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ABSTRACT

Article history Background and Aims: Mesenchymal stem cells (MSCs) are a preferred cell
Received: 31 Sep 2020 source for the generation of hepatocyte-like cells in regenerative medicine. They
Accepted: 17 Feb 2021 can be isolated from different sources, including adipose tissues. The Raman
Available online: 31 May 2021 . . . .
spectroscopy approach was evaluated for quick and efficient identification of
Keywords MSCs differentiation status and a broader perspective on cell differentiation.
Adipose tissue Materials and Methods: The human adipose-derived mesenchymal stem cells
Hepatocyte-like cells (hASCs) were differentiated toward hepatocyte-like cells using a well-

Mesenchymal stem cells

Raman spectroscopy established method. The cells were cultured on fluorescence-free quartz discs,

and the efficiency of differentiation was examined using molecular and
biochemical methods. The Raman spectra were recorded at days 1, 7, 14, and 21
of differentiation, and HepG2 was used as a positive control.

Results: The changes in Raman spectra were detected during the sequential
stages of differentiation, and the pattern of peaks on the last day of
differentiation was remarkably similar to the positive control (HepG2).
Conclusion: Raman spectroscopy showed considerable potential to characterize
hepatic differentiation.
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Introduction

In many tissues, adult stem cells are responsible
for homeostatic tissue maintenance and
regenerative responses, owing to their self-
renewal capacity and differentiation to more
mature cells. Adult stem cells can be classified
based on the origin and potential of
differentiation. Mesenchymal stem cells (MSCs)
are adult stem cells isolated from different
sources, including bone marrow, umbilical cord,
amniotic fluid, peripheral blood, and adipose
tissue. These cells have a multipotent capacity
for differentiation into different mesodermal
lineages, such as osteoblasts, chondrocytes, and
adipocytes [1]. The promising features of
MSCs, including abundance, being easily
accessed, remarkable genomic stability, low
immunogenicity, and lack of ethical issues,
make them the most commonly used cell sources
for clinical applications such as cell therapy and
regenerative medicine [2].

Directing and controlling the lineage/tissue-
specific differentiation in vitro is one of the main
challenges that should be overcome when
differentiated stem cells are needed for cell or
tissue therapy. Numerous studies have been
conducted, which used different strategies, such
as using different induction conditions and
platforms or scaffolds for different purposes,
from cell therapy to tissue engineering [3, 4]. A
substantial number of clinical trials are currently
underway to investigate the application of MSCs
in the treatment of various health disorders [5, 6].
Since it is impossible to simulate the identical
dynamic in vivo microenvironment, differentiated

cells with 100% similarity to the target cell have

not been constructed so far. However, cells with
different degrees of resemblance have been
obtained that have high clinical and research
values [7].

A key point in all of the cited studies is to
evaluate the degree of similarity between the
differentiated cells and target cells, which will be
replaced with, and a comparison of the
differentiation process in different methods at
molecular levels. The obtained cells are
generally characterized by various molecular,
immunological, and biochemical methods,
including morphological analysis and
guantitative or qualitative measurement of
tissue-specific genes expression, metabolite, and
other biomarkers inside the cells or in the
microenvironment. Due to the time and cost
constraints, a limited number of cell criteria are
commonly characterized to evaluate each study's
differentiation [8]. A variety of methods have
been developed for tracing the stem cells during
proliferation and differentiation. These
analyzing methods help us optimize their
isolation and regulation techniques for
therapeutic applications [9, 10]. Developing a
cost/time-effective and reproducible method for
cell status characterization will better understand
the stem cell differentiation process, and Raman
spectroscopy can be considered a potential
candidate. Raman spectroscopy is an analytical
technique, without using any dye or label, which
has been employed in different aspects of
biological research in recent decades. In cell
biology, this spectroscopy resulted in the

spectral band markers obtained through the
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inelastic scattering of laser light and are
ascertained as a differentiator of different cells
and tissues [11]. According to previous studies,
the Raman technique's data have fingerprinting
characteristics and covers the overall cellular
constitution, including nucleic acids, proteins,
lipids, carbohydrates, and minerals [12]. Here,
the Raman spectroscopic cell imaging approach
was proposed to identify sequential stem cell

differentiation rapidly.
Materials and Methods

Human adipose-derived mesenchymal stem
cells (hASCs) isolation and characterization

To isolate hASCs, after signing informed consent
and approval by the Ethics Committee of Tarbiat
Modares University (IR.TMU.REC.1396.672),
lipoaspirate was obtained from the subcutaneous
fat of a healthy 40-years-old woman donor who
has undergone abdominal liposuction during
cosmetic surgery. lIsolation of hASCs was
performed as described earlier [13]. Briefly,
lipoaspirate was treated with 0.075% collagenase
I (Sigma-Aldrich) at 37°C for 30 min. After
centrifugation, the extracted cells were suspended
in Dulbecco's modified Eagle's medium (DMEM)
(Gibco) supplemented with 10% fetal bovine
serum  (Gibco) and 1%  penicillin/
streptomycin (Sigma-Aldrich) and finally
incubated in a humidified atmosphere at 37 °C
containing 5% CO2. Non-adherent cells were
removed after two days and washed away when
the medium was changed. The purified attached
stem cells were obtained after three days. After
reaching 70-80% of confluency, the cells were
harvested (passage 0) and stored in liquid nitrogen

at -180°C for the following application.

Cell surface antigen analysis

For flow cytometric analysis, first passage cells
were detached and labeled with PE-conjugated
mouse anti-human CD34, CD44, CD105, and
FITC-conjugated mouse anti-human CD45 and
CD90 (Abcam, USA). Then, the labeled cells
were evaluated using a BD FACSCalibur
cytometer (Becton Dickinson, USA).

Hepatic differentiation of hASCs
Fluorescence-free quartz discs, suitable for
Raman spectroscopy, were prepared with a 15
mm diameter x 0.5 mm thickness dimension.
Heat-sterilized quartz discs were fitted at the
bottom of 4-well plates. At passage three, 1x10°
hASCc were plated at quartz discs, and hepatic
differentiation was performed according to a two-
step protocol described earlier [14]. Briefly, the
cells were treated with DMEM supplemented
with 10% fetal bovine serum, 20 ng/ml
hepatocyte growth factor, and 107 mol/l
dexamethasone for a week, followed by the
addition of oncostatin M (OSM, 10 ng/ml) to the
medium for the next two weeks. The culture
medium was refreshed twice a week, and the
finally obtained hepatocyte-like cells were
characterized using biochemical and molecular
experiments.

Quantitative real-time polymerase chain
reaction (QPCR) analysis

For qPCR analysis, total RNA was extracted
using Tryzol reagent (Sigma-Aldrich) on days 1,
7, 14, and 21 of differentiation according to the
previously described protocol [15]. The extracted
RNA was reverse transcribed to complementary
DNA (cDNA) using AccuPower® CycleScript
RT PreMix (K-2046, Bioneer) per the

manufacturer's instructions.
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The expression of four hepatocyte-specific genes
(albumin  (ALB), o-fetoprotein (AFP), and
cytokeratin 18 and 19 (CK18 and 19) were
analyzed using gPCR according to the previously
reported procedure [15]. Shortly, a three-step
procedure was used: denaturation at 95 °C for 30
s, annealing at 60 °C for 30 s, and extension at
72°C for 60 s (40 cycles). B-actin was used as an
internal control, and all gPCR reactions were
done in triplicate. Finally, the 222t method was
used to calculate the relative quantification of
gene expression. The list of primers is shown in
Table 1.

Glycogen storage and urea production
Glycogen storage was determined by Periodic
Acid Schiff's (PAS) staining in hepatocyte-like
cells at day 21 of differentiation. To this end, the
cells were fixed in 4% paraformaldehyde,
oxidized in 1% periodic acid for 5 min, treated
with Schiff's reagent (Sigma, 395-2-016) for 15
min, and stained with Mayer's hematoxylin for 1
min. Finally, the stained cells were visualized
with an inverted microscope.

According to the manufacturer's recommendation
and analyzed using a photometer, urea
concentration in cells' culture media was
determined by colorimetric assay (URA-S,

ZiestChemie Diagnostics). The supernatant of

hASCs and HepG2 cell culture was used as the
negative and positive controls, respectively. Urea
concentrations were normalized to the number of
cells in each well.

Backscattering for Raman spectroscopy
Raman spectroscopy was employed immediately
on the cells attached to the quartz surface after
decanting the supernatant liquid. The spectra were
collected at room temperature using a Thermo
Nicolet Almega Dispersive Raman spectrometer
(USA) equipped with a second harmonic 532 nm
laser line in a backscattering configuration. The
slit width was set to 20 micrometers and a Raman
spectrum resolution of about 4 cm™. The detection
system was a low-temperature CCD detector
operating at -65°C. The experiment was repeated
three times, and the mean values were used for the
analysis. The quartz background spectrum was
subtracted from that of the samples, and the
spectral maps were analyzed using the Omnic 6.0
software (Thermo Nicolet Co., USA).

Statistical analysis

The data were expressed as mean * standard
deviation (SD). One-way analysis of variance
(ANOVA) was performed for analysis followed
by LSD post hoc test using SPSS version 23
software. The p-value of < 0.05 was considered

statistically significant.

Table 1. The sequence of using primers for g°PCR

Gene Primers

F: 5>-GAGACCAGAGGTTGATGTGATG-3'
R: 5’-AGGCAGGCAGCTTTATCAGCA-3'

F: 5>-TTGATGACACCAATATCACACGA-3'
R: 5>-TATTGGGCCCGGATGTCTG-3'

F: 5>-TTGATGACACCAATATCACACGA-3'
R: 5>-TATTGGGCCCGGATGTCTG-3'

F: 5>-CGAACCAAGTTTGAGACGGAAC-3'
R: 5’-CGTACTGATTTCCTCCTCATGG-3'
F: 5’>-CTGGAACGGTGAAGGTGACA-3’

ALB
AFP
CK18
CK19

p-actin

R: 5’- AAGGGACTTCCTGTAACAATGCA-3’
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Results

Characterization of hASCs

The results revealed the high positive expression
of MSCs surface markers: CD44 (98%), CD105
(98%), CD90 (98%) and low expression of
hematopoietic surface markers: CD34 (2%) and
CD45 (2%).

Hepatic differentiation and characterization
As illustrated in Figure 1A, the morphological
changes of cells were evaluated at various
hepatic differentiation protocol stages. However,
no significant morphological alterations were
observed during the first week of differentiation
induction; the cells started to lose fibroblastic
morphology and flattened on day 14.
Interestingly, after 21 days, most of the cells
displayed hepatocytes' characteristics, including
a polygonal shape and cytoplasmic granulation.
As illustrated in Figure 1B, AFP was
significantly expressed at day 14 (4-fold, p <
0.01) and further increased at day 21 (10-fold, p
< 0.001) in hepatocyte-like cells. Consistently, a
similar expression pattern was observed for ALB
with a significant upregulation at day 14 to 4.5
fold (p < 0.05) that reach a maximum level of 7.5
fold (p < 0.01) on day 21 compared to day 1 of
hepatic differentiation induction. No differences
in CK19 expression levels were noticed at
different differentiation protocol stages; a
significant upregulation in CK18 expression was
detected at day 21 to nearly 2.5 fold (p < 0.05).
These results were further confirmed with
functional assays of hepatocyte-like cells. PAS
staining experiment indicated the differentiated

cells' ability for glycogen storage (Fig. 2A),

which is the characteristic of hepatocyte cells.
The differentiated cells also showed a
significantly higher ability to produce urea (p <
0.01) compared to the primary hASCs as the
negative control (Fig. 2B).

Raman spectroscopy analysis

In the first step, the Raman spectra of HepG2
and MSCs were recorded, and the results
indicated that Raman spectroscopy could
provide a different, specific, and reproducible
spectrum for the two cell types in a few
minutes. Figure 3A illustrates the recorded
vibrational modes of the two cell types. The
spectral bands' differences are related to the
difference in cells' chemical structures [16].
During the differentiation process toward
hepatocyte-like cells, the Raman spectra of
cells were recorded every seven days and
compared to the undifferentiated (hASCs) and
fully differentiated (HepG2) cells as the
negative and positive controls. For ease of
comparison and interpretation of the results, the
plots were overlaid (Fig. 3B). The band at 801
cm? (region A) shows the O-P-O bonding in
RNA and confirms proteins' presence. The
Raman modes at 1345 cm™ (region B) are due
to DNA and RNA and confirm lipids and
phospholipids' presence. Regions C and D are
near the vibration of C = O and C-N molecules,
respectively. The vibrational band at 2415 cm
(region E) is assigned to CO., and the modes at
around 2134 cm™ are due to the C-N bond. The
CH. groups vibrate at region F (2751 cm™?). The
Raman band at 2953 cm™ (region G) is due to
asymmetric vibrations of CHs and the peak in

this spectral region shows the presence of lipids
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and fatty acids. The band at 3264 cm? is
assigned to the N-H group. The OH stretching

vibration located at 3500 cm™ is assigned to
H>O molecules [17-19].

A

Day 1 Day 7

AFP mRNAE-Actin mRNA

Doy! Oay7 Doyié Duy2f HepG2
Time of culturs

CH18 mMRNAB-Actin mRNA
u
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ALB mRNA/B-Actin mANA
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Day 14 Day 21
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Timns of culture
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Fig. 1. A) Morphological changes of human adipose-derived mesenchymal stem cells during hepatic
differentiation induction. B) Quantitative analysis of hepatic expression genes in days 7, 14, and 21 of
differentiation. The expression of the same genes in HepG2 was used as a positive control. S-actin expression was
used as a reference gene. The data are shown as mean+SEM in three independent experiments (n=3). *p <0.05,

**p <0.01, ***p <0.001 relative to day1.

A Hepatocyte-like cells

Urea (mg/dl/50000)

R N

Time of culture

hASCs

Hep G2

Fig. 2. A) Periodic acid schiff's staining of differentiated hepatocyte-like cells compared to undifferentiated
stem cells as the negative controls. B) The ureagenesis was improved in differentiated hepatocyte like-cells.
The data are expressed as mean+SEM (n=3). **p <0.01 relative to day 1.
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Aaman intensity (a.u)

Raman Shift (cm ')

Fig. 3. A) Raman spectra of a) HepG2, and b) Human adipose-derived mesenchymal stem cells. B) The overlaid
plots of Raman spectra, recorded at different days of differentiation. Human adipose-derived mesenchymal stem
cells and HepG2 were used as negative and positive controls, respectively (n=3).

Discussion

Raman spectroscopy has an excellent specificity
for characterizing biological samples' molecular
phenotype and quantifying the molecular changes
at the cellular level [20]. Lots of studies used this
spectroscopic technique for cellular studies. It has
been used to discriminate between normal,
malignant, and metastatic cells [21]. It is deduced
from the results that the content of RNA, DNA,
lipids, and proteins was gradually raised during
the differentiation process, and the pattern of
peaks at the last day of differentiation was
remarkably similar to the control (HepG2),
eventhough it is not completely identical. This
result aligns with the molecular and biochemical

results indicating a relative similarity between

differentiated and control cells. Furthermore,
HepG2 is a cell line and expected to be different
from normal hepatocytes [22]. However, it is
accepted as an appropriate model for in vitro
studies [23, 24]. A variety of studies used different
methods for enhancing differentiation efficiency,
including hepatocyte differentiation [15]. The
efficiency of methods was generally evaluated
using different molecular and biochemical
methods. New non-invasive, real-time methods
for tracking stem cell status and degree of
differentiation can significantly improve our
understanding of stem cells' behavior and control
their fate. Here, Raman spectroscopy was

introduced as a new potent method that can be
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studied, quantified, and optimized for rapid and
label-free evaluation of human hASCs during and
at the end of the differentiation procedure toward
hepatocytes. The results indicated that the
obtained spectra are particular and unique. The
observed differences are related to the difference
in the chemical structures of cells [16] and can be
used to detect differentiation quality in a few
minutes. So far, this method has been used to
study biochemical changes commensurate with
the osteogenic, cardiogenic, neurogenic, and
adipogenic differentiation of stem cells [25, 26].
Furthermore, Raman spectroscopy was
introduced as a biosensor for molecular
characterization of mouse-derived MSCs during
differentiation to hepatocytes [27].
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