bone marrow mesenchymal stem cells. FSC: forward scatter, SSC: side scatter.



Fig. 2. BMSCs in vitro differentiation. MSCs culture evolution in three conditions is shown: 1) 10% FBS medium showed fibroblast shaped cells proliferated (black arrow),
morphology was maintained during cell culture time, 2) B-27 medium showed similar fibroblast shaped morphology (black arrows), and 3) In OECs-CM medium a decrease in cell
body size and development of elongated and thin cell projections were observed (blue arrows). Phase contrast microscopy, 10� magnification, Bar: 100 mm. OECs-CM: Olfactory
Ensheathing Cell Conditioned Medium.
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(3.65% ± 3.12, Fig. 1BeE). All values in the unstained cells were
between 0.06 and 0.30%. These data indicate that uBMSCs group
achieve the international criteria of MSCs.

3.2. uBMSCs produce a high amount of lipids, proteins and nucleic
acids as compared to the glial phenotype groups

Differentiation of uBMSCs was performed by exposing cells to
OECs-CM [26,27]. After 24 h of treatment, we found that BMSCs
Fig. 3. Differentiated cell were identified by immunocytochemistry of p75NTRþ and GFA
positive expression to CD90þ and GFAPþ. (B) dBMSCs showed elongated spindle-shape and
GFAPþ. (C) OECs also showed elongated spindle-shape and small cell body morphology (w
dBMSCs had a Schwann-like phenotype after the exposure to OECs-CM. Bar 50 mm.
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changed from a fibroblast-like morphology (Fig. 2, black arrows) to
elongated spindle-shape and small cell body morphology (Fig. 2,
blue arrows). These morphological changes were maintained after
48 h and 72 h (Fig. 2). Then, to verify the glial phenotype after the
differentiation of BMSCs, we performed immunocytochemistry
using markers of Schwann-like cells and OECs such as GFAPþ and
p75NTRþ. In Fig. 3, we characterized the uBMSCs with a fibroblast-
like morphology (yellow arrow) and positive expression to CD90þ
and GFAPþ (Fig. 3A). In contrast, dBMSCs showed small cell body,
Pþ antibodies. (A) uBMSCs showed a fibroblast-like morphology (yellow arrow) and
small cell body morphology (white arrow) with positive expression to p75NTRþ and
hite arrow) and positive expression to p75NTRþ and GFAPþ. These data suggest that
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elongated spindle-shapewith a bipolar andmultipolar morphology
(white arrow) and positive expression to p75NTRþ and GFAPþ
(Fig. 3B). Similarly, OECs showed elongated spindle-shape with
bipolar structures, and small cell body (white arrow) and positive
expression to p75NTRþ and GFAPþ (Fig. 3C). In the Supplementary
material Fig. 3, we showed the positive expression to O4 and
negative expression to CD90 antibodies in the glial phenotype
groups, suggesting that the differentiated cells had a Schwann-like
phenotype. Finally, to confirm the differentiation of uBMSCs into
the glial phenotype we performed Raman spectroscopy and ob-
tained spectra averages from three conditions. We observed in
Fig. 4 that both groups of dBMSCs (blue line) and OECs (green line)
showed similar number of peak locations as compared with
uBMSCs (red line). The differences between Raman spectra from
uBMSCs and dBMSCs were noted at multiple Raman shift values,
with higher peak intensities in the group of uBMSCs (Fig. 4). These
findings suggest that Raman spectroscopy is capable to discrimi-
nate between uBMSCs and its differentiation into a glial phenotype.

Then, we did a compressive characterization of fingerprint re-
gions by group. uBMSCs group showed peaks related to lipid (514,
608 and 702 cm�1) and nucleic acids (792 cm�1, 1521 cm�1). Higher
peaks in this regionwere also observed at 1443 cm�1 and related to
triglycerides and CH2 deformation of lipids and proteins; at
1209 cm�1 and 1228 cm�1 were associated with nucleic acids (T, A;
ring breathing modes of the DNA/RNA bases) and proteins (amide
III, tryptophan & phenylalanine n (C-C6H5)); at 1248, 1301,
1325 cm�1 and 1578 cm�1 were related to nucleic acids. In addition,
uBMSCs showed more prominent peaks at 1003 cm�1 (phenylala-
nine), 1284 cm�1 (CH deformation of proteins) and 1647 cm�1

(amide I) (Fig. 4).
In the high wavenumber region, uBMSCs group showed two

peaks at 2834 and 2940 cm�1 were prominent andmergedwith the
single curve of dBMSCs with a shoulder at 2865 cm�1 and
2923 cm�1. Raman bands at 2834 and 2865 cm�1 were associated
with lipids, but bands at 2923 and 2940 cm�1 indicated protein
relative amounts. Differentiated BMSCs and OECs groups showed
similar peak location, but more intensities and peaks located at
1578 and 1711 cm�1 were observed in the dBMSCs group as
compared with OECs (Fig. 4). Assignment of Raman Bands are
complete described in the Supplementary Table 2.
Fig. 4. BMSCs glial differentiation by Raman spectroscopy. Spectra from each group represen
region (600e1800 cm�1) and high wavenumber region (2500e3200 cm�1). Values from 20
after cell differentiation exhibited great modifications in the fingerprint region and the hig
OECs-CM) showed a similar Raman spectra with differences in peak intensities and a promi
values are represented in arbitrary units (a.u.). OECs: Olfactory Ensheathing Cells. BMSCs: B
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Principal Component Analysis (PCA) was performed to under-
stand the spectral variation between groups which are shown as
clusters in Fig. 5. The first two components (PCs) contained 95% of
variance in the combined data. PC1 allowed to separate uBMSCs
from the rest of the groups, PC1 accounted for 85% of the variance
mostly due to the region between 2500 and 3200 cm�1, but spectral
variations also was associated with peaks in fingerprint region of
Amide I, Amide III, phenylalanine, adenine, phosphatidylinositol
and cholesterol. In contrast, PC2 that represented 10% of the vari-
ance showed an overlap between OECs and dBMSCs groups at the
high wavenumber region on peaks related to lipids and protein
content, but also were peaks in the fingerprint region associated
with phosphatidylinositol and cholesterol content (Fig. 5). These
data suggest that uBMSCs are characterized by two prominent
peaks in the high wavenumber region that indicate a high amount
of lipids and proteins as compared with glial phenotype groups.

4. Discussion

Herein, we evaluated three conditions of cell culture from rat
bone marrow undifferentiated BMSCs, glial-differentiated MSCs
(dBMSCs, exposed to olfactory ensheathing cells-conditioned me-
dium OECs-CM), and OECs obtained from olfactory bulb (as a
control). First, uBMSCs phenotyping was verified by morphology,
immunocytochemistry and flow cytometry using cell surface anti-
bodies CD90 and CD73. Then, we evaluated the effectiveness of
Raman spectroscopy to discriminate between undifferentiated and
glial-differentiated cells. Our data indicate that uBMSCs showed
fibroblast-like morphology and a high expression of CD73 and
CD90. Glial phenotype groups showed elongated spindle-shape
with bipolar and multipolar structures and small cell body
morphology and the expression of GFAP, p75NTR and O4 proteins.
Differences between Raman spectra from uBMSC and glial pheno-
type groups were noted at multiple Raman shift values. A signifi-
cant decrease in the concentration of all major cellular components,
including nucleic acids, proteins, and lipids were found in the glial
phenotype groups. PCA analysis confirmed that the highest spectral
variations between groups came from the high wavenumber region
observed in undifferentiated cells and contributed with the
discrimination between glial phenotype groups.
ts the mean of 5 measures from five different cells. Raman shift includes the fingerprint
00 to 2800 cm�1 were cut for illustrative means. Raman spectra of BMSCs before and
h wavenumber region. In contrast, differentiated groups (OECs and BMSCs exposed to
nent Raman peak at 1610 cm�1, which is maintained after cell differentiation. Intensity
one Marrow Mesenchymal Stem Cells.



Fig. 5. Principal Component Analysis of glial differentiation of BMSCs. PCA showed different distribution and scores between undifferentiated BMSCs, OECs and uBMSCs after 72 h
of treatment. BMSCs: Bone Marrow Mesenchymal Stem Cells. OECs: Olfactory Ensheathing Cells.

S. Bautista-Gonz�alez, N.J. Carrillo Gonz�alez, T. Campos-Ordo~nez et al. Regenerative Therapy 24 (2023) 528e535
Stem cells are endowed with self-renewal capability and has
been proposed as a replacement therapy in recovery from spinal
cord injury and neurodegenerative diseases. Schwann cells play
pivotal roles in regenerating damaged nerve, and their use in
clinical cell-based therapy is hampered due to its limited avail-
ability and the effectiveness of a protocol for MSCs trans-
differentiation into a Schwann cells lineage has been questioned
before [28]. According to the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy, MSCs
can be defined by 3 main criteria: 1) adherence to plastic culture
ware; 2) expression of surface proteins such as CD90, CD73, and
CD105 and lack of expression of CD45, CD34, CD14 or CD11b, CD79a
or CD19, and HLA class II; 3) the ability to differentiate into oste-
oblasts, adipocytes, and chondroblasts when they are cultured in a
specific differentiating media. In this study, we found that uBMSCs
showed plastic adherence after 24 h in vitro and had the ability to
differentiate into osteoblasts, and adipocytes. Also, these cells were
positive for CD90 and CD73 andwere negative to the hematopoietic
marker CD45. Therefore, our results suggest that uBMSCs followed
the international criteria to define a murine MSCs.

Different approaches have been used to direct MSCs differenti-
ation toward diverse cell fates, including those outside the
mesenchymal lineage. One technique to induce the differentiation
of MSCs is their exposure to OECs-CM, which contain several
extrinsic signaling molecules such as growth factors, neurotrophic
factors, and cell adhesion molecules among other substances
[10,29e32]. OECs-CM seem to be sufficient to benefit the expres-
sion of genes involved in the cell phenotype, neurite outgrowth
promotion and myelination when applied to stem cells [26,33]. We
found that bone marrow MSCs treated with OECs-CM were differ-
entiated into Schwann-like cells with morphological changes to-
wards an elongating spindle shape and antigenic phenotype
characteristic of glial cells [34]. Indeed, these cells expressed GFAP,
p75NTR and O4 proteins after 72 h of treatment that also are
characteristics of Schwann-like cells [35]. Thus, our results suggest
that differentiated cells, dBMSCs and OECs showed typical char-
acteristics of glial cells.
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Raman spectroscopy provides quantitative and qualitative in-
formation regarding the biochemical features of a sample. Raman
shift in biological samples ranges from 600 cm�1 to 1 to 3200 cm�1

and is divided into three spectral regions: 1) fingerprint region is
specific to identify larger atoms such as carbon, nitrogen, and ox-
ygen or complexes of several hydrogen atoms (600e1800 cm�1); 2)
silent region detect alkynes (1800e2500 cm�1); and 3) high
wavenumber region detect hydrogen atoms vibrating with high
energies in comparison with other bonds such as CH, NH and OH
stretching of lipids and proteins (2500e3400 cm�1) [16,36e39]. In
our study, uBMSCs showed typical peaks at the fingerprint region
related to themajor components in cells, these results are similar to
previous studies of MSC from bone marrow, umbilical cord, and
mammalian cell lines [36,37]. In contrast, there is little information
on Raman spectra regarding single neural cells. Morisaki et al.
studied rat sciatic nerve Schwann cells and found prominent peaks
at 2851 cm�1, 2885 cm�1, 2909 cm�1 and 2919 cm�1, which are
associated with CH2 vibrations modes and lipid content, they
concluded that the observed peaks reflect the composition of
myelin [40]. In addition, also neurites of Dorsal Root Ganglions
showed prominent peak at 2940 cm�1, which is related to CH3
symmetric stretching and reflects protein content [40]. To the best
of our knowledge, the differentiation of BMSCs towards a glial
phenotype by Raman has not been described before. Thus, our re-
sults suggest that differentiated cells, dBMSCs and OECs groups
showed weaker peaks at the fingerprint region in comparison to
the single curve at 2923 cm�1 in the high wavenumber region
similar to other neural cells.

In addition, when a cell has a differentiation process will result
in a Raman shift as compared to its undifferentiated state. For
example, the differentiation of MSCs to an osteogenic lineage result
in the development of a peak at 960 cm�1 which is associated to the
symmetric stretch vibration of hydroxyapatite and the presence of
phosphates associated with mineralization in osteo cells [17e19];
on the other hand, a stronger peak at 2900 cm�1 or at 2935 cm�1

are representative of the abundance of fatty acidic peak and
abundance of lipid droplets, as the main characteristics of the
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differentiation of MSCs into adipocytes, both of which are distin-
guishable with the Raman peaks of MSCs [20,41]. The differentia-
tion of MSCs to chondrocytes result in 867, 1065 and 1437 cm�1

bands associated with vibrations of hydroxyproline (collagen) and
CH2 deformation from lipids content [42e44]. Hepatic differenti-
ation from the MSCs showed a prominent peak at 1750 cm�1

assigned to triacylglicerols [45], or another peak at
2800e3000 cm�1, which is associated with glycosidic bonds as
compared with the Raman peaks of undifferentiated MSCs [21]. In
our study, dBMSCs and OECs groups showed a low shoulder at
2865 cm�1 but a single curve at 2923 cm�1 in the highwavenumber
region related to lipids and protein content, in contrast, uBMSCs
group develops two prominent peaks at 2834 and 2940 cm�1

associated with CH2 symmetric stretch of lipids and CH3 sym-
metric of proteins. These sites of curves appear similar between
groups, but the changes were noted at multiple Raman shift values
and intensity shifts. These results suggest a significant decrease in
the concentration of all major cellular components, including
nucleic acids, proteins, and lipids during the differentiation process
in the dBMSCs and OECs groups. Furthermore, a higher number of
peaks and Raman shifts with stronger curves related to lipids, cell
membrane composition and energy storage functions were found
along the Raman spectra in the uBMSC group. Lipids play an
important role in cells such as structural and protective elements,
source of energy and mediators of the activation of several
signaling pathways. Previous, a low lipid content has been reported
during differentiation in stem cells. Heraud et al. showed that un-
differentiated hESC displayed higher lipid and glycogen levels
when compared to their differentiated state into cells committed to
mesendoderm or ectoderm [46]. Moreover, Pijanka et al. demon-
strated that Raman bands associated to lipids show a minor
elevation in human MSC when compared to human Embryonic
Stem Cells [47]. These results in the Raman shifts could be related to
a less capacity in cells to differentiate as they become more
specialized. In addition, higher signals of Raman bandswere related
to the content of nucleic acids and proteins in primary and
immortalized cells. Ghita et al. found that the main spectral dif-
ferences between groups were higher in the Neural Stem Cells
(NSC) than in glial phenotype [15]. In our study, uBMSCs possess a
high proliferation capacity, thus, the higher peaks could be due to
their proliferative condition in comparisonwith glial-differentiated
groups. PCA showed that the highest spectral variations between
groups came from the high wavenumber region of uBMSCs and
contributed with the discrimination analysis between cell groups.
Moreover, this analysis is helpful to detect similar biochemical
features among glial phenotypes groups. Nevertheless, future
studies are needed to strengthen a complete characterization of the
differentiation of bone marrow derived mesenchymal stem cells
into a glial phenotype by OECs-CM, it is required marker-based
analyzing methods such as quantitative PCR, western blotting,
flow cytometry, functional assessment, parallel single-cell RNA-seq
or in situ hybridization. Finally, these findings support the use of
Raman spectroscopy technology for characterization of MSCs and
its differentiation into a glial phenotype. We propose that the
criteria to evaluate the differentiation of MSCs may include a
structural and functional characterization by Raman spectroscopy
technology.
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