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ARTICLE INFO ABSTRACT

Keywords: Endothelial cells line the lumen of all vessels in the body and maintain vascular homeostasis. In particular,
Raman imaging endothelial cell regeneration in response to insult sustain functional endothelial layer. EdU (5-ethynyl-2'-deox-
Click chemistry yuridine) is an alkyne-tagged proliferation probe that incorporates into newly synthesized DNA and is used for
fluorescence imaging of cell proliferation with the use of “click chemistry” reaction with a fluorescent azide.
Here, we utilized EdU as a click-free Raman probe for tracking endothelial cell proliferation. Raman imaging of
EdU was performed in live endothelial cells, showing an advantage over fluorescence imaging of EdU, as this
technique did not require sample fixation and permeabilization. To validate Raman-based imaging of EdU to
study endothelial cell proliferation, we showed that when endothelial cells were treated with cycloheximide or
doxorubicin to impair the proliferation of endothelial cells, the Raman-based signal of EdU was diminished.
Furthermore, endothelial cells proliferation detected using EdU-labelled Raman imaging was compared with
fluorescence imaging. Finally, the method of Raman-based EdU imaging was used in the isolated murine aorta ex
vivo. Altogether, our results show that Raman-based imaging of EdU provides a novel alternative for
fluorescence-based assay to assess endothelial proliferation and regeneration.
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often associated with an altered capacity of endothelial regeneration
unable to repair vascular dysfunction (Deanfield et al., 2007). Therefore,

1. Introduction

Endothelial cells (EC) form a monolayer lining the lumen of all
vessels in the body. They play a significant role in maintaining cardio-
vascular homeostasis through their multiple endocrine, paracrine, and
autocrine functions (Daiber and Chlopicki, 2020; Galley and Webster,
2004; Walczak et al., 2015). EC are involved in the regulation of blood
flow, vascular permeability, smooth muscle cells proliferation, inflam-
matory response, thrombosis and angiogenesis (Rajendran et al., 2013)
and the impairment in the endothelial regulatory function results in
endothelial dysfunction (ED) (Cau et al., 2018). ED has been linked to
the development of many diseases such as atherosclerosis, diabetes,
hypertension, liver disease cancer or COVID-19 (Huertas et al., 2020;
Maslak et al., 2015; Rajendran et al., 2013; Ruhl et al., 2021; Smeda
et al.,, 2020; Smeda and Chlopicki, 2020) and the phenotype of ED is

tracking the proliferation of EC, particularly in in vivo and ex vivo con-
ditions, provides an important insight into the endothelial phenotype
and is usually done with the use of EdU assay.
5-ethynyl-2'-deoxyuridine (EdU) is an alkyne-tagged thymidine
analogue that incorporates into newly synthesized DNA during repli-
cation (Salic and Mitchison, 2008). As a result of the copper-catalysed
azide-alkyne cycloaddition reaction, i.e. “Click chemistry” with a fluo-
rescent azide, EdU has been used in fluorescence imaging to follow DNA
synthesis of proliferating cells (Basile et al., 2011; Ishizuka et al., 2016).
This technique demonstrates the great advantage of not relying on an
antibody to label DNA, omitting the need for the rigorous step of DNA
denaturation (Salic and Mitchison, 2008). However, due to the cyto-
toxicity of the copper catalyst and the poor permeability of the
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Fig. 1. EdU as an alkyne-tagged Raman probe for detection of DNA in EC
of various origins e.g. in human microvascular endothelial cells (HMEC-1),
human aortic endothelial cells (HAOEC) and human coronary artery endothelial
cells (HCAEC). (A) Structure and Raman spectrum of 5-Ethynyl-2'-deoxyuridine
(EdU). (B) Raman image of control and EdU-tagged HMEC-1 (0, 3 and 24h),
HAOEC, and HCAEC cells (0 and 24h), obtained by the integration of Raman
bands over the selected spectral regions: 3030-2800 cm- 1 (organic matter),
810-770 cm~1 (DNA/RNA), and 2132-2112 cm~1 (Alkyne group, EdU). Scale
bars equal 5 pm.

Fig. 2. Live cell Raman imaging of EdU-tagged HMEC-1. (A) Raman images
of control and EdU-labelled HMEC-1 were obtained by the integration of Raman
bands at 3030-2800 cm~1 (organic matter), 810-770 cm~1 (DNA/RNA),
2132-2112 cm~1 (Alkyne group, EdU), and 760-740 cm~1 (Cytochrome C).
Scale bars equal 5 pm. (B) Averaged spectra of the nucleus class of the control
(grey) and EdU-labelled (red).

fluorescent azide dyes, sample fixation and permeabilization are needed
for proliferation detection.

As an alternative to the fluorescence-based analysis, Raman imaging
can be considered. Raman spectroscopy is regarded as a powerful tool in
the detection of key biological compounds i.e. proteins, lipids, and
nucleic acids within cell and tissue models of various diseases in a label-
free manner, omitting the undesirable influence that dyes may have on
samples (Adamczyk et al., 2021). On the other hand, the use of Raman
probes (Rp) has been shown to improve selectivity in subcellular or-
ganelles imaging and tracking specific molecules, and to some extent,
the sensitivity of this approach is greater than the measurements
without probes (Adamczyk et al., 2021; Czamara et al., 2021; Matuszyk
et al., 2021; Radwan et al., 2020). Rp are usually small molecules that
ideally have a targeting moiety that marks specific subcellular structures
or molecules and a Raman reporting moiety that improves Raman
detection by signal enhancement or demonstrating a band in the silent
spectral region (ca. 2800-1800 cm~1). In this regard, EdU represents an
Rp as this molecule can be easily detected in cells due to the alkyne tag
being a part of its structure that gives a Raman band at ca. 2122 cm~1in
the “silent region”, where there is no interference with the signal from
other cellular components (Yamakoshi et al.,, 2011). Furthermore,
Raman-based detection of EdU-tagged DNA could be done in a click-free
manner, i.e. DNA could be identified in the Raman spectra based on
incorporated EdU into biological samples without the need for any
additional dyes, therefore, allowing live-cell imaging. This is not
possible using the fluorescence-based detection approaches that rely on
the click chemistry reaction between EdU and a fluor azide dye
following cell fixation and permeabilization.

EdU incorporation into the double-stranded DNA and its content in
the nucleus increases with cell proliferation, providing enhanced Raman
signal derived from EdU when imaging cell nuclei. This has been already
demonstrated when imaging HelLa cells incubated with EdU for 21 h
(Yamakoshi et al.,, 2011). As a thymidine analogue, EdU incorporates
specifically into cellular DNA, therefore, the detection of EdU allows
monitoring cellular DNA solely, while it is difficult to isolate signals
from cellular DNA and RNA using label-free Raman techniques.

Indeed, Raman imaging of EC provides valuable information on the
phenotype and chemical changes in endothelial cells (Adamczyk et al.,
2021; Baranska et al.,, 2015) including the chemical composition of
cellular nucleic acids by identifying the Raman bands at ca. 788 cm~1
(phosphodiester bonds in DNA), 813 cm~1 (phosphodiester bonds in
RNA), and 1095 cm~1 (phosphodioxy group, PO2) using label-free
Raman techniques (Adamczyk et al.,, 2021). However, investigating
cell proliferation and the state of newly synthesized DNA could not be
achieved with the label-free Raman methods. Here we present an
approach to analysing newly synthesized DNA based on EdU-tagged
DNA in EC and its band arising at ca. 2122 cm~1, permitting the
investigation of cell proliferation, while at the same time keeping the
information obtained from the bands associated with nucleic acids
intact. This method was used to detect endothelial cell proliferation in
healthy endothelial cells and in endothelial cells when proliferation was
impaired by cycloheximide (CHX) or doxorubicin (DOX). CHX, an
antifungal antibiotic, is a protein synthesis inhibitor that is widely used
in in vitro studies (SIEGEL and SISLER, 1963). When cells are treated
with CHX for short incubation times, it leads to the inhibition of the
cellular DNA synthesis by stalling replication forks due to protein
deprivation (Henriksson et al., 2018; Liu et al., 2010). Doxorubicin
(DOX), an anthracycline antibiotic used in cancer treatment, endowed
with cardiotoxicity (Liu and Melchert, 2010) is thought to directly
damage DNA through intercalation and inhibition of topoisomerase II
(Taymaz-Nikerel et al., 2018). DOX treatment leads to DNA fragmen-
tation, inhibition of cell proliferation and apoptosis (Kim et al., 2009).
Previous spectroscopic studies of the effects of CHX and DOX treatments
on EC have demonstrated the chemical and morphological changes
associated with these compounds (Czamara et al., 2016; Majzner et al.,
2015; Wojcik et al., 2015). However, their effect on EC proliferation



Fig. 3. Raman images of EdU-tagged HMEC-1 with and without CHX pre-treatment. (A) Raman images of EdU-labelled (20 pM, 24h) control and CHX pre-
treated (1 and 10 pg/ml, 1h) HMEC-1 constructed by the integration of Raman bands at: 3030-2800 cm~1 (organic matter), 810-770 cm~1 (DNA/RNA),
2132-2112 cm~1(Alkyne group, EdU). (B) average spectra of EdU-labelled nuclei class obtained by KMCA of control (red) and cells pre-incubated CHX in 1 pg/ml
(green) and 10 pg/ml (blue) showcasing the bands at ca. 788 cm~1 (nucleic acids) and 2122 cm~1 (EdU).

studied with Raman imaging has not been studied before.

Here, we present the Raman-based approach to assay cell prolifer-
ation utilizing EdU as a click-free Raman probe for DNA replication.
Fluorescence detection of Alexa Fluor®-stained EdU is used as a refer-
ence method. As a proofof concept, we studied endothelial proliferation
in endothelial cell culture while endothelial cell regeneration was
studied in isolated murine aortae.

2. Materials and methods
2.1. Cell culture
HMEC-1 between passages 2 and 6 were used in all the Raman and

fluorescence experiments to detect cell proliferation, with and without
CHX pre-treatment. Cells were cultured in a complete MCDB131

medium (Gibco Life Technologies) supplemented with 10 mM L-gluta-
mine (Gibco Life Technologies), 1 pg/mL hydrocortisone (Sigma
Aldrich), 10 mg/mL epidermal growth factor (EGF, Sigma Aldrich), 10%
fetal bovine serum (FBS, Gibco Life Technologies) and antibiotic anti-
mycotic solution (AAS with 10.000 U penicillin, 10 mg streptomycin,
and 25 pg amphotericin B per mL). Additionally, two more EC lines were
used for EdU labelled Raman imaging of their DNA, i.e. primary human
aortic endothelial cells (HA0OEC) and human coronary artery endothelial
cells (HCAEC). They were cultured in a complete EGM-2MV medium
(Lonza, Basel, Switzerland), supplemented with 10 mM L-glutamine
(Gibco Life Technologies), 1 pg/mL hydrocortisone (Sigma Aldrich, St.
Louis, MO, USA), 10 mg/mL epidermal growth factor (EGF, Sigma
Aldrich), 10% fetal bovine serum (FBS, Gibco Life Technologies) and 1%
of antibiotics (streptomycin, penicillin and fungison, Gibco Life Tech-
nologies). The cell cultures were incubated ina 37 °C, 5% CO2/95% air



Fig. 4. Raman imaging-based quantification of EC proliferation inhibition following CHX treatment (A) Raman images of EdU tagged HMEC-1 were obtained
by the integration of Raman bands over the spectral regions: 3030-2800 cm~1 (organic matter, blue), 810-770 cm~1(DNA/RNA, green), 2132-2112 cm~1(Alkyne
group; EdU, red) and composite images (overlapping between EdU and nucleic acids signal in yellow). Showing EdU distribution in EC nuclei with and without CHX
pre-treatment. Scale bars equal 30 pm. (B) percentage of EdU-positive HMEC-1 cells (that express a Raman band at ca. 2122 cm~1) to the total number of cells (based
on the nucleic acids band at ca. 788 cm~1) presented as means + SD from 3 independent experiments, n = 50 + 2 cells/group. **P < 0.01 vs. control.

humidified cell culture incubator.

For the Raman experiments, HMEC-1, HAoEC, and HCAEC were
seeded directly onto Calcium Floride (CaF2) windows to reach optimal
confluency after 24 h. For studying cell proliferation HMEC-1 cells were
either pre-treated with CHX (1 and 10 pg/mL) for 1 h or incubated in a
CHX-free medium, afterwards, cells were incubated with EdU (20 pM) in
a cell culture medium for 3 or 24h. HAoEC and HCAEC were either
incubated with EdU (20 pM) for 24h or with the EdU-free medium. Live
cell imaging was performed, or cells were fixed (2.5% glutaraldehyde)
and stored at 4 °C until measurements.

For fluorescence imaging, cells in culture were plated in 96-well
plates to be confluent after 24 h. On the day of the experiment, cells
were treated with CHX (at concentrations 1 and 10 pg/mL) for 1 h and
then incubated with EdU dilution in the cell culture medium (10 pM) for
either 1 or 24 h.

2.2. Aorta tissue

All experiments involving animals described in the present study
were approved by the Local Jagiellonian University Ethical Committee
on Animal Experiments in accordance with the Guidelines for Animal
Care and Treatment of the European Community.

Male C57BI/6 (wild type) aged 8-12 weeks were intraperitoneally
injected with EdU (150 mg/kg body weight) every other day for aweek.
Afterwards, the animals were anaesthetized by an intraperitoneal in-
jection of a mixture consisting of ketamine and xylazine (100 mg keta-
mine/10 mg xylazine/kg body weight). The thoracic aortae were
isolated and transferred into Krebs-Henseleit buffer, then cleaned from
the surrounding tissue and cut into rings of ca. 1-2 mm. A group of the

aortic rings was subjected to mechanical injury with a sharp object.
Next, aortic rings were incubated for 48 h (at 37°C and 5% CO2) in
minimal essential medium (MEM) with EdU (200 pM) supplemented
with 1% MEM vitamins, 1% antibiotics (penicillin 10,000 U/mL and
streptomycin 10,000 pg/mL), 1% non-essential amino acids, and 20%
fetal bovine serum (FBS). The aortic rings were incubated in media with
and without vascular endothelial growth factor (VEGF; Sigma Aldrich)
supplementation. Later, the rings were split open and mounted on Cell-
Tak®-coated glass slides or calcium fluoride slides for subsequent
Fluorescence and Raman measurements respectively. Samples were
washed in PBS and fixed using 4% paraformaldehyde (for fluorescence
imaging) or 4% formalin solution (for Raman imaging) for 15 and 10
min respectively. En face aorta samples prepared for Raman imaging
were stored in PBS at 4°C until being measured without any further
staining.

Before immunostaining, the aortae samples were blocked with TNB
blocking buffer (0.1 M Tris-HCI pH 7.5, 0.15 M NacCl, and 0.5% (w/v)
blocking reagent (PerkinElmer FP1020)) for 4h. Afterwards, samples
were permeabilized using 0.5% Triton-X 100 in PBS, washed with PBS,
and incubated in a click reaction cocktail (prepared according to the
manufacturer instructions) containing Alexa Fluor® 555 azide for sub-
sequent EdU detection. Aortae samples were washed thoroughly and
incubated with anti-CD31 antibody (Abcam, 1:50) diluted in TNB
blocking buffer overnight at 4 °C. Then, they were washed in PBS and
incubated with Alexa Fluor 647 goat-anti-rabbit (Immunoresearch
Laboratories, 1:200) at room temperature in the dark for 3h. Finally,
Hoechst 33258 (Sigma Aldrich; 1:1000) was used to stain samples’
nuclei. Aortae samples were covered with glass coverslips, protected
from light, and measured using CQl Confocal Quantitative Image



Fig. 5. Fluorescence imaging of Alexa fluor® 488-tagged EdU as a reference method. (A) Fluorescent images showing EdU positive cells nuclei (green), total
nuclei in the samples (Hoechst, blue), and composite images of EdU-tagged control and CHX (1 and 10 pg/ml) pre-treated HMEC-1. Scale bars equal 100 pm (B) Total
percentage of EdU-positive HMEC-1 calculated over the total number of Hoechst-stained nuclei, and (C) the average intensity of the overall fluorescent signal
obtained from Alexa fluor® 488 signalling EdU in cell nuclei of the control and CHX pre-treated cells. The results are presented as the means + SD from 3 inde-

pendent experiments, *P < 0.05, **P < 0.01 vs. control.

Cytometer (Yokogawa; 20 x magnification objective).

2.3. Raman imaging

Raman imaging of all samples was performed using a WITec alpha
300 Confocal Raman Imaging system (WITec GmbH, Ulm, Germany)
equipped with an Ultra-High-Throughput Screening (UHTS) 300 spec-
trograph, a charge-coupled device (CCD) detector (Andor, DU401A-BV-
352), and an air-cooled solid-state laser with an excitation wavelength of
532 nm (or 488 nm for DOX experiments) was used to excite the sam-
ples. A 60 x water immersion objective (Nikon Fluor, NA = 1.0) was
used for single-cell imaging, the spectra of cells were obtained using 0.5
s integration time and a 0.5 pm step size. Whereas for imaging a larger
area, a 40 x water immersion objective (Zeiss, NA = 1.0) was used to
obtain spectra at 0.3 sintegration time and 2 pm step size. Imaging of the
enface aortae samples was performed using the 60 x water immersion
objective (Nikon Fluor, NA = 1.0), with an integration time 0f0.3 sand a
step size of 0.5 pm.

2.4. EdU click chemistry assay and fluorescence imaging

In order to fluorescently label the incorporated EdU in HMECs, cells
were fixed using 4% paraformaldehyde solution for 10 min. After the
washing step with 3% BSA in PBS, cells were permeabilized using 0.5%
Triton-X 100 in PBS for 20 min, and they were washed again. Then, cells
were incubated for 30 min in the dark with a reaction cocktail prepared
according to the manufacturer’s instruction, which contains the com-
pounds necessary for the bonding of Alexa Fluor® 488 azide with EdU.
After an additional washing step using PBS, cell nuclei were stained with
Hoechst 33342 (1:1000 in PBS) for 10 min and then washed. For the
imaging procedure, the Confocal Quantitative image cytometer (CQ1,

Yokogawa) was used. Laser lines at 405 nm and 488 nm with emission
filters FFO1-452/45 and BP525/50 were used to collect images from cell

nuclei and incorporated EdU, respectively.

2.5. Data analysis

Obtained Raman spectra were processed by a routine cosmic ray
removal and were baseline corrected using auto-polynomial of degree 3
using WITec Project Plus software. To extract the average spectra of cell
nuclei from different groups, Cluster analysis (CA) was performed with
the k-means method (k-means cluster analysis, KMCA) using the Man-
hattan distance (WITec Project Plus software). Origin Pro 2022 was used
for normalizing and presenting the spectra.

ImageJ (National Institutes of Health; http://rsbweb.nih.gov/ij/)
and Columbus software were used for the processing of the fluorescence
images. The total number of cells (based on Hoechst staining) the
number of EdU-positive cells and the average fluorescence intensity
were calculated. Whereas for the Raman imaging-based proliferation
assay, the total number of cells and the number of EdU-positive cells
were calculated based on the nucleic acids band at ca. 788 cm~1and the
alkyne band at ca. 2122 cm~1respectively. To determine the statistical
significance a two-sample t-test was used (Origin Pro, 2022).

3. Results and discussion
3.1. Locating DNA in the cell by detecting EdU

EdU-tagged Raman-based detection of EC nuclei in HMEC-1 cells was
performed upon incubation with EdU for 0, 3, and 24 h. The most

intense band of EdU arising from the alkyne tag was seen at ca. 2122
cm~1(Fig. 1A) and was used to characterise cellular EdU distribution. A
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Fig. 6. Raman imaging study of Doxorubicin antiproliferative effect on EC. (A) Structure and Raman spectrum of doxorubicin hydrochloride (DOX), measured
using 488 nm excitation wavelength. (B) Mean (+SD) nucleus area of control and DOX pre-treated HMEC-1 cells, *P < 0.05 vs. control. (C) percentage of EdU-
positive HMEC-1 cells (that express a Raman band at ca. 2122 cm~1) to the total number of cells (based on the nucleic acids band at ca. 788 cm~1). (D) Raman
images of EdU-labelled (20 pM, 24h) control and DOX pre-treated (0.1 and 1 pM, 24h) HMEC-1 cells obtained by the integration of Raman bands at: 3030-2800 cm~1
(organic matter), 810-770 cm~1 (DNA/RNA), 2132-2112 cm~1 (Alkyne group, EdU), and 4200-3800 cm~1 (DOX), scale bars equal 5 pm.

clear localization of EdU in cell nuclei was observed (Fig. 1B). EdU was
detectable in EC nuclei after 3 h of incubation time, however, both the
count of EdU positive cells and the intensity of the alkyne band at ca
2122 cm~1increased after 24h incubation with EdU. Furthermore, the
integration of the Raman spectra of cells at the spectral region around
2122 cm~1, in the samples treated with EdU for 24h, shows distinct
improvement of nuclei imaging compared to following nucleic acids
Raman band at ca. 788 cm~1.

Endothelial cells in different organs show a great deal of heteroge-
neity, moreover, they are subjected to different environments and are
influenced by their surroundings, which contributes to their morpho-
logical and functional differences (Reiterer and Branco, 2020; Ribatti
et al.,, 2021). To investigate the potential of EJU and improve Raman
imaging of cell nuclei of EC from different origins that show, among
others, differences in cell proliferation rates, we studied EdU distribu-
tion in human microvascular endothelial cells (HMEC-1), human aortic
endothelial cells (HAOEC) and human coronary artery endothelial cells
(HCAEC). Relatively better images of EC nuclei were obtained by the
integration of the Raman band at ca. 2122 cm~1(EdU) in EdU-tagged EC
regardless of their origin (Fig. 1B).

3.2. Live endothelial cell imaging - advantage of the Raman imaging
approach to track cell proliferation

Since the distribution of EdU based on the peak arising from its

alkyne tag was clearly detectable in the silent region of the Raman
spectra of EC (as shown in Figs. 1A and 2B), a click-free manner of EdU
detection was possible allowing live-cell imaging and bypassing the ef-
fects of fixation on cells. This was an important issue, as for instance,
glutaraldehyde fixation decreased the intensity of the characteristic
nucleic acid band at ca. 785 cm~1as well as the DNA marker band at ca.
1096 cm~1 assigned for O-P-O stretching mode (Bik et al., 2020). As
shown in Fig. 2, EdU-labelled DNA in live HMEC-1 cells was detected
based on its characteristic band at ca. 2122 cm~1in live-cell prolifera-
tion assay. This highlights one of the advantages of the Raman
imaging-based method to detect cell proliferation i.e. the ability to
image EdU-tagged live cells due to the lack of necessity for additional
dyes to detect EdU. Whereas for fluorescence-based detection, a click
chemistry reaction following cell fixation and permeabilization is
needed for the subsequent detection of EdU-labelled cellular DNA.

3.3. Raman imaging-based EdU cell proliferation assay following DNA
synthesis inhibition

CHX inhibits protein synthesis that subsequently results in decreased
detection of EdU-positive cells (Henriksson et al., 2018). To assess
whether Raman imaging-based EC proliferation assay is sensitive to
changes induced by CHX treatment, we incubated HMEC-1 with EdU in
the cell culture medium (20 pM), in the absence or presence of CHX
added for 60 min at 1 and 10 pg/ml concentrations. Raman imaging of



Fig. 7. Raman and fluorescence imaging of EC and SMC regeneration in enface murine aorta. (A) Fluorescence images of control and injured murine aorta
incubated with MEM for 48h (with and without VEGF supplementation), stained for endothelial marker CD31 (red), nuclei marker Hoechst (blue), and EdU (yellow).
(B) Raman images of EdU-tagged uninjured enface aorta (incubated with VEGF-supplemented MEM for 48h) showing organic matter (3030-2800 cm-~1), elastin
(567-497 cm~1), DNA/RNA (810-770 cm~1), and EdU (2132-2112 cm~1), and the corresponding average spectra of the EdU-positive nuclei; average spectra of the
EdU-positive nucleus on the top panel (top, purple), average spectra of the EdU-positive nucleus on the bottom panel (bottom, grey).

control HMEC-1 incubated with EdU for 24h showed a clear distribution
of EdU, to be seen by following the alkyne band at ca. 2122 cm~1
(Fig. 3A). Cells that were pre-treated with CHX demonstrated the
decreased intensity of the characteristic EdU band at ca. 2122 cm~1,
especially in the case of the group pre-treated with a higher concen-
tration of CHX (10 pg/ml) (Fig. 3B), where a considerable number of
cells did not exhibit any EdU signal.

Through cluster analysis of the Raman images of EC, the average
spectra of cell nuclei in each group were collected and compared. As
shown in Fig. 3B, there was a considerable decrease in the intensity of
the band associated with EdU in the CHX (10 pg/ml) pre-treated cells
compared to control, whereas the decrease was minor in the group pre-
treated with lower (1 pg/ml) concentration of CHX. However, the
characteristic nucleic acids band at ca. 788 cm~1did not show a sig-
nificant change in the CHX pre-treated groups compared to the control.
This demonstrates the inhibition of EC proliferation in the CHX pre-
treated group (10 pg/ml), without a significant change to the already
formed DNA in EC nuclei.

To quantify the percentage of the EdU-positive cell population in
each group, a larger area of cells was scanned using shorter image
acquisition times. Afterwards, cells were counted in each measurement
and judged by the presence or absence of the characteristic EdU band at
ca. 2122 cm~1in their respective nuclei. The nucleic acid characteristic
band at ca. 788 cm~1was used as a reference to count the total number
of cells in all the samples. By analysing the Raman spectra of the
measured cells, a significant decrease in EdU-positive cell count was
observed in the group of cells pre-treated with CHX (10 pg/ml),
compatible with the inhibition of DNA synthesis (Fig. 4B). These ex-
periments demonstrated that Raman imaging-based EdU assay for
endothelial cells proliferation was sensitive to CHX inhibition as ex-
pected (Henriksson et al., 2018).

3.4. Fluorescence imaging as a reference method for inhibition of cell
proliferation

For comparison, we utilized fluorescent detection of Alexa Fluor®
488-stained EdU in HMEC-1 incubated with EdU in similar experimental
conditions in the absence and presence of CHX (1 and 10 pg/ml, 1h). We

observed that the percentage of EdU-positive HMEC-1 decreased
significantly in the group of cells pre-treated with CHX higher concen-
tration (10 pg/ml) as compared to control cells (Fig. 5B). Furthermore,
the intensity of the signal from Alexa Fluor has shown a significant
decrease in that same group compared to control cells, as shown in
Fig. 5C. Both the percentage of EdU-positive cells and the intensity of the
Alexa Fluor signal from EC nuclei treated with a lower concentration of
CHX (1 pg/ml) decreased to a lesser degree. These results correlate with
the Raman imaging results supporting the equivalence of the Raman
imaging-based click-free approach to assay endothelial cell proliferation
as compared to the classical fluorescence-based approach. Some of the
differences observed between the fluorescence and Raman-based tech-
niques in EdU detection can be attributed to a number of reasons,
including the differences in sample preparation using different sub-
strates for cell culture, a difference in the detection method (click free vs.
click chemistry based), and to some degree, difference in thresholding.

3.5. EdU labelled Raman-based detection of doxorubicin effect on EC

Doxorubicin induces pronounced cellular toxicity at nuclear, cyto-
solic and membrane levels in endothelial cells in vitro (Debowska et al.,
2016; Majzner et al.,, 2015; Wojcik et al., 2015). In particular, the
accumulation ofdoxorubicin in endothelial nuclei and increased nuclear
area were prominent features of doxorubicin endothelial toxicity. In line
with these previous reports, as shown in Fig. 6B, the mean nucleus area
increased significantly in DOX-treated endothelial cells as compared to
control cells and this effect was associated with DOX accumulation in EC
nuclei. The increase in nucleus area, as well as the elevation of back-
ground in the high wavenumber range in the Raman spectra (ca.
4200-3800 cm~1), was more pronounced with higher DOX concentra-
tion. Interestingly, using Raman imaging-based EdU assay we detected
antiproliferative effect of DOX on HMECs with the lower concentration
of DOX (0.1 pM) resulting in partial inhibition of proliferation, while the
higher DOX concentration (1 pM) caused a complete blocking of cell
proliferation (Fig. 6C).

Of note, in control endothelial cells and in endothelial cells treated
with the lower concentration of DOX, EdU-based images of cell nuclei
resulting from EdU signal at ca. 2122 cm~1were very well visible while
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higher DOX concentration endowed with pronounced cytotoxicity
impaired the signal detection. These results suggest that EdU-based
Raman imaging may prove useful to study morphological changes in
EC nuclei in addition to detecting changes in cell proliferation.

3.6. Detection of ex vivo proliferation of endothelial cells and smooth
muscle cells in isolated murine aorta

To assess the applicability of Raman imaging-based EdU assay for
endothelial cells proliferation or regeneration of endothelial cells in situ
aortic rings from isolated murine aorta were subjected to mechanical
injury and then incubated ex vivo in media with and without VEGF
supplementation. After 48h of incubation with EdU, the group of sam-
ples without VEGF supplementation showed negligible EdU incorpora-
tion, while EdU-positive cells were detected in the group of samples
incubated with VEGF in their culture medium. EdU-positive cells were
detected in the control (non-injured) aorta samples, however, the
number of EdU-positive cells was greater in the injured aortae. To
determine whether the EdU signal was detected in the endothelium,
PECAM-1 (platelet/endothelial cell adhesion molecule-1, CD-31) im-
munostaining, which is widely used for endothelial differentiation, was
performed. The majority of proliferating cells were found to be CD-31
negative with elongated nuclei, which could be attributed to smooth
muscle cells (SMCs). However, a smaller number of EdU-positive, CD-31
positive cells were detected as well (Fig. 7A).

Raman imaging of en face aorta samples showed a few detectable
EdU-positive cells without the need for additional staining (Fig. 7B).
Although imaging of cell nuclei in enface aorta samples is possible using

label-free Raman detection of the band at ca. 788 cm~1, the differenti-
ation between proliferating and non-proliferating cells was only possible
by detecting the alkyne band in EdU-positive cells at ca. 2122 cm~1.

4. Conclusions

Here we describe a novel method to study EC proliferation by
Raman-based imaging of EdU as a click-free Raman probe for DNA
synthesis. Comprehensive information on the incorporation of EdU in EC
DNA was obtained, allowing the quantification of EdU-positive cells
while keeping the spectral information (obtainable with label-free
Raman imaging) intact. The results of the EdU labelled Raman imag-
ing to detect EC proliferation were confirmed using fluorescence mi-
croscopy. Importantly, the Raman imaging-based approach omits the
cell permeabilization step and allows the tracking of EdU in EC without
the need for the fluorescent azide dye (in a click-free manner), permit-
ting live-cell imaging. On the other hand, the limitations of this tech-
nique include the longer image acquisition times (ca. 30-40 min/image)
compared to fluorescence imaging. However, relying on nonlinear
Raman techniques such as stimulated Raman scattering (SRS) and
coherent anti-Stokes Raman scattering (CARS) would potentially
improve the imaging speed of EdU-tagged cell nuclei (Wei et al., 2014;
Yamakoshi et al., 2011).

The known limitations of the fluorescence imaging-based method
include the limited number of dyes that could be used simultaneously,
the risk of photobleaching and the reliance on the click chemistry re-
action. In this context, the Raman and fluorescence-based techniques
each have their advantages and limitations and could be regarded as
complementary methods, with fluorescence imaging offering a bigger
picture overview of the state of the samples and Raman imaging offering
a more detailed assessment with minimal effects on the relatively fragile
EC samples.

Of note, Raman imaging-based detection of EdU-labelled nuclei
could be also applied to the ex vivo murine aortae model as shown here.
Nonetheless, the sensitivity of this technique needs improvement and
optimization e.g. to utilize new Rp for DNA synthesis that may offer
better signal enhancement such as resonance Rp or by developing
different alkynes and azides utilizing click chemistry for subsequent
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