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Abstract
Circulating endothelial cell progenitors originating from the bone marrow are considered to be a powerful tool in the repair 
of endothelium damage. Due to their unique properties, endothelial progenitors are now broadly investigated to assess their 
clinical significance in diseases e.g., associated with brain endothelial dysfunction. However, their distinction in terms of 
the expression of specific markers remains ambiguous. Additionally, endothelial progenitor cells may change their reper-
toire of markers depending on the microenvironment of the tissue in which they are currently located. Here, we applied the 
label-free Raman and FTIR imaging to discriminate mice brain endothelium and endothelial progenitors. Cells cultured 
separately showed distinctly different spectral signatures extracted from the whole cellular interior as well as the detected 
intracellular compartments (nucleus, cytoplasm, perinuclear area, and lipid droplets). Then, we used these spectroscopic 
signals to examine the cells co-cultured for 24Â h. Principal cluster analysis showed their grouping with the progenitor 
cells and segregation from brain endothelium at a level of the entire cell machinery (in FTIR images) which resulted from 
biochemical alternations in the cytoplasm and lipid droplets (in Raman images). The models included in partial least square 
regression indicated that lipid droplets are the key element for the classification of endothelial progenitor-brain endothelial 
cells interactions.

Keywords  Mouse aorta gonad mesonephros endothelial cells 11.5 (MAgEC11.5) · Mouse brain microvascular endothelial 
cells (MBrMEC) · Intercellular interactions · Raman and FTIR imaging · Multivariate analysis

 *	 Robert Zdanowski 
	 rzdanowski@wim.mil.pl

 *	 Kamilla Malek 
	 kamilla.malek@uj.edu.pl

1	 Department of Chemical Physics, Faculty of Chemistry, 
Jagiellonian University in Krakow, Gronostajowa 2, 
30‑387 Krakow, Poland

2	 Doctoral School of Exact and Natural Sciences, Jagiellonian 
University in Krakow, Prof. S. Lojasiewicza 11, 
30‑348 Krakow, Poland

3	 Laboratory of Molecular Oncology and Innovative Therapies, 
Military Institute of Medicine-National Research Institute, 
Szaserow 128, 04‑141 Warsaw, Poland

4	  Transplant Immunology, The Houston Methodist Research 
Institute, Houston, TX, USA

5	 Postgraduate School of Molecular Medicine, Medical 
University of Warsaw, Zwirki i Wigury 61, 02‑091 Warsaw, 
Poland

6	 Institute of Nuclear Physics, Polish Academy of Sciences, 
Radzikowskiego 152, 31‑342 Krakow, Poland

7	 Center for Molecular Biophysics, UPR4301 CNRS, Orleans, 
France

8	  Department of Surgery, The Houston Methodist Hospital, 
Houston, TX, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-023-04986-3&domain=pdf
http://orcid.org/0000-0002-6511-5808
http://orcid.org/0000-0003-3156-4194
http://orcid.org/0000-0003-0340-4054
http://orcid.org/0000-0002-0538-7342
http://orcid.org/0000-0002-3273-4610
http://orcid.org/0000-0001-7071-0284
http://orcid.org/0000-0002-2197-8572
http://orcid.org/0000-0002-7573-029X
http://orcid.org/0000-0003-0455-1072
http://orcid.org/0000-0003-0582-2743


	 K. Augustyniak et al.

1 3

  329   Page 2 of 16

Introduction

Circulating endothelial progenitor cells (EPCs) originating 
from the bone marrowÂ are considered to be a powerful 
tool in the repair of endothelium damage [1]. Although 
there are some controversies related to EPCs classifica-
tion due to their specific markers expression, two popula-
tions can be defined as early and late EPCs [2]. Both are 
critical for endothelium repair; nonetheless, they use dif-
ferent mechanisms for this activity. Early EPCs have low 
proliferative potential and secret a set of proangiogenic 
cytokines, whereas the proliferative potential of late EPCs 
is high. The late EPCsâ€™ recruitment (via endogenous 
tissue ischemia and mediated cytokines) and the differ-
entiation into mature endothelial cells by adaptation to 
local environment promote vasculogenesis and angiogen-
esis [3]. Due to their unique properties, EPCs have been 
broadly investigated to assess their clinical significance in 
diseases associated with endothelial dysfunction as occur-
ring in the brain ischemic stroke [4]. EPCs systemically 
delivered into mice protected against cerebral ischemic 
injury and enhanced long-term neurobehavioral outcomes 
[5]. However, to this day, clinical trials based on EPCs 
transplantation have not provided successful outcomes 
[6] or are still ongoing [7]. Our research showed recently 
that EPCs injected into mice could migrate into the brain 
and play as successful providers of the gene construct to 
destroy the proteins involved in Alzheimerâ€™s disease 
(AD) [8]. EPC dysregulation has been observed in patients 
suffering from AD showing contradictory outcomes. On 
the one hand, AD patients presented with decreased EPCs 
function compared to healthy control suggesting their 
role in AD development [1]. On the other hand, other 
data showed no differences in EPCs levels compared with 
healthy control, excluding EPCs as potential AD markers 
[2]. Finally, AD patients with moderate to severe dementia 
showed significantly increased levels of circulating pro-
genitor cells compared to healthy elderly control [3]. Such 
results partly suggest a need for the development of more 
sensitive diagnostic techniques. To sum up, EPCs seem 
to be a promising therapeutic tool that has already been 
nicely revised here [9, 10]. However, the repairment role 
of EPCs in e.g., neurodegenerative diseases, among others, 
is still poorly understood due to their plasticity and adapta-
tion to the microenvironment once locally recruited. For 
more comprehensive diagnostics allowing a better recog-
nition of EPCs from other cells, new solutions are highly 
in demand.

Although many functions of EPCs have been well 
understood, including proliferative potential and capacity 
to differentiate into mature endothelial cells, their adapt-
ability makes their distinction in terms of expression 

of specific markers ambiguous. For this reason, highly-
advanced spectroscopic techniques have gained impor-
tance as they allow to obtain comprehensive data asso-
ciated with the biochemical composition of cells [11]. 
In our study, we used Raman (RS) and Infrared (FTIR) 
spectroscopies to investigate the possibility of distin-
guishing the endothelial progenitor (MagEC11.5 [12, 
13]) from brain endothelium cells (MBrMEC [14, 15]) 
and further track their intercellular interactions. FTIR 
and Raman (RS) spectroscopies are complementary 
methods that demonstrate information about principal 
biomolecules, such as lipids, proteins, nucleic acids, and 
carbohydrates. RS is sensitive to lipids, aromatic amino 
acids, nucleotides, and hemoproteins, while FTIR is more 
specific for secondary structures of proteins, esterified 
lipids, nucleic acids, and carbohydrates [16]. Both meth-
ods are sensitive, label-free, and non-destructive. Their 
combination enables the identification of the overall bio-
chemical composition of bio-samples at the microscopic 
scale since both signal readouts can be provided by the 
conjunction of a spectrometer with a microscope. FTIR 
spectroscopy imaging allows the measurement of a large 
sample area in a few minutes. The focal plane array detec-
tor (FPA) is built of a 128â€‰Ã—â€‰128 elements 
matrix (5.5Â  Î¼mâ€‰Ã—â€‰5.5Â Î¼m pixels) and 
acquires spectra from an area of ca. 700Â Î¼mâ€‰Ã—
â€‰700Â Î¼m in a single shot [17]. It gives a lateral reso-
lution of 7.6Â Î¼m at 2500Â cmâ€“1. Thus, one obtains 
an average signal from the whole cell [18]. In turn, RS 
spectroscopy imaging scans a cell with max. lateral resolu-
tion of ca. 0.3Â Î¼m and shows the spatial distribution and 
chemical composition of cellular compartments.

The implementation of FTIR and Raman imaging to ana-
lyze biological objects such as cells or tissues is an approach 
that has been used in research for many years and showed 
numerous applications. For example, a high Raman scat-
tering cross section of lipids is a powerful tool for tracking 
the formation of lipid droplets (LDs) and determining their 
degree of unsaturation, which was proposed as a marker 
of inflamed endothelium [19, 20]. In turn, FTIR imaging 
revealed its cellular metabolism showing a decrease in lipid 
level with a simultaneous increase of carbohydrates [17]. 
Moreover, FTIR spectroscopy is an excellent technique to 
observe structural changes in secondary conformations of 
proteins [21, 22], carbohydrates [23, 24], and DNA [25]. 
Furthermore, both techniques have been successfully applied 
by us for the differentiation of endothelial cell lines, such as 
HMEC-1, EA.hy926, and HAoEC [18]. An in-depth Raman 
spectral analysis revealed subtle line-specific differences. 
Nuclei of HMEC-1 and HAoEC cells showed a higher DNA/
RNA ratio than in the EA.hy926 cell line, whereas nucleoli 
identified by the Raman RNA signal were not detected in 
HAoEC cells. Furthermore, the highest number of lipid 
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droplets was observed in HMEC-1, but the total content of 
cytoplasmic lipids was extremely high in the EA.hy926 cell 
line as FTIR data indicated [18]. Raman microscopy also 
supported the identification of murine primary endothelial 
cells isolated from various organs by showing that endothe-
lium has a unique spectroscopic signature that can be dis-
criminated from the spectrum of an organ [26]. Recently, 
a Raman study reported a high potential of this technique 
to recognize the effect of the Epsteinâ€“Barr virus on 
brain microvascular endothelial cells by the alternation of 
the spectral markers of cholesterol, polysaccharides, and 
nucleic acids [27]. Nowadays, RS and FTIR spectroscopies 
have been increasingly used to distinguish the differentia-
tion levels of various mouse and human cells fromÂ blood 
[28], neural system [29, 30], and kidneys [31]. These results 
reveal spectral differences between cells but also allow the 
construction of prediction models with high specificity and 
sensitivity [28, 30, 32].

Therefore, this work aimed to assess the ability of molec-
ular spectroscopy imaging to recognize the progenitor cells 
from brain endothelium and further track their interaction 
pathway. We determined first spectral features of individual 
cell lines at various levels of cellular organization and next, 
we observed their changes due to interactions in 2-dimen-
sional co-culturing. Finally, we concluded that microvascu-
lar brain endothelium adopts molecular characteristics of 
the progenitor cells and developed a prediction model to 
assess the degree of this cellular transformation. Our study 
can pave the pathway to studying the biology of EPCs and 
facilitate research toward their use in cell therapy. Accord-
ing to our best knowledge, no reports have proposed such 
a non-label approach for tracking cellular interactions, and 
this paper is the first attempt to use both techniques for this 
application.

Materials and methods

Cell culturing

Two primary cell lines were used in the experiment, i.e., 
Mouse Aorta Gonad Mesonephros Endothelial Cells 11.5 
(referred to as MAgEC11.5) and Mouse Brain Microvascular 
Endothelial Cells (referred to as MBrMEC) immortalized 
as described elsewhere [12, 14]. To confirm the progenitor 
character, the MAgEC11.5 were previously characterized 
due to the expression of specific markers [12, 13]. Both cell 
lines were cultured in OPTI-MEM (Gibco, UK) supple-
mented with 2% FBS (Gibco, UK). The cells were passaged 
every 3â€“4Â days, and they were regularly tested against 
mycoplasma. Mycoplasma-free cells were maintained at 
37Â Â°C in a humidified atmosphere with 5% CO2. Cells 
between the 5th and the 9th passages were used for all 

experiments. MAgEC11.5 and MBrMEC cells were seeded 
in a 6-well plate with sterile 25Â mmâ€‰Ã—â€‰2Â mm 
CaF2 windows (Crystran, UK). The experiment consisted 
of a culture of single cell lines (4â€‰Ã—â€‰105/well) 
and a co-culture of both cell lines (2â€‰Ã—â€‰105/well 
for each line) incubated for 24 and 4Â h. The latter (cell 
adhesion only) was the negative control. After the incuba-
tion (37Â Â°C, 5% CO2), cells were washed twice with 
PBS (Corning, USA) and fixed with 2.5% glutaraldehyde 
(SERVA, Germany). The fixed cells were washed three times 
with PBS and stored at 4Â Â°C until imaging for less than 
3Â days. Two replicates were prepared.

Fluorescence microscopy

MAgEC11.5 and MBrMEC cells were seeded on a 4-well 
Lab Tek II Chamber slide (ThermoFisher Scientific, USA) 
coated with 0.1% gelatin (Sigma Aldrich, Germany) dis-
solved in PBS at 4â€‰Ã—â€‰105/well. Cells were cul-
tured for 24Â h in OPTI-MEM (Gibco, UK) supplemented 
with 2% FBS (Gibco, UK) at 37Â Â°C, 5% CO2. After 
24Â h, intracellular lipids were stained with the use of a 
Vybrant Multicolor Cell Labeling kit (Invitrogen, UK). In 
that protocol, cells were incubated for 1Â h at 37Â Â°C, 
5% CO2 with 1Â  Î¼M/mL DIL (Abs 549) dissolved in 
FBS free medium. Afterward, cells were washed with 
PBS (Corning, USA) 3 times for 10Â min and then fixed 
with 1.5% glutaraldehyde (SERVA, Germany) for 1Â h at 
4Â Â°C. The fixed cells were washed with PBS twice and 
incubated for 1Â h at RT in the dark with Phalloidin-Atto 
488 (Sigma-Aldrich, Germany) diluted with PBS in 1:100 
concentration to stain the cytoskeleton. Stained cells were 
washed with PBS twice. Nuclei were stained with bisBen-
zimide H33342 trihydrochloride (Sigma, Germany) diluted 
1:1000 with PBS. Incubation proceeded at RT in the dark for 
15Â min, followed by washing with PBS (2 times). Stained 
slides were sealed using Vectra Shield Vibranceâ€”Antifade 
Mounting Medium with DAPI (Vector Laboratories, USA). 
Images were acquired using a Zeiss Axio Observer micro-
scope equipped with an Axiocam 530 mono camera (Zeiss, 
Germany). CA ZEN Blue Edition software (ver. 3.4, Zeiss, 
Germany) was used for the analysis.

Raman spectroscopy imaging

Raman imaging was carried out with the use of a WITec 
confocal Raman imaging system (WITec Alpha 300R 
Raman microscope, WITec, Germany). Raman spectra were 
acquired with an excitation laser at 532Â nm (power of 23 
mW), which was coupled to the microscope via an optical 
fiber with a core diameter of 50Â Âµm. The microscope was 
equipped with a CCD detector cooled to âˆ’â€‰80Â Â°C. 
Cells immersed in PBS solution and mounted on a CaF2 
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window were illuminated through a 60â€‰Ã—â€‰water 
objective (NA: 1.0, Zeiss). Raman images were recorded 
with a step size of 1Â Î¼m. High-Resolution Raman images 
were acquired with a step size of 0.3Â Î¼m giving a lateral 
resolution of 0.32Â Î¼m. Raman spectra were collected with 
an integration time of 0.5Â s and a spectral resolution of 
3Â cmâˆ’1. For each experimental group, ca. 40 images were 
recorded.

FTIR spectroscopy imaging

FTIR images were collected using a Hyperion 3000 FTIR 
microscope (Bruker Optics, Ettlingen, Germany) and an 
Agilent 670‐IR FTIR spectrometer connected with a 620‐IR 
microscope (Santa Clara, California, USA).

A focal plane array (FPA) detector cooled with liquid 
nitrogen was coupled with the microscopes. The used detec-
tors consist of a matrix of 4096 (64 × 64 grid format) and 16 
384 pixels (128 × 128 grid format), respectively. IR images 
were acquired in transmission mode. Samples were illumi-
nated through 15 × objective and condenser optics with NA 
of 0.62 and a projected FPA pixel size of 5.5 μm × 5.5 μm. 
FTIR spectra of cells were acquired by co‐adding 128 scans 
in the region of 900–3700 cm−1 with a spectral resolution 
of 4 cm−1. 40 images were collected for each experimental 
group.

Preprocessing of Raman and FTIR images

Raman images were preprocessed using a cosmic ray 
removal filter with a size of 3 and a dynamic factor of 8. 
For baseline correction, the 3rd-grade polynomial was 
used. Next, chemical maps were constructed based on inte-
gral intensity in spectral regions specific for organic matter 
(2800–3030 cm−1), lipids (2830–2900 cm−1), and nucleic 
acids (790–810 cm−1). Afterward, k-means cluster analysis 
(KMCA) with a Manhattan distance method and randomized 
k-means distribution was performed to segregate the Raman 
image of a single cell into classes attributed to cytoplasm, 
nucleus, perinuclear area, and lipid droplets (WITec 5.0 soft-
ware, Germany). The realignment of clusters was finished 
once the obtained cluster maps fully correlated with chemi-
cal images and spectral profiles of classes revealed charac-
teristic RS bands. Raman spectra extracted for KMC classes 
were next truncated in the spectral region of 500–3050 cm−1, 
baseline-corrected (10 iterations), and smoothed according 
to a Savitzky–Golay protocol (11 points) using an OPUS ver. 
7.0 software (Ettlingen, Germany).

Pre-processing of FTIR images was performed using 
CytoSpec (ver. 2.00.01) [33] and MatLab (R2017a, Natick, 
Massachusetts) software. Subsequently, water vapor 
removal, PCA-based denoising (20 PCs), and smooth-
ing with a Savitzkyâ€“Golay algorithm (25 points) were 

performed on collected images (CytoSpec, MatLab). Based 
on the distribution maps of proteins (1620â€“1680Â cmâˆ’1), 
single cells with the highest signal-to-noise ratio were cho-
sen. Spectra from selected regions of interest (ROIs) were 
further averaged and extracted. As a result, each cell was 
represented by a single FTIR spectrum. Resonant Mie Scat-
tering correction (EMSC) using seven principal components 
was performed on extracted FTIR spectra (MatLab) [34].

Chemometric analysis

Chemometric analysis was performed using Unscrambler 
X 10.3 software (CAMO Software AS., Norway). Before 
analysis, Raman spectra were smoothed (Savitzkyâ€“Golay, 
3rd-order polynomial, 15 pts) while FTIR spectra were 
transformed into a second derivative (Savitzkyâ€“Golay, 
2nd-order polynomial, 13 pts). In the next step, all spec-
tra were baseline-corrected (offset) and vector normalized. 
Such pre-processed data sets were used for unsupervised 
principal component analysis (PCA). PCA was performed 
in the bio-regions of 1000â€“3050 and 500â€“3050Â cmâˆ’1, 
for mean-centered FTIR and Raman spectra, respectively, 
with an SVD algorithm of cross-validation and 7 principal 
components. As a result of PCA, score plots and loadings 
graphs were generated to show grouping and variance within 
Raman and FTIR spectra of cells cultured separately and 
together in one batch.

Partial least square regression (PLSR) was performed on 
the same data sets as for PCA. Ca. 80% of the spectra of 
the whole single cells and their cellular compartments from 
separately cultured cells were used to calibrate and validate 
models using a NIPALS algorithm with full cross-validation 
and 10 factors. Then the models were tested on the remain-
ing data set. Next, these models were employed to classify 
co-cultured MAgEC11.5 and MBrMEC cells.

All graphs presenting spectra and the results of the chem-
ometric analysis were prepared using Origin 2021 software.

Results

Morphology of endothelial progenitor MAgEC11.5 
and brain endothelial MBrMEC cells

Fluorescence microscopy was first employed to visual-
ize morphological features of both endothelial progenitor 
and brain endothelial cells (Fig.Â 1). For this purpose, 
we stained nuclei, cytoplasmic membranes of organelles, 
and actin filaments with Hoechst, Dil, and Phalloidin 
dyes, respectively. A visual inspection of the fluorescence 
images indicates no significant differences in the shape and 
size of both cells and their organelles. All cells displayed 
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an elongated shape (up to 30â€“40Â Î¼m) with a properly 
structured cytoskeleton and oval-shaped nuclei of similar 
size (ca. 10Â Î¼m). The cytoplasm is rich in lipophilic 
membranes of organelles and lipid bodies. No specific 
staining dyes, even combined with antibodies, provide 
discrimination of both cell lines.

A protocol of spectroscopic investigations of single 
cells

To investigate differences between the endothelial pro-
genitor cells and brain endothelium together with their 
co-cultures, Raman and FTIR spectroscopy imaging was 
employed. With the achievable high spatial resolution 
of 0.3Â Âµm for Raman microscopy with the use of the 

Fig. 1   Exemplary fluorescence 
images of Endothelial Pro-
genitor MAgEC11.5 and Brain 
Endothelial MBrMEC cells 
stained with a Hoechst 33342 
(nuclei), b Dil (lipophilic mem-
branes), and c Phalloidin-Atto 
488 (F-actin) dyes. d Merged 
images. Magnification Ã—60
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532Â nm laser excitation, it was possible to examine cells 
at a subcellular level. The biochemical composition of the 
cellular structures is coded in the spectrum and was firstly 
extracted as false-color distribution images constructed 
from integral intensities of marker bands of biomolecules 
(Fig.Â 2). Through k-mean cluster analysis (KMCA) of 
hyperspectral images, spectra revealing a similar chemi-
cal profile were grouped. In that way, the Raman image 
is segregated into classes with Raman characteristics of 
cell compartments, c.f. Fig.Â 2. The similar pixel spectra 
in the classes are next averaged giving us the data sets of 
mean Raman spectra. Afterward, the same samples were 
imaged utilizing FTIR-FPA microscopy taking several 
single snapshots from the area of 700Â Âµmâ€‰Ã—
â€‰700Â Âµm and screening tens cells at once. Rapid 
data collection from a large area but with a worse spatial 
resolution than in the Raman image (max. ca. 5.5Â Âµm) 
delivers the chemical information of the whole single 
cell. To do it, we selected IR spectra of the cells with the 
highest signal-to-noise ratio (S/N), and pixel spectra were 
averaged (Fig.Â 2). Using both microscopic techniques, 
hyperspectral databases containing information about the 
chemism of single cell lines and their co-cultures at the 
cellular and subcellular level were established.

Unique spectral features of endothelial progenitor 
MAgEC11.5 and brain endothelial MBrMEC cells

High-resolution Raman images of individually cultured 
Endothelial Progenitor MAgEC11.5 and Brain Endothe-
lial MBrMEC cells collected with a 0.3Â Âµm step size 
showed the presence of the main cell compartments 
(nucleus and cytoplasm) accompanied by accumulation of 
lipids in the cytoplasm (Fig.Â 3bâ€“d). Based on KMCA, 
we found four classes of different Raman profiles which 
were assigned to the cytoplasm, nucleus, perinuclear area, 
and lipid droplets (Fig.Â 3e). To fasten Raman imaging 
measurements from 60 to 6Â min per single cell, the 
step size of Raman imaging was increased from 0.3 up 
to 1Â Âµm and KMCA still segregated the cell into these 
classes (Table S1 in SI). The averaged Raman spectra 
extracted from KMC classes of the endothelial progeni-
tor and brain endothelial cells are displayed in Fig. S1 in 
SI. Band assignments to biomolecules are summarized 
in Table S2 in SI.

The average Raman spectra of subcellular compart-
ments differ significantly. As cytoplasm consists of water, 
organic compounds like proteins, lipids, carbohydrates, 
and free amino acids, its spectral profile includes char-
acteristic bands of these biomolecules (Fig.  S1a and 

Fig. 2   Schematic displaying the workflow of Raman and FTIR spectroscopy imaging of the studied cells
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Table S2 in SI). The Raman spectra of the MBrMEC and 
MAgEC11.5 cytoplasm show typical features of proteins 
(1656, 2850â€“2965Â  cmâˆ’1) and lipids (1261, 1451, 
and 2850â€“3015Â  cmâˆ’1). Bands assigned to choles-
terol esters (611Â cmâˆ’1), amino acids (537, 647, 1009, 
and 1175Â cmâˆ’1), nucleic acids (729, 790, 1099, 1318, 
and 1340Â cmâˆ’1), cytochromes (755, 1585Â cmâˆ’1), and 
phospholipids (1132Â cmâˆ’1) are also present. The class of 
nucleus was segregated in the cell based on an increased 
intensity of Raman bands of nucleic acids (790, 1099, 1340, 
and 1381Â cmâˆ’1), c.f. Fig. S1b and Table S2 in SI. Apart 
from the characteristic signal of the genetic material, signals 
of proteins (1621Â cmâˆ’1), amino acids (537, 857Â cmâˆ’1), 
and phospholipids (1132Â cmâˆ’1) appear due to the compo-
sition of the cell nucleus and its membrane [35].

Cytochromes play an important role in the proper 
functioning of mitochondria and endoplasmic reticulum 
(ER) and their concentration in these cellular compart-
ments is significantly higher. Their increased resonance 
Raman signals at 755 and 1585Â cmâˆ’1 contributed to dis-
tinguishing the perinuclear area (Figs. 3e and S1c in SI) 
[36]. The lipid-rich nature of this region was another fea-
ture identified by the intensive signals at 1306, 1660, and 
2853Â cmâˆ’1 while phospholipids in the membranous ER 
structure were manifested by the 1132Â cmâˆ’1 band. An 
increased proteinâ€“lipid content was demonstrated by a 
highly intense 2850â€“3015Â cmâˆ’1 region similar to the 
cytoplasm. Raman imaging also revealed the accumulation 
of lipids in the form of droplets (LDs) observed by us previ-
ously in endothelial, cancer, and blood cells (Figs. 3e and 
S1d in SI) [16, 18, 36]. The Raman spectrum shows a typi-
cal signature of lipids with the intensive high-wavenumber 

region (2850â€“3015Â cmâˆ’1) and numerous bands of fatty 
acids (FAs) acyl chain (1070, 1306, and 1451Â cmâˆ’1), 
unsaturated moieties in fatty acids (UFAs) (1261, 1660, and 
3013Â cmâˆ’1), cholesterol esters (611, 706Â cmâˆ’1), tria-
cylglycerols (TAGs) (1740Â cmâˆ’1), and the phospholipid 
membrane (1132Â cmâˆ’1).

The calculated difference spectra between the cell lines 
unambiguously show that differentiated MBrMEC and 
progenitor MAgEC11.5 cells exhibit unique Raman sig-
natures in each structure organization in the sense of an 
increased content of a given class of biomolecules (Fig. S1 
in SI, Table 1). Briefly, the MBrMEC cytoplasm is rich in 
cytochromes, phosphate-containing molecules, and lipids, 
whereas the cytoplasm in MAgEC11.5 EPCs stores choles-
terol, long-chain fatty acids, nucleic acids, and an increased 
level of proteins. The difference spectrum of the nuclei 
indicates a greater accumulation and/or condensation of the 
genetic material in the brain endothelium than in the progen-
itor cells. Chromatin in MBrMEC is additionally composed 
of proteins with Î²-sheet conformation. In turn, the nuclei 
of MAgEC11.5 EPCs contain additional fatty acids. The 
perinuclear area of both cell lines revealed two distinct bio-
chemical profiles. The dominant component of this cellular 
compartment in brain endothelium are lipids with long-acyl 
chains and the C=C group. On the other hand, the nuclei in 
the progenitor cells are surrounded by the matrix contain-
ing a higher level of proteins rich in Tyr and Phe amino acid 
residues and cytochromes, nucleic acids, and cholesterol. 
LDs also differ by the content of TAGs, saturation degree of 
FAs, cholesterol, and phospholipids (Table 1). In addition, 
LDs in progenitor cells are characterized by Raman bands 
assigned to phenylalanine. Interestingly, the number of lipid 

Fig. 3   Bright-field (a) and distribution Raman images (bâ€“d) of 
single brain endothelial (MBrMEC) and endothelial progenitor 
(MAgEC11.5) cells collected with a step size of 0.3Â Âµm. The dis-
tribution of main macromolecules was calculated for organic mat-
ter (integration region: 2800â€“3030Â  cmâˆ’1), lipids (integration 

region: 2830â€“2900Â cmâˆ’1), and nucleic acids (integration region: 
790â€“810Â  cmâˆ’1). The corresponding false-color KMC maps (e) 
reveal the presence of the main subcellular compartments: cytoplasm 
(gray), nucleus (blue), perinuclear area (brown), and lipid droplets 
(red)
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droplets also varied between the cell types. They occurred in 
most of the MAgEC11.5 cells (81%) whereas only 63% of 
MBrMECs showed their presence (Table S1 in SI).

FTIR spectra delivered the biochemical information from 
the whole single cells, mainly from the nucleus and cyto-
plasm (Figs. 2, S2a, b, Table S3 in SI). A visual inspec-
tion of the second derivative FTIR spectra of both cell lines 
indicates the presence of proteins (1458â€“1681Â cmâˆ’1), 
nucleic acids (1085, 1122, and 1238Â cmâˆ’1), and car-
bohydrates (1050Â cmâˆ’1). Vibrations of lipids are also 
observed, and they indicated classes, such as cholesterol 
esters (1166, 1725Â cmâˆ’1), phospholipids (1332Â cmâˆ’1), 
fatty acids (1396, 1710, and 2855Â cmâˆ’1), and triacylg-
lycerols (1746Â cmâˆ’1). All the biocomponents contribute 
to spectral differences of the cell lines (Fig. S2c, Table 1). 
The dominant difference between the cell lines is a set of 
proteins of various secondary structures. The spectral profile 
of progenitor cells is dominated by the 1666Â cmâˆ’1 band 
assigned to 310-helix conformation whereas the overall pro-
tein composition of MBrMECs is manifested by Î±-helices 
(1645Â cmâˆ’1), Î²-turns (1681Â cmâˆ’1), and intermolecular 
protein aggregates (1619Â cmâˆ’1). The enhanced cellular 
metabolism involving sugars and lactate is observed in the 
case of the progenitor cells (1146, 1108Â cmâˆ’1). The IR 
markers of lipids and nucleic acids confirm the observations 
from the Raman spectra (Table 1).

Next principal component analysis (PCA) was used to 
discriminate the cell lines cultured separately in an unsu-
pervised way. PCA delivers two types of information. Score 
plots show the separation of the experimental groups while 
loading plots display the spectral discriminators (spectral 
biomarkers) which contribute to this segregation but are 
often hidden in a typical examination of the spectra. Here, 
the PCA of the spectral data shows clear-cut discrimination 
between MBrMECs and MAgEC11.5 cells regardless of 
the imaging technique and the level of cellular organization 
(Fig.Â 4). The scree plots for each PCA segregation can be 
found in SI (Fig. S3).

The total biochemical composition of both cells lines 
coded in the IR spectra is differentiated along PC-1 with 
a high variance of 40% (Fig.Â 4e). The main discrimina-
tors are observed at 1619, 1645, 1660, 1681, 1707, and 
1729Â cmâˆ’1, and they originate from cellular compart-
ments containing proteins, fatty acids, and triacylglycerols, 
respectively (Table S2 in SI). In turn, the PCA scores plot 
calculated for the Raman spectra indicates that the highest 
variance of the MBrMECs vs progenitor ECs discrimina-
tion (PC-1, 74%) was achieved for the nuclei (Fig.Â 4b). 
The loadings graph highlights the contribution of the vec-
tors assigned to lipids (2850 and 2954Â cmâˆ’1) and pro-
teins (1447Â cmâˆ’1) with high content of phenylalanine 
(1009Â cmâˆ’1). Other cellular compartments (cytoplasm, 
perinuclear area, and lipids droplets) of both cell lines also 

Table 1   The Raman and FTIR bands specific for MBrMECs and MAgEC11.5 cells and determined from their difference spectra

A adenine, C cytosine, G guanine, T thymine, U uracil, Tyr tyrosine, Phe phenylalanine, FAs fatty acids, UFAs unsaturated fatty acids, TAGs tria-
cylglycerols

MBrMECs MAgEC11.5 EPCs

Band position (cmâˆ’1) Biomolecules Band position (cmâˆ’1) Biomolecules

Cytoplasm 647
748, 1132, 1318,1585
1095, 1244
1451

Tyr
Cytochromes
PO2-molecules
Lipids

537, 1654, 2927
611
2850
729, 790
1340

Proteins
Cholesterol
Long FAs
Nucleic acids
Organics

Nucleus 1381, 1585
790, 1099, 1344, 2960
1251, 1670

A, G
Nucleic acids
Antiparallel Î²-sheets

729
537, 1448, 2882, 2927
2853

A
Proteins
Long FAs

Perinuclear area 1451, 2879
2853
3013

Lipids
Long FAs
UFAs

537, 647, 1009, 1175
1650, 2930
755, 1132, 1585
611
729, 790, 1101, 1244

Tyr, Phe
Proteins
Cytochromes
Cholesterol
Nucleic acids

Lipid droplets 1070, 1451, 2895
1306, 2853
1660, 3013
1749

Lipids
Long FAs
UFAs
Unsaturated TAGs

537, 1009
611, 706
1132, 2962

Phe
Cholesterol
Phospholipids

Whole cell 1681, 1645, 1619, 1545, 1458
1085, 1050

Proteins: Î²-turns, 
Î±-helices, Î²-sheets

DNA

1666
2851, 2933, 1388
1067
1146, 1108

Proteins: 310-helices
Long chain FAs
Cholesterol esters
Lactate, poly/sugars
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Fig. 4   The scores (left) and 
loadings (right) plots from 
principal component analysis 
performed on Raman spectra 
of their cellular compart-
ments (3050â€“500Â cmâˆ’1) 
and FTIR spectra of 
the whole MAgEC11.5 
EPCs and MBrMEC cells 
(3000â€“1000Â cmâˆ’1): a cyto-
plasm, b nucleus, c perinuclear 
area, d lipid droplets, e whole 
cells. The fingerprint region 
(below 1800Â cmâˆ’1) is shown 
only for the perinuclear area, 
because of the lack of high 
loading vectors in the high-
wavenumber region (data not 
shown). Each point refers to a 
single cell
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possess unique properties which can contribute to their 
identification. For each of them, the progenitor and the dif-
ferentiated ECs were well differentiated along PC-2 with 
a variance of ca. 15â€“18% (Fig.Â 4a, c, d). In the case 
of cytoplasm, the lipidic (particularly, cholesterol) and the 
proteinaceous (Phe) signals at 2865, 612, and 537Â cmâˆ’1 
discriminated MAgEC11.5 from MBrMECs in that the con-
tributing variables are assigned to nucleic acids (1588, 1398, 
1318, and 1244Â cmâˆ’1) (Fig.Â 4a). The loading peaks of 
the perinuclear area are different than in the cytoplasm and 
are assigned to pyrimidine bases in MAgEC11.5 cells (1579 
and 772Â cmâˆ’1) and lipids (1448, 1288, and 1076Â cmâˆ’1) 
with proteins (884Â cmâˆ’1) in MBrMECs (Fig.Â 4c). The 
segregation of the lipid droplets results from differences 
in their composition, i.e., LDs in MAgEC11.5 cells spe-
cifically contain lipids with branched acyl chain (2966 and 
1350Â cmâˆ’1), whereas the brain endothelium produces LDs 
with FAs and TAGs with the unsaturated acyl chains (1297, 
1083, and 867Â cmâˆ’1) mixed with proteins (1650Â cmâˆ’1) 
(Fig.Â 4d). The PCA results confirm that the spectral dif-
ferences between the brain endothelium and progenitor cells 
are statistically significant, and the defined-above marker 
bands are unique contributors to the separation of the cell 
lines at the level of the whole cells and their cellular com-
partments when they culture individually.

Tracking intercellular interactions between whole 
MAgEC11.5 EPCs and MBrMEC cells

To further observe the direct contact between the whole 
MAgEC11.5 EPCs and MBrMEC cells and determine its 
effect on genomic, proteomic, or lipidomic features, both 
cell types were co-cultured in a ratio of 1:1 for 24Â h. Cells 
were randomly selected and imaged by Raman and FTIR 
spectroscopy in the same way as for the individual cell lines 
and then PCA analysis was performed to assess firstly simi-
larities/differences between MBrMECs, MAgEC11.5 cells, 
and the effect of their co-culture. The loading graphs also 
indicate whether the new dataset added to the chemometric 
analysis affects the spectral discriminators contributing to 
the discrimination. This means the alternation of the meta-
bolic routes in the co-cultured cells. The results of the PCA 
analysis are displayed in Figs.Â 5 and 6 with scree plots 
depicted in SI (Fig. S4).

High-resolution Raman imaging combined with KMCA 
also exhibited the presence of the cytoplasm, nucleus, peri-
nuclear area, and lipids bodies in the co-cultured cells as it 
was shown for the cell lines (Fig.Â 3). Among these com-
partments, the cytosol is the primary site for most enzymatic 
reactions and metabolic activity of the cellular machinery 
and should reveal firstly metabolic exchange between co-cul-
tured cells. The Raman-based scores plot of PCA shows the 
grouping of the cytoplasm of the co-cultured cells with the 

progenitor cells and their separation from the brain endothe-
lium along the PC-3 axis (Fig.Â 5a). Two of the spectral dis-
criminators in the loadings plot appeared at similar positions 
as for the PCA analysis of the individual whole MAgEC11.5 
EPCs and MBrMEC cells groups (1588 and 1392Â cmâˆ’1 
for brain endothelium) and they represent nucleic acids with 
a high contribution of A and G. New PCA vectors of pro-
teins and TAGs are observed in the group of the EPC/co-
cultures cells (2924, 884, and 600Â cmâˆ’1), while the brain 
endothelial cellsâ€™ variables reveal the contribution of 
unsaturated lipids, FAs, and TAGs (3007, 2900, 1445, and 
1309Â cmâˆ’1) to the grouping of these cells. In the case of 
the nuclei, we observe first the differentiation of separately 
cultured whole MAgEC11.5 EPCs and MBrMEC cells at the 
same level of variance (79% along the PC-1) as previously, 
whereas the nuclei of the cells interacting with each other 
for 24Â h were spread evenly among the MAgEC11.5 EPC 
(ve+) and MBrMEC (veâˆ’) groups, cf. Figs.Â 4b and 5b. A 
similar distribution of the experimental groups is established 
for the perinuclear area (Fig.Â 5c). We also note that cell 
lines are grouped along PC-2 and PC-3 axes with higher 
variance (32% and 11%, respectively) than in the PCA cal-
culated for the single cell lines only (Fig.Â 4c). The loading 
plots show new vectors attributing to cytochromes (1582 
and 755Â cmâˆ’1), guanine (1318Â cmâˆ’1), and cholesterol 
(611Â cmâˆ’1) in the progenitor group, while the perinuclear 
area of brain endothelial cells is additionally characterized 
by the signals of unsaturated and saturated FAs (1660, 1297, 
and 867Â cmâˆ’1). Interestingly, the co-cultured cells are 
distinctly assigned to the EPC group based on the Raman 
features of lipid droplets along PC-2 (18% of variation) and 
the loading graph is identical to the one determined for the 
separately cultured cell lines, see Figs. 4d and 5d. To con-
firm this PCA result, we calculated the intensity ratio of the 
Raman bands assigned to the C=C and CH2 groups which is 
a well-established tool to estimate the unsaturation degree of 
the acyl chain in lipids [19, 20]. The number of C=C bonds 
in the LD lipids of EPCs and the co-culture is identical and 
lower than in LDs of the brain endothelium (Fig. S5 in SI).

FTIR spectra of the whole cells also indicated the simi-
larity of cellular chemism between the 24-h co-cultured 
cells and the endothelial progenitor cells as presented 
by the PCA scores plot (PC-1, 36% of variation), c.f. 
Fig.Â 6a. Due to fast measurements using FTIR imaging, 
we examined also negative controls. Here, MBrMEC and 
MAgEC11.5 cells in the 1:1 ratio were co-cultured for 
4Â h only. The PCA scores plot shows that these cells are 
not assigned to the progenitor cells group and are evenly 
distributed between both cell lines (Fig.Â 6b). Finally, 
we compared the PC-1 loading graphs of the co-cultured 
and separately cultured cell lines with the difference trace 
of FTIR spectra of MBrMECs and MAgEC11.5 EPCs 
(Fig.Â 6c). All three IR-based traces are almost identical 
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what additionally confirms our observation that the brain 
endothelium adapts features of the progenitor cells due to 
their direct interactions within 24Â h. The PCA analysis of 

the Raman spectra indicates in turn that these interactions 
significantly alter the cytoplasmic metabolism including 
the synthesis of lipid droplets.

Fig. 5   The scores plots (left) 
and loadings (right) from PCA 
analysis performed on Raman 
spectra of cellular compart-
ments of MAgEC11.5 EPCs and 
MBrMEC cells, and their 24-h 
co-cultured cells. Each point 
refers to a single cell
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In addition, we performed a supervised chemometric 
methodâ€”partial least square regression (PLRS) to verify 
the classification power of Raman and FTIR spectra for the 
identification of the re-programmed cells at various levels of 
the cellular structure. Regression models for the calibration 
and prediction sets had correlation coefficients above 0.9, 
which showed that the datasets were well modeled (Table S4 
and Figs. S6â€“8 in SI). FigureÂ 7 summarizes the predic-
tion rates which include the assignment of the co-cultured 
cells to three groups whole MAgEC11.5 EPCs, MBrMEC, 
and cells unclassified to either of the cell lines. We assume 
that the latter may represent the cells of different phenotypes 
than the model (further, we call them UCCsâ€”unclassified). 
In the case of the Raman spectra of cytoplasm and nucleus, 
a similar number of the cells (ca. 40%) are classified as 
endothelial progenitor cells and UCCs. Only 20â€“30% of 
cells preserved the features of the brain endothelium. Over 
50% of co-cultured cells (UCCs) reprogrammed the bio-
chemical composition of the perinuclear area into a new 
functionality whereas 40% of cells showed a spectral pro-
file like MBrMECs. Only for the class of lipid droplets, the 
co-cultured cells are assigned to the endothelial progenitor 
cells (ca. 90%). None of the cells from the prediction group 
was classified as the brain endothelium. The same result 
was obtained for the FTIR spectra of the whole cells. The 
prediction model used for the negative control classified the 
cells into all prediction groups.

Discussion

The used here Raman and FTIR imaging deliver comple-
mentary results giving an insight into the chemism of the 
individual cell lines at the cellular and subcellular level 
(Fig.Â  2). We established the label-free protocol how 
to investigate the cells to achieve this chemical comple-
mentarity, including the measurement and analysis steps. 
We showed that this approach recognizes the genetic and 
metabolic differences between the MAgEC11.5 EPCs and 
MBrMEC cells even though there are no known specific 
biomarkers yet and standard bioimaging techniques show 
only morphological features (Fig.Â 1).

From the biological point of view, high-resolution Raman 
imaging would be certainly a more acceptable tool because 
of its similar spatial resolution to fluorescence microscopy 
(Figs. 1, 3). We showed that one can determine the spectral 
biomarkers of the endothelial and progenitor cells in nuclei, 
cytoplasm, perinuclear area, and lipid droplets without using 
labels and they enabled their further unsupervised discrimi-
nation (Fig.Â 4, Table 1). The PCA analysis and difference 
spectra indicated a few discriminators that contributed to 

Fig. 6   The PCA scores plots for a 24-h and b 4-h co-cultures of 
whole MAgEC11.5 EPCs and MBrMEC cells together with c PC-1 
loading graphs of the 24-h co-culture and individual cells lines (from 
Fig.Â  4e) compared with the difference spectrum (from Fig. S2). 
Data analysis was performed for the whole cells acquired in FTIR 
spectroscopy imaging
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the significant discrimination of the nuclei in the separately 
cultured brain endothelium and endothelial cells (PC-1, 
74%; Fig.Â 4b and Table 1). MAgEC11.5 cells exhibited 
a higher contribution of long FAs and proteins contrary to 
MBrMECs in that a typical nucleus material was identi-
fied. It is well known that the nuclear envelope (NE) sur-
face constantly increases during interphase in cells of high 
proliferative potential like EPCs [37]. This requires a con-
tinuous synthesis of nuclear pore complexes and other NE 
components. Most cellular lipid synthesis occurs at the ER 
and NE interface and thus lipids can freely diffuse through 
this membrane continuum. For this reason, probably, the 
spectral profile of the nucleus in the progenitor cells was 
dominated by lipids. Furthermore, TEM images of the EPC 
cytoplasm show a high abundance of cellular organelles like 
mitochondria, rough endoplasmic reticulum, and Golgi com-
plex that are responsible for the significant protein synthesis 
capability of the progenitor cells [38]. Thus, they can secrete 
many growth factors to maintain their growth and differ-
entiation [39â€“41]. The Raman spectra indicated that the 
perinuclear area of the progenitor cells is, in fact, richer in 
cytochromes and accompanied by other proteins and nucleic 
acids whereas this cellular compartment in MBrMECs con-
tains long fatty acids and unsaturated lipids synthesized in 
the smooth endoplasmic reticulum (Table 1). This chemi-
cal composition can indicate a higher contribution of rough 
and smooth ER of MAgEC11.5 EPCs and MBrMEC cells, 
respectively, since staining with the Dil dye did not indi-
cate substantial differences between the cell lines (Fig.Â 1). 

On the other hand, ca. 80% and 60% of the investigated 
MAgEC11.5 EPCs and MBrMEC cells, respectively, pro-
duced lipid droplets but of a different composition (Fig.Â 3, 
Table S1). More unsaturated fatty acids and their TAGs were 
synthesized by the brain endothelium, whereas LDs in the 
progenitor cells additionally contained cholesterol and phos-
pholipids. In both cases, the unsaturation degree was not 
high and did not exceed the value for linoleic acid (18:2) 
(Fig. S3). To our best knowledge, there is no study published 
so far that shows the presence of lipid droplets in the brain 
endothelium and progenitor cells.

The biochemical composition of all intercellular compart-
ments was expressed by the FTIR spectrum of the single 
cell (Fig.Â 2). Since IR imaging is much faster than Raman 
microscopy, one can employ this technique for the rapid 
examination of chemical alternations/differences in cells and 
the classification purpose like in this work. The PCA-based 
separation of cell lines confirmed the Raman spectroscopy 
results with a high variation of 40% (Fig.Â 4e) while the 
determined spectral markers indicated pronounced differ-
ences in protein conformations (Table 1). The recognition 
of secondary structures of these fundamental biomolecules 
is the well-known advantage of FTIR spectroscopy. We 
revealed here that proteins containing 310-helices were spe-
cific for the progenitor cells, while intermolecular aggregates 
of Î²-sheets, Î±-helices and, Î²-turns were more abundant 
in brain endothelium. Since 310-helices in cellular proteins 
were proposed to be intermediates in the folding/unfolding 
of Î±-helices, we suggest that their higher contribution in 

Fig. 7   Bar chart with the % classification of the 24-h co-cultured cells 
to whole MAgEC11.5 EPCs and MBrMEC cells based on the a cellu-
lar compartmentsâ€”cytoplasm, cell nucleus, endoplasmic reticulum, 

and lipid droplets (high-resolution Raman imaging) and b the whole 
cells (FTIR imaging) compared with negative control
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the progenitor cells might be associated with an enhanced 
cytoskeleton reorganization due to their potential for pro-
liferation [42, 43]. A lipid nature of the EPC cells was also 
confirmed, and additionally, bands of poly/sugars and lactate 
may exhibit the amplified glycolytic process (Table 1).

Both vibrational spectroscopy microscopies also showed 
for the first time cell-to-cell interactions between the brain 
endothelium and the progenitor endothelial cells (Figs. 5, 
6). The FTIR-based analysis of the whole intercellular inte-
rior indicated reprograming of MBrMEC into MAgEC11.5 
EPCs with a full transfer of the biochemical properties of 
the progenitor cells in 90% of the co-cultured cells (Figs. 6, 
7). While the analysis of Raman signals from their cellular 
compartments and their PLSR classification suggested that 
the cellâ€“cell interactions transform the metabolism of the 
cytoplasm and the organelles located around the nucleus 
(Figs. 5, 7). Only LDs were synthesized with the chemi-
cal composition of the cell progenitors (Fig. S3), whereas 
the nuclei preserved the properties of the cell lines. The 
new markers of the cytoplasm in the co-cultured cells were 
observed in the lipid classes (TAGs, un-/saturated FAs) 
which implicates the amplification and/or transformation 
of their synthesis routes. Although the PCA analysis of the 
perinuclear area did not exhibit the assignment of the co-
cultured cells to one of the cell lines, the appearance of the 
discriminators associated with cytochromes and fatty acids 
implicated that the alternation of their biochemical processes 
must have occurred and it is confirmed by the high number 
of the interacting cells unclassified in PLSR (Figs. 5, 7).

Conclusion

The progenitor endothelial cells have been broadly investi-
gated to assess their clinical significance in diseases associ-
ated with brain endothelial dysfunction due to their ability 
to differentiate toward mature endothelial cells. However, 
the mechanisms of their direct interactions and effects on 
the treatment of neurodegenerative diseases are still poorly 
understood and the wide and comprehensive evaluation is 
highly in demand. Our work showed the proof of principles 
that label-free imaging tools sensitive to molecular vibra-
tions recognize the cells of similar phenotypes and their 
direct interactions. While the RS technique provided the 
chemical description of metabolic differences of single cells, 
FTIR imaging gave an insight into the structural diversi-
ties of the same samples. We propose that both modalities 
offer an attractive strategy for tracking cellular interactions 
without a need for the specific labeling that is particularly 
important when biomarkers are not known or they do not 
differ between investigated specimens. The obtained spec-
tral datasets can be easily combined with unsupervised 
multivariate analysis and prediction models to identify the 

cell communication and junction which induce further new 
physiological processes. The interpretation of the spectral 
markers suggested that the brain endothelium affected by the 
progenitor cells primarily triggers metabolic pathways in the 
cytoplasm which are responsible for the synthesis of lipid 
droplets. Further extensive work is required to confirm these 
observations and validate the applicability of vibrational 
spectroscopy to track cellâ€“cell interactions. Furthermore, 
a prolonged intercellular interactions would be interesting 
to systematically assess the evolution of the final resulting 
cells in the real microenvironment.
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