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Abstract

Background: Understanding stem cell behavior as a delivery tool in cancer therapy is essential for evaluating their
future clinical potential. Previous in-vivo studies proved the use of mesenchymal stem cells (MSCs) for local delivery
of the commonest anticancer drug, paclitaxel (PTX). Dental pulp is a relatively abundant noninvasive source of MSCs.
We assess dental pulp stem cells (DPSCs), for the first time, as anticancer drug carriers. Confocal Raman microscopy is a
unique tool to trace drug and cell viability without labeling.

Methods: Drug uptake and cell apoptosis are identified through confocal Raman microscope. We traced translocation
of cytochrome ¢ enzyme from the mitochondria, as a biomarker for apoptosis, after testing both cancer and stem cells.
The viability of stem cells was checked by means of confocal Raman microscope and by cytotoxicity assays.

Results: In this study, we prove that DPSCs can be loaded in vitro with the anticancerous drug without affecting their
viability, which is later released in the culture medium of breast cancer cells (MCF-7 cells) in a time-dependent fashion.
The induced cytotoxic damage in MCF-7 cells was observed consequently after PTX release by DPSCs. Additionally,
quantitative Raman images of intracellular drug uptake in DPSCs and MCF-7 cells were obtained. Cytotoxic assays
prove the DPSCs to be more resistant to PTX as compared to bone marrow-derived MSCs, provided similar conditions.

Conclusions: Applications of dental stem cells for targeted treatment of cancer could be a revolution to reduce morbidity

due to chemotherapy, and to increase the efficacy of systemic cancer treatment.

Keywords: Raman spectroscopy, Dental pulp stem cells, Cancer, Paclitaxel, Apoptosis

Background

Cancer is a complex heterogeneous disease; the survival of
cancer patients is still poor with high mortality and
morbidity rates despite recent therapeutic advances. The
morbidity also results from serious side effects due to the
use of nonspecific anticancerous drugs. Furthermore, in
many cases, the poor survival of patients greatly relates to
the inability to deliver drugs to the metastatic sites, away
from the main tumor mass [1]. It is, therefore, crucial to
develop new delivery strategies for chemotherapeutic
drugs in clinical use.

Paclitaxel (PTX) is one of the most effective broad-
spectrum anticancer drugs indicated for solid tumor
malignancies, including lung, gastric, ovarian, and meta-
static breast cancer [2]. PTX is a microtubule-stabilizing
agent as it is believed to bind to the B-tubulin unit of
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the microtubules inducing mitotic arrest [3-6]. PTX
toxicity includes bone marrow suppression, alopecia
(100% of patients), and hypersensitivity reactions. It can
also cause neurotoxicity, myalgia, and other side effects
[7, 8]. The key goal of cancer chemotherapy consists of
selectively localizing the drug’s effect toward the tumor
in order to reduce its collateral toxicity [9-11]. Over the
past decades, many tumor-selective approaches have
been investigated, as antibodies, peptides for targeting
tumor antigens, nanoparticles, or cellular therapy [9, 10].
Stem cells that could be expanded and modified ex vivo,
and transplanted in vivo, encourage attempts to treat
complex lethal diseases like cancer [12].

Mesenchymal stromal cells (MSCs) have recently gained
great interest as an anticancer tool. Apart from their
immunomodulatory roles, anti-inflammatory effects, secre-
tion of bioactive molecules, and multilineage differentiating
capability under appropriate conditions, their significant
homing ability toward tumor and metastasis sites makes
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MSCs a new alternative to deliver anti-tumor agents [10,
11, 13-16]. Administration of MSCs has been associated
with decreased tumor growth when injected systemically or
directly in contact with tumors, suggesting their systemic
effect and inhibition of tumor proliferation [16, 17]. More-
over, independently of their controversial role in inhibiting
or promoting cancer growth, mesenchymal stem cells can
be used as a “Trojan horse” to vehicle and deliver conven-
tional anti-tumor agents into the cancer cells because of
their ability to migrate, localize, and survive in cancer
tissue, and their resistance to the chemotherapeutic drugs
[15, 17-20]. When primed with PTX, human MSCs
derived from the bone marrow acquire strong anti-tumor
activity through their capacity to uptake, deliver, and
subsequently release the internalized drug into the tumor
microenvironment, thus impairing tumor growth [9, 10, 17,
21-23]. These cells have shown sensitivity to the antiprolif-
erative activity of PTX but were strongly resistant to the
drug’s cytotoxic effects even at high concentrations (> 10
pg/ml PTX) [10, 19].

In addition to the bone marrow MSCs, adipose tissue-
derived mesenchymal stem cells (ADSCs) and amniotic
mesenchymal stem cells (AMSCs) have been investigated
[24, 25]. The potential use of ADSCs in cancer patients,
especially those undergoing invasive surgery, could be
affected by the disease and/or the treatment followed.
Cancer patients lose their fatty tissue, which renders the
autologous use of ADSCs unfeasible in this case. For
AMSCs from a fetal or maternal origin, some issues have
been proposed toward the isolation from different
origins which may differentially express some functions
not typical for MSCs, in addition to the complicated
manipulation of these cells for clinical use. Allogenic or
autologous stem cell transplantation may be proposed
for therapy. For this reason, allogenous in-vitro
expanded MSCs do not seem a promising option since
xenogeneic antigens might trigger undesirable immune
responses. Therefore, most of the completed clinical
trials are based on autologous treatments [26].

Dental pulp is an interesting source of mesenchymal
stem cells, due to the large abundance of cells from one
tooth and the noninvasive isolation methods compared to
other adult tissue sources [12]. Pulp tissue from human
third molars, exfoliated deciduous or supernumerary
teeth, represent an easy source for harvesting MSCs. The
properties of dental pulp stem cells (DPSCs) distinguish
them as one of the most accessible cell sources for cell-
based therapy [12, 13].

Understanding the mechanism and behavior of MSCs
and tracking them to check their efficacy in cancer treat-
ment are essential for assessing their future clinical poten-
tial. Confocal Raman microscopy is the method able to
track living cells [5, 6, 27—-29] without a need for labeling.
The laser beam being focused down to a small spot on the

Page 2 of 10

specimen leads to high spatial resolution and unique
compositional sensitivity. This method allows cells’ ana-
lysis according to different vibrational spectra owing to
differences in the biochemical composition of the mole-
cules. The drug’s specific Raman signature enables its
precise detection in the cell [5, 6, 27, 28]. Here we used
MSCs of the dental pulp to assess for the first time
whether they can be a promising delivery vehicle for PTX.
We evaluate also by confocal Raman microscopy and
cytotoxic assays the effect of PTX on the dental pulp and
bone-marrow-derived mesenchymal stem cells (DPSCs
and BM-MSCs), and the cytotoxic damage induced by
using the in-vitro conditioned medium released from
drug-loaded DPSCs to MCE-7 breast cancer cells.

Methods

Human dental pulp stem cells: culture and
characterization

Human wisdom teeth extracted for orthodontic reasons
were recovered from healthy patients (15-18 years old).
Weritten informed consent was obtained from the parents
of the patients. This protocol was approved by the local
ethical committee (Comité de Protection des Personnes,
Montpellier Hospital, France). Tooth surfaces were
cleaned using 2% chlorhexidine and cut around the
cementum—enamel junction using sterilized discs. Teeth
were then broken into two pieces to reveal the pulp cham-
ber. The pulp tissue was gently separated from the crown
and root, and then digested in a solution of 3 mg/ml colla-
genase type I and 4 mg/ml dispase for 1 h at 37 °C. The
solution was then filtered through 70-pm Falcon strainers
and added to aMEM supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin
with the addition of 1 ng/ml basic fibroblast growth factor
(bFGF) and placed in 75-ml flasks. Cells were incubated
for 1 week at 37 °C with 5% CO,. Nonadherent cells were
removed by a change of medium 24 h after cell seeding.
Cells were cultivated for 24 h on polished calcium fluoride
(CaF,) substrates (Crystran Ltd, Dorset, UK). The cultured
cells were washed three times with phosphate buffered
saline (PBS) to remove the culture medium, and then
fixed with 2% paraformaldehyde for 15 min and rewashed
with PBS before Raman imaging.

After 1 week, subconfluent cells were collected and
analyzed for minimal criteria to define human mesenchy-
mal stem cells, such as adherence to plastic, expression of
cell surface antigens, and ability to differentiate into
osteoblasts, adipocytes, and chondroblasts in vitro [30].
The antigen profiles of cultured DPSCs were analyzed by
detecting the expression of the cell surface markers CD90,
CD146, CD117, and CD45 using flow cytometry [31, 32].
CD90 is a widely accepted marker for mesenchymal stem
cells, CD146 is a marker expressed in perivascular mesen-
chymal stem cells, CD117 is the receptor of stem cell
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factor, and CD45 is a marker of hematopoietic cells,
mainly myeloid progenitors. The latter has been used to
demonstrate the absence of contamination by CD45"
hematopoietic progenitors. Cells were controlled for
pluripotency with in-vitro osteogenic, adipogenic, and
chondrogenic differentiation essays following a previously
described protocol [33].

Human bone marrow mesenchymal stem cells
Mesenchymal stem cells expanded from human bone mar-
row stem cells, at their second passage, were obtained from
the Institute for Regenerative Medicine and Biotherapy
(IRMB, Montpellier, France). These were cultured in
aMEM supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, with the addition of 1 ng/ml
bFGE, and were placed in 75-ml flasks. The cells were
maintained at a temperature of 37 °C in humidified,
concentrated CO, (5%) atmosphere. All experiments were
done between passages 2 and 8.

MCF-7 cell culture

MCE-7 cells, derived from a metastatic breast cancer
patient in 1970, were the first cancer cell line capable of
living longer than a few months and became a standard
model in cancer research laboratories [34]. MCF-7 cells
were grown in 75-cm? culture flasks (VWR, Strasbourg,
France) in a medium containing 7 ml Dulbecco’s Modified
Eagle’s Medium (DMEM) (Thermo Fisher, Strasbourg,
France), 20% FBS and 1% antibiotics (streptomycin 100
pg/ml, penicillin 100 U/ml) at 37 °C and 5% CO..
Accordingly, to transfer the conditioned medium from
stem cells to cancer cells, the medium was changed
gradually in such a way that after 2 weeks MCF-7 cells
were cultivated in cMEM. Cells were seeded onto
polished calcium fluoride (CaF,) substrates (Crystran Ltd,
Dorset, UK) for Raman imaging and after 24 h the cells
adhered well on the CaF, substrate. MCF-7 cells were first
incubated in a solution of conditioned medium released
by the DPSCs, and then rinsed with PBS before being
transferred under the confocal Raman microscope.

Priming with paclitaxel

In our experiments, 10 pM paclitaxel (Taxol; Teva
Pharmaceutical Ind., Tel Aviv, Israel)—equivalent to the
clinically used amount—was added in cell culture medium
[5]. DPSCs were incubated for 12 h with 10 uM PTX. The
culture medium was then removed, the cell culture was
rinsed with PBS to remove noninternalized drug, and a
fresh culture medium was added for 4 h. Next, MCF-7
were incubated for 3 h with the conditioned medium
(CM) containing the PTX released from the DPSCs. For
the cytotoxicity assays, DPSCs or BM-MSCs were incu-
bated for 12 h with PTX at a concentration of 10 uM for
viability testing.
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In-vitro cytotoxicity assay on stem cells

The effect of PTX on cell viability was evaluated by the
Thiazolyl Blue Tetrazolium Bromide (MTT) assay (M-
2128; Sigma-Aldrich, USA). DPSCs and bone-marrow
derived MSCs were seeded on a 96-well plate (30,000
cells/well) and cultured for 12 h in the presence of PTX
(concentration of 10 uM). Cell viability was calculated as
the ratio between the absorbance of treated and control
DPSCs. Mean and standard deviation (SD) values were
generated from three replicates. Each experiment was
performed at least three times. Representative results of
a multiple experiments are shown.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide) was dissolved in PBS at 5 mg/ml and filtered
to sterilize and remove a small amount of insoluble residue
present in some batches of MTT. At the times indicated in
the following, a stock MTT solution (10 pl per 100 pl
medium) was added to all wells, and plates were incubated
at 37 °C for 4 h. After 3—4 h at 37 °C for MTT cleavage, the
formazan product was solubilized by adding 0.1 ml of 0.04
N HCI isopropanol to the wells and mixing it thoroughly to
dissolve the dark blue crystals [35, 36]. After less than 1 h
at room temperature the plates were read on an ELX800
Micro Elisa reader (BioTek, Winooski, VT, USA), using a
wavelength of 540 nm.

Raman data acquisition and analysis

Raman spectra were collected using a Witec Confocal
Raman Microscope System alpha 300R (Witec Inc., Ulm,
Germany). Excitation in confocal Raman microscopy is
generated by a frequency-doubled Nd:YAG laser (New-
port, Irvine, CA, USA) at a wavelength of 532 nm. The
incident laser beam is focused onto the sample through a
60x NIKON water immersion objective having a numer-
ical aperture of 1.0 and a working distance of 2.8 mm
(Nikon, Tokyo, Japan). The laser power after the objective
is 15 mW but the power absorbed by cells in PBS is lower.
The spatial resolution and depth resolution are 300 nm
and 1 pm, respectively. The mixed Raman and Rayleigh
scattered radiation was then passed through an edge filter
to block the Rayleigh radiation from the Raman signal.
The acquisition time of a single spectrum was set to 0.5 s.
An area of 150 x 150 points per image was recorded
leading to a total of 22,500 spectra for one image, each
spectrum corresponding to a spatial unit defined as a
voxel. Data acquisition was performed using Image Plus 2.
08 software from Witec.

Raman data analysis is based on three methods. The
first method provides integrated Raman intensities in
specific spectral regions, in particular that of the C-H
stretching mode providing a chemical map. Data pro-
cessing is performed using Image Plus software from
Witec. Using a look-up table, an image is created:
bright yellow hues indicate the highest intensities and
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orange hues the lowest integrated intensities of the
chosen region.

The second method is K-means cluster analysis
(KMCA). K-means clustering partitions data into K mutu-
ally exclusive clusters. The K-mean treats each observa-
tion in the data set as an object having a location in space.
It finds a partition in which objects within each cluster are
as close to each other as possible, and as far from objects
in other clusters as possible. KMCA was realized using
Witec Project Plus (Ulm, Germany) software.

As a third analysis method, the spectral correlation
matrix was calculated [37] to find the most similar
spectrum to the reference spectrum of PTX. To quantify
the similarity, as a “distance”, Pearson’s correlation coeffi-
cient was calculated for each pair of spectra, given by the
following formula:

L L (EX00Y)
VI X P Y )

)

where N is the number of points within the spectrum, x;
and y; are the individual points, and X and Y are the mean
value of each spectrum. The value of r can vary between -1
and 1, and thus it can be expressed as a percentage ranging
from -100% (no correlation) to 100% (the perfect match).
From these values, a pseudo-color map can be constructed,
reflecting the quantified similarities. All correlation calcula-
tions were performed with a homemade code written in
MatLab (Math Works, Inc., Natick, MA, USA).

Statistical analysis
Data are expressed as means, and when required the
differences between mean values were analyzed by one-way
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ANOVA test performed by the Sigmaplot program (Systat
software, San Jose, CA, USA). p < 0.05 was considered sta-
tistically significant.

Results

Cell viability results on dental pulp stem cells, bone
marrow stem cells and breast cancer cells

Cell viability of dental pulp and bone marrow-derived
stem cells was evaluated by MTT assay. MCF-7 cells were
also tested as positive control. Optical densities at 540 nm
were determined for all types of cells, treated and
untreated with PTX, to compare their viability under the
same conditions. The results show a higher viability for
DPSCs as compared to those of BM-MSCs and MCF-7
cells, and a significant difference is found in their behavior
after treatment with PTX.

For each cell type, we calculated the cell viability percent-
age as the ratio of the optical density of the test sample to
the optical density of solvent control by the following
formula:

Optical density of test sample )

Cell viability — (oPtlcal der.lsu:y of test—optical density of blank)
Optical density of solvent control

(optical density of control-optical density of blank)

x 100.

According to this formula, cell viability of DPSCs was
found to be 98% while that of BM-MSCs was 83%, com-
pared to 58% for the MCEF-7 cells, as shown in Fig. 1.

Raman imaging results

Although the spectral contrast between cellular compo-
nents is relatively small, as they are very close in terms of
Raman vibrations, still it is possible to reveal very small
chemical differences between the various constituents of
the cell. For a biological sample, the complex constituents

12h incubation 10pM PTX

sk

100

Rk

80

60

Cell viability %

40

20

0

Fig. 1 Viability assay results on control and drug-treated cells. Dental pulp and bone marrow mesenchymal stem cells incubated for 12 h with and
without paclitaxel at 10 uM concentration. MCF-7 cells tested as positive control. Comparing treated DPSCs and BM-MSCs, viability measurements

of test samples showed significant difference (**p < 0.001). Histogram reports mean cellular viability (%) measurement + SD of three independent
experiments. PTX paclitaxel, DPSC dental pulp stem cell, BM-MSC bone marrow-derived mesenchymal stem cell, MCF-7 Michigan Cancer Foundation-7

uDPSC
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EMCF7
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(e.g., DNA, proteins, and lipids) in a cell generate a
molecular fingerprint in the Raman spectra. Raman spec-
tral maps of individual cells [38—40] and localization of
intracellular nanoparticles [41-43] have been achieved.
The average spectra of mitochondria, cytoplasm, and
nuclei, calculated by KMCA, are shown in Fig. 2: the
spectral peak at 750 cm™ corresponds to the symmetric
breathing of tryptophan (protein assignment), at 780 cm ™
is assigned to the (O—P-O) stretching DNA, at 1128 cm
is the v(C—C) skeletal acyl backbone in lipid, at 1312 cm
is the (CH3CH,) twisting mode of lipid, and at 1335 cm
is adenine, guanine (ring breathing modes in the DNA
bases), as reported in the literature [44]. The relative ratio
between these peaks would help to distinguish between
the different cell organelles.

For a better follow-up, we summarize here the main
steps of the experiments we have performed:

Step 1: Paclitaxel is added to DPSCs (12-h incubation
with 10 uM paclitaxel). DPSC uptake of the anticancer
drug is monitored (Fig. 3).

Step 2: DPSCs release paclitaxel into fresh culture
medium. After the release of paclitaxel, this medium is
called conditioned medium (Figs. 4 and 5).

Step 3: MCF-7 is incubated in conditioned medium
containing paclitaxel (Figs. 6 and 7).

Step 1: First, the ability of stem cells to uptake a high
concentration of the anticancer drug is verified. After in-
cubation for 12 h with 10 pM paclitaxel, DPSCs are rinsed
five times with culture medium and three times with PBS.
Figure 3a shows a DPSC Raman image after step 1. It
refers to the total integrated Raman intensities in specific
spectrum regions (2800—3000 cm™) corresponding to the
C-H mode. By choosing the specific CH mode spectral
region in the sum filter tool, we could create an image
based on integrated Raman intensities of the C—H mode.

-1
-1
-1

~——Mitochondria

==-Cytoplasm

=—Nuclei

Raman Intesity [a.u.]

700 900 1100 1300 1500 1700
‘Wavenumbers in cm™!
Fig. 2 Predominant bands in Raman spectra of mitochondria (gray
line), cytoplasm (dashed line), and nuclei (solid line) in cells. These
peaks are used to distinguish different cell constituents
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In Fig. 3a, bright yellow hues indicate high intensities of
intracellular C—H stretching modes, while dark hues (no
C-H) correspond to PBS. Figure 3b shows paclitaxel
uptake by DPSCs. The red pixels correspond to the
intracellular drug. The drug map is calculated by K-mean
cluster analysis (KMCA), a method described in previous
publications [5]. To obtain information about cellular
viability, a specific Raman approach is applied based on
the detection of released cytochrome c outside of the
mitochondria on the apoptotic path [6]. Briefly, a
cytochrome ¢ map is constituted based on the Pearson’s
correlation coefficient map obtained from the reference
Raman spectrum of cytochrome c¢ and the whole spectra
of the image. Figure 3c depicts the cytochrome ¢ map, the
red pixels marked by black arrows being the positions
with a high concentration of intracellular cytochrome c. If
the cell is going through apoptosis, the mitochondrial
cluster should not be superimposed on the cytochrome ¢
map; that is, cytochrome c is released from the
mitochondria when the cell enters through apoptosis. If
cytochrome c is colocalized with the mitochondrial cluster,
there is no apoptosis. Figure 3d shows the mitochondrial
cluster obtained by KMCA. The superposition of images
from Fig. 3c, d is presented in Fig. 3e, clearly indicating that
the mitochondrial cluster overlays completely all of the
cytochrome c, which is the case for nonapoptotic cells. All
of the 15 analyzed DPSCs showed uptake of paclitaxel
without apoptosis.

Step 2: DPSCs were kept in the culture medium for 4 h
to release the paclitaxel. After rinsing in PBS, cells were
transferred to the Raman microscope to verify whether all
of the paclitaxel was released from the DPSCs. Figure 4
shows two DPSCs in PBS. Figure 4a presents the total
integrated Raman intensities corresponding to the C-H
mode of two cells. Paclitaxel’s higher concentration corre-
sponds to red pixels in Fig. 4b, where the two cells are
marked with ovals. Cell 2 shows intracellular paclitaxel
indicated by a few pixels, while the other cell has no
detectable paclitaxel.

It is of interest to check DPSC viability after their incu-
bation in paclitaxel-containing culture medium and the
release of paclitaxel (Fig. 5). As for cells of Fig. 4, some
paclitaxel is still present in the cells even after 4 h. The
Raman map of cytochrome c and the cluster of mitochon-
dria are perfectly superposed (Fig. 5e). This indicates that
cytochrome c is still inside mitochondria and that apop-
tosis has not yet started.

Step 3: Breast cancer cells (MCF-7 cells) were incu-
bated for 3 h in the culture medium—namely the condi-
tioned medium (CM)—containing the paclitaxel released
by DPSCs. The same number of cells for MCEF-7 cells and
DPSCs was used for each set of experiments.

Figures 6b and 7 showed MCEF-7 cells containing pacli-
taxel (pink pixels). A total of 36 cancerous cells out of 42
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Fig. 3 PTX uptake by DPSCs (Step 1). Incubation for 12 h with 10 pM PTX PBS solution, 60x water immersion objective. a Integrated Raman
intensities in 2800-3000 cm™' region of cells corresponding to C-H mode. b KMCA image to detect intracellular PTX (pink spots). ¢ Pearson’s
correlation map between whole cell Raman spectra and reduced cytochrome ¢ Raman spectrum. Highest correlation obtained for red spots
(indicated by black arrows). Region with no correlation to cytochrome ¢ (navy blue) corresponds to fresh PBS buffer. d Mitochondria cluster
(black) obtained from KMCA. e Mitochondria cluster overlapped in correlation map of cytochrome ¢; all positions corresponding to cytochrome
c completely covered by the mitochondria cluster that indicates localization of cytochrome ¢ within mitochondria

Fig. 4 Two DPSCs after 4-h release of PTX in a PBS solution imaged
in confocal Raman microscopy (Step 2). a Integrated Raman intensities
in 2800-3000 cm™' region of cells corresponding to C-H mode. b
Raman reconstruction of a, using KMCA to detect intracellular PTX
(pink spots). Cell 1 shows no intracellular drug while cell 2 contains
PTX (indicated by arrows)

showed the presence of paclitaxel. In Fig. 6e, the partial
superposition of the mitochondrial cluster on the cyto-
chrome c correlation map indicates the start of apoptosis.

Discussion
Our work addresses the quest for powerful strategies for
carrying therapeutic agents straight to the targeted tumor
using mesenchymal stem cells as vehicles, and consequently
for local delivery of drugs at therapeutic concentrations.
This has been proposed and validated by previous in-vitro
studies [10, 17, 20-25, 45] and in-vivo studies [10, 21, 46]
for bone marrow-derived MSCs. DPSCs as an easy nonin-
vasive source of mesenchymal stem cells are a promising
cargo for drugs. The path of paclitaxel (PTX), a classical
anticancer drug, transported by DPSCs and absorbed by
MCE-7 cells, was successfully monitored by means of con-
focal Raman microscopy. This label-free imaging method
enabled detection of the cellular organelles (mitochondria),
biological molecules, such as cytochrome ¢, and also
tracing of the drug PTX within the cell [5, 6, 27]. DPSCs
showed a great capacity to uptake PTX. The cytotoxic
assays showed that DPSCs were found more resistant to
PTX cytotoxicity compared to BM-MSCs under the same
conditions.

We developed a Raman spectroscopic imaging technique
to detect intracellular PTX while simultaneously verifying
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Fig. 5 Viability of DPSCs after releasing PTX. a Integrated Raman intensities in 2800-3000 cm™' region of cells. b Raman reconstruction of a, using

KMCA to detect intracellular PTX (pink spots). ¢ Correlation map and correlation coefficient between whole cell image and image of cytochrome
c. Best correlation obtained for red pixels (indicated by black arrows): region with highest correlation between reference spectrum of cytochrome
c and their spectra in cells. Region with no correlation to cytochrome c is due to PBS buffer (blue region). d Mitochondrial cluster (black) obtained from
KMCA. e Mitochondrial cluster overlapped with correlation map of cytochrome c. All positions corresponding to cytochrome ¢ are covered, indicating
localization of cytochrome c inside mitochondria

Fig. 6 MCF-7 cells after PTX uptake from conditioned medium released by DPSCs (Step 3). a Integrated Raman intensities in 2800-3000 cm’!
region of cells (black arrows indicates cell's distruction). b Raman reconstruction of a, using KMCA to detect intracellular PTX (pink spots, indicated
by green arrows). ¢ Correlation map and correlation coefficient between whole cell image spectra (treated cells for 3 h with conditioned medium
released by DPSCs) and image of cytochrome c. Best correlation obtained for red pixels (indicated by orange arrows): region with highest correlation
between reference spectrum of cytochrome ¢ and their spectra in cells. Region with no correlation to cytochrome c is due to PBS buffer (blue region).

d Mitochondria cluster (black) obtained from KMCA. e Mitochondria cluster overlaps with correlation map of cytochrome c. Orange arrows show pixels
of cytochrome ¢ not covered by mitochondrial cluster (indicated by black arrows), indicating release of cytochrome ¢ from mitochondria during apoptosis )
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Fig. 7 MCF-7 cells in buffer solution (Step 3). a-g Raman images of MCF-7 cells loaded with PTX (pink pixels), obtained via KMCA

J

the viability of DPSCs by monitoring the eventual release of
cytochrome c from the mitochondria as one path of cell
apoptosis [5]. After PTX uptake, the viability of the relevant
cell was checked and, surprisingly, despite the high concen-
tration of drug, no apoptosis was observed in DPSCs, dem-
onstrating their robustness and appropriateness to vehicle
PTX. Previous research showed that PTX treatment does
not induce apoptosis in human bone marrow MSCs [9, 10,
17, 21, 23], and no perceivable effective concentration could
be determined to initiate apoptosis within those cells [19].
We observed the release of PTX by DPSCs during 4 h
in the culture medium. DPSCs act as a reservoir for
PTX, and the cellular concentration of drug decreases
within 4 h. This reservoir after being removed to a fresh
culture medium starts to release its load, the drug and
specific factors near the breast cancer cells. Paclitaxel
was detected in the MCEF-7 cells by Raman microscopy,
and apoptosis was observed. In total, 100% of the DPSCs
were successfully loaded with the drug, while almost

86% of the MCF-7 cells uptake it from the conditioned
medium. The transportation of drug by DPSCs might
have an effect on drug bioavailability, as the apoptosis
could be observed already after 3 h in conditioned
medium released from DPSCs (step 3). The drug
concentration in the secreted vesicles after 3-h incuba-
tion with DPSC-CM should be equal to or higher than
0.5 uM [5].

To the best of our knowledge, the current work is the
first presenting a DPSC model as a paclitaxel delivery
vehicle. The other novelty of our proof of concept is the
use of chemical mapping of cells to visualize PTX inside
the living cells without labeling but based on Raman bio-
chemical signals. Fluorescence labeling as an alternative
method is not possible for small drug particle tracking
without losing its activity, mainly because the fluores-
cence labels are bigger than the active molecules, and
thus their introduction may change the molecule’s bio-
chemical properties.
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Conclusion

Our results point toward the auspicious use of DPSC cells
for cancer therapy. These cells are indeed efficient vehicles
having the ability to uptake, migrate toward the cancer, and
deliver paclitaxel without undergoing apoptosis. Raman
spectroscopy can be further used to reveal the effect of
paclitaxel exposure upon the function and viability of stem
cells. Injection of DPSCs for targeted drug delivery against
cancer cells is a promising approach to avoid the side
effects of systemic PTX delivery and increase the efficacy of
treatment.

Abbreviations

ADSC: Adipose tissue-derived stem cell; AMSC: Amniotic mesenchymal stem
cell; BM-MSC: Bone marrow-derived mesenchymal stem cell; C-H: Carbon
hydrogen mode; CM: Conditioned medium; DMEM: Dulbecco’s Modified
Eagle’s Medium; DPSC: Dental pulp stem cells; FBS: Fetal bovine serum;
KMCA: K-means cluster analysis; MCF-7: Michigan Cancer Foundation-7;
MSC: Mesenchymal stem cell; MTT: Methyl thiazolyl tetrazolium;

Nd:YAG: Neodymium-doped Yttrium Aluminum Garnet; PBS: Phosphate-
buffered saline; PTX: Paclitaxel; SD: Standard deviation; aMEM: Alpha
Modified Eagle’s Medium

Acknowledgements

The authors thank Dr Daniel Noel (IRMB) for providing bone marrow
mesenchymal stem cells. SA-A thanks the University of Jordan and Campus
France for her PhD grants.

Funding
No funding was received.

Availability of data and materials
Please contact the author for data requests.

Authors’ contributions

HS carried out the Raman microscopy studies, participated in the data
analysis, and drafted the manuscript. SA-A carried out the cellular studies,
participated in the data and the statistical analysis, and drafted the manuscript.
EM contributed cellular culture and the isolation of DPSCs. CG participated in
the design of the study and proofreading. FC conceived, participated in the
design of and coordinated the work, and drafted the manuscript. VO participated
in specimen harvesting and drafted the manuscript. All authors read and approved
the final manuscript.

Ethics approval and consent to participate

Human wisdom teeth extracted for orthodontic reasons were recovered from
healthy patients (15-18 years old). Written informed consent was obtained from
the parents of the patients. This protocol was approved by the local ethical
committee (Comité de Protection des Personnes, Montpellier Hospital, France).

Consent for publication
Not applicable; our manuscript does not contain any individual person’s data.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
'LBN, University of Montpellier, Montpellier, France. LG, University of
Montpellier, CNRS, Montpellier, France.

Page 9 of 10

Received: 6 November 2017 Revised: 5 March 2018
Accepted: 8 March 2018 Published online: 12 April 2018

References

1. Menon LG, Shi VJ, Carroll RS. Mesenchymal stromal cells as a drug delivery
system. StemBook. Stem Cell Res Community. USA: Harvard stem cell
institute (HSCI) Located in Harvard University; 2009. https://doi.org/10.3824/
stembook.1.35.1.

2. Kerbel RS. Improving conventional or low dose metronomic chemotherapy
with targeted antiangiogenic drugs. Cancer Res Treat. 2007;39(4):150-9.
https://doi.org/10.4143/crt.2007.39.4.150.

3. Songbo Xie AO, Aneja R, Zhou J. Microtubule-binding proteins as promising
biomarkers of paclitaxel sensitivity in cancer chemotherapy. Med Res Rev.
2015;36(2):300-12. https://doi.org/10.1002/med.21378.

4. Foss M, Wilcox BW, Alsop GB, Zhang D. Taxol crystals can masquerade as
stabilized microtubules. PLoS One. 2008;3(1):e1476. https://doi.org/10.1371/
journal.pone.0001476.

5. Salehi H, Derely L, Vegh A-G, Durand J-C, Gergely C, Larroque C, et al.
Label-free detection of anticancer drug paclitaxel in living cells by
confocal Raman microscopy. Appl Phys Lett. 2013;102(11):113701.
https://doi.org/10.1063/1.4794871.

6. Salehi H, Middendorp E, Panayotov |, Dutilleul P-YC, Vegh A-G,
Ramakrishnan S, et al. Confocal Raman data analysis enables identifying
apoptosis of MCF-7 cells caused by anticancer drug paclitaxel. J Biomed
Optics. 2013;18(5):056010. https://doi.org/10.1117/1.JB0.18.5.056010.

7. Kang BW, Kwon OK, Chung HY, Yu W, Kim JG. Taxanes in the treatment of
advanced gastric cancer. Molecules. 2016;21(651):1-10. https://doi.org/10.
3390/molecules21050651.

8. Schwonzen M, Kurbacher C, Mallmann P. Liposomal doxorubicin and
weekly paclitaxel in the treatment of metastatic breast cancer. Anti-Cancer
Drugs. 2000;11(9):681-5.

9. Pacioni S, D'Alessandris QG, Giannetti S, Morgante L, De Pascalis |, Cocce V,
et al. Mesenchymal stromal cells loaded with paclitaxel induce cytotoxic
damage in glioblastoma brain xenografts. Stem Cell Res Ther. 2015;6(1):1.
https://doi.org/10.1186/513287-015-0185-z.

10.  Pessina A, Bonomi A, Cocce V, Invernici G, Navone S, Cavicchini L, et al.
Mesenchymal stromal cells primed with paclitaxel provide a new approach
for cancer therapy. PLoS One. 2011,6(12):28321. https://doi.org/10.1371/
journal.pone.0028321.

11.  Darinka Gjorgieva Ackova TK, Rimondini L, Bosnakovski D. Perspectives in
engineered mesenchymal stem/stromal cells based anti-cancer drug
delivery systems. Recent Pat Anticancer Drug Discov. 2016;11:98-111.

12. Collart-Dutilleul P-Y, Chaubron F, De Vos J, Cuisinier FJ. Allogenic banking of
dental pulp stem cells for innovative therapeutics. World J Stem Cells. 2015;
7(7):1010. https://doi.org/10.4252/wjscv7.i7.1010.

13.  Ledesma-Martinez E, Mendoza-Nurez VM, Santiago-Osorio E. Mesenchymal
stem cells derived from dental pulp: a review. Stem Cells Int. 2015;2016:
4709572. https;//doi.org/10.1155/2016/4709572.

14. Menon LG, Pratt J, Yang HW, Black PM, Sorensen GA, Carroll RS. Imaging of
human mesenchymal stromal cells: homing to human brain tumors. J
Neuro-Oncol. 2012;107(2):257-67. https.//doi.org/10.1007/511060-011-0754-7.

15. Gjorgieva D, Zaidman N, Bosnakovski D. Mesenchymal stem cells for anti-
cancer drug delivery. Recent Pat Anticancer Drug Discov. 2013;8(3):310-8.

16.  Belmar-Lopez C, Mendoza G, Oberg D, Burnet J, Simon C, Cervello |, et al.
Tissue-derived mesenchymal stromal cells used as vehicles for anti-tumor
therapy exert different in vivo effects on migration capacity and tumor
growth. BMC Med. 2013;11(1):139. https://doi.org/10.1186/1741-7015-11-139.

17. Petrella F, Coccé V, Masia C, Milani M, Salé EO, Alessandri G, et al. Paclitaxel-
releasing mesenchymal stromal cells inhibit in vitro proliferation of human
mesothelioma cells. Biomed Pharmacother. 2017,87:755-8. https://doi.org/
10.1016/j.biopha.2017.01.118.

18. Kéramidas M, De Fraipont F, Karageorgis A, Moisan A, Persoons V,
Richard M-J, et al. The dual effect of mesenchymal stem cells on
tumour growth and tumour angiogenesis. Stem Cell Res Ther. 2013;4(2):
41. https://doi.org/10.1186/scrt195.

19. Bosco DB, Kenworthy R, Zorio DA, Sang Q-XA. Human mesenchymal
stem cells are resistant to Paclitaxel by adopting a non-proliferative
fibroblastic state. PLoS One. 2015;10(6):¢0128511. https://doi.org/10.1371/
journal.pone.0128511.

20.  Bonomi A, Steimberg N, Benetti A, Berenzi A, Alessandri G, Pascucci L, et al.
Paclitaxel-releasing mesenchymal stromal cells inhibit the growth of


https://doi.org/10.3824/stembook.1.35.1
https://doi.org/10.3824/stembook.1.35.1
https://doi.org/10.4143/crt.2007.39.4.150
https://doi.org/10.1002/med.21378
https://doi.org/10.1371/journal.pone.0001476
https://doi.org/10.1371/journal.pone.0001476
https://doi.org/10.1063/1.4794871
https://doi.org/10.1117/1.JBO.18.5.056010
https://doi.org/10.3390/molecules21050651
https://doi.org/10.3390/molecules21050651
https://doi.org/10.1186/s13287-015-0185-z
https://doi.org/10.1371/journal.pone.0028321
https://doi.org/10.1371/journal.pone.0028321
https://doi.org/10.4252/wjsc.v7.i7.1010
https://doi.org/10.1155/2016/4709572
https://doi.org/10.1007/s11060-011-0754-7
https://doi.org/10.1186/1741-7015-11-139
https://doi.org/10.1016/j.biopha.2017.01.118
https://doi.org/10.1016/j.biopha.2017.01.118
https://doi.org/10.1186/scrt195
https://doi.org/10.1371/journal.pone.0128511
https://doi.org/10.1371/journal.pone.0128511

Salehi et al. Stem Cell Research & Therapy (2018) 9:103

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

multiple myeloma cells in a dynamic 3D culture system. Hematol Oncol.
2016;35:693-702. https://doi.org/10.1002/hon.2306..

Pessina A, Cocce V, Pascucci L, Bonomi A, Cavicchini L, Sisto F, et al.
Mesenchymal stromal cells primed with Paclitaxel attract and kill leukaemia
cells, inhibit angiogenesis and improve survival of leukaemia-bearing mice.
Br J Haematol. 2013;160(6):766-78. https://doi.org/10.1111/bjh.12196.
Pessina A, Piccirillo M, Mineo E, Catalani P, Gribaldo L, Marafante E, et al.
Role of SR-4987 stromal cells in the modulation of doxorubicin toxicity to in
vitro granulocyte-macrophage progenitors (CFU-GM). Life Sci. 1999;65(5):
513-23. https//doi.org/10.1016/50024-3205(99)00272-6.

Pascucci L, Coccé V, Bonomi A, Ami D, Ceccarelli P, Ciusani E, et al.
Paclitaxel is incorporated by mesenchymal stromal cells and released in
exosomes that inhibit in vitro tumor growth: a new approach for drug
delivery. J Control Release. 2014;192:262-70. https://doi.org/10.1016/].
jconrel.2014.07.042.

Cocce V, Vitale A, Colombo S, Bonomi A, Sisto F, Ciusani E, et al. Human
skin-derived fibroblasts used as a Trojan horse’ for drug delivery. Clin Exp
Dermatol. 2016;41:417-24. https://doi.org/10.1111/ced.12811.

Bonomi A, Silini A, Vertua E, Signoroni PB, Cocce V, Cavicchini L, et al.
Human amniotic mesenchymal stromal cells (NAMSCs) as potential vehicles
for drug delivery in cancer therapy: an in vitro study. Stem Cell Res Ther.
2015;6(1):155. https://doi.org/10.1186/513287-015-0140-z.

Garcia-Contreras M, Vera-Donoso CD, Hernandez-Andreu JM, Garcia-
Verdugo JM, Oltra E. Therapeutic potential of human adipose-derived stem
cells (ADSCs) from cancer patients: a pilot study. PLoS One. 2014;9(11):
€113288. https//doi.org/10.1371/journal.pone.0113288.

Salehi H, Calas-Bennasar |, Durand J-C, Middendorp E, Valcarcel J,
Larroque C, et al. Confocal Raman spectroscopy to monitor intracellular
penetration of TiO2 nanoparticles. J Raman Spectrosc. 2014;45(9):807-13.
https://doi.org/10.1002/jrs4561.

Salehi H, Al-Arag S, Middendrop E, Gergely C, Cuisinier F, editors. Stem cells as
anticancer drug delivery to reduce the chemotherapy side effect. Imaging,
Manipulation, and Analysis of Biomolecules, Cells, and Tissues XV; 2017, Vol.
10068, pp. 1006805.

Wu H-H, Ho JH, Lee OK. Detection of hepatic maturation by Raman
spectroscopy in mesenchymal stromal cells undergoing hepatic
differentiation. Stem Cell Res Ther. 2016;7(1):6. https://doi.org/10.1186/
$13287-015-0259-y.

Dominici M, Blanc KL, Mueller |, Slaper-Cortenbach |, Marini F, Krause D, et
al. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy.
2006;8(4):315-7. https://doi.org/10.1080/14653240600855905.

Coppe C, Zhang Y, Besten PKD. Characterization of primary dental pulp cells
in vitro. Pediatr Dent. 2009;31(7):467-71.

Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in
human bone marrow and dental pulp. J Bone Miner Res. 2003;18(4):696—
704. https://doi.org/10.1359/jomr.2003.18.4.696.

Kémoun P, Laurencin-Dalicieux S, Rue J, Farges J-C, Gennero |, Conte-Auriol
F, et al. Human dental follicle cells acquire cementoblast features under
stimulation by BMP-2/-7 and enamel matrix derivatives (EMD) in vitro. Cell
Tissue Res. 2007,329(2):283-94. https://doi.org/10.1007/500441-007-0397-3.
Levenson AS, Jordan VC. MCF-7:The first hormone-responsive breast cancer
cell line. Cancer Res. 1997;57:3071-8.

Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods.
1983;65(1-2):55-63. https://doi.org/10.1016/0022-1759(83)90303-4.

Yuko Nukada KC. Short time exposure (STE) test protocol. In: 1.9E V, editor.
Japan: KAO corporation; 2012.

Miljkovi¢ M, Chernenko T, Romeo MJ, Bird B, Matthédus C, Diem M.
Label-free imaging of human cells: algorithms for image reconstruction
of Raman hyperspectral datasets. Analyst. 2010;135(8):2002-13. https://
doi.org/10.1039/COANO0042F.

Matthdus C, Boydston-White S, Miljkovi¢ M, Romeo M, Diem M. Raman and
infrared microspectral imaging of mitotic cells. Appl Spectrosc. 2006;60(1):1-
8. https://doi.org/10.1366/000370206775382758.

Krafft C, Dietzek B, Popp J. Raman and CARS microspectroscopy of cells and
tissues. Analyst. 2009;134(6):1046-57. https://doi.org/10.1039/B822354H.
Downes A, Elfick A. Raman spectroscopy and related techniques in
biomedicine. Sensors. 2010;10(3):1871-89. https//doi.org/10.3390/5100301871.
Chernenko T, Matthdus C, Milane L, Quintero L, Amiji M, Diem M. Label-free
Raman spectral imaging of intracellular delivery and degradation of

42.

43.

45.

46.

Page 10 of 10

polymeric nanoparticle systems. ACS Nano. 2009;3(11):3552-9. https://doi.
0rg/10.1021/nn9010973.

Dorney J, Bonnier F, Garcia A, Casey A, Chambers G, Byrne HJ. Identifying
and localizing intracellular nanoparticles using Raman spectroscopy. Analyst.
2012;137(5):1111-9. https;//doi.org/10.1039/C2AN15977E.

Derely L, Dutilleul P-YC, de Welle SM, Szabo V, Gergely C, Cuisinier FJ,
editors. Raman confocal microscopy and AFM combined studies of
cancerous cells treated with Paclitaxel. Nanoscale Imaging, Sensing, and
Actuation for Biomedical Applications VIII. International Society for Optics
and Photonics; 2011.

ur Rehman |, Movasaghi Z, Rehman S. Vibrational spectroscopy for tissue
analysis. CRC Press; 2012.

Aboody KS, Bush RA, Garcia E, Metz MZ, Najbauer J, Justus KA, et al.
Development of a tumor-selective approach to treat metastatic cancer.
PLoS One. 2006;1(1):e23. https://doi.org/10.1371/journal. pone.0000023.
Pacioni S, D'Alessandris QG, Giannetti S, Morgante L, De Pascalis |, Cocce V,
et al. Mesenchymal stromal cells loaded with paclitaxel induce cytotoxic
damage in glioblastoma brain xenografts. Stem Cell Res Ther. 2015;6(1):194.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



https://doi.org/10.1002/hon.2306.
https://doi.org/10.1111/bjh.12196
https://doi.org/10.1016/S0024-3205
https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1016/j.jconrel.2014.07.042
https://doi.org/10.1111/ced.12811.
https://doi.org/10.1186/s13287-015-0140-z
https://doi.org/10.1371/journal.pone.0113288
https://doi.org/10.1002/jrs.4561
https://doi.org/10.1186/s13287-015-0259-y
https://doi.org/10.1186/s13287-015-0259-y
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1359/jbmr.2003.18.4.696
https://doi.org/10.1007/s00441-007-0397-3
https://doi.org/10.1016/0022-1759
https://doi.org/10.1039/C0AN00042F
https://doi.org/10.1039/C0AN00042F
https://doi.org/10.1366/000370206775382758
https://doi.org/10.1039/B822354H
https://doi.org/10.3390/s100301871
https://doi.org/10.1021/nn9010973
https://doi.org/10.1021/nn9010973
https://doi.org/10.1039/C2AN15977E
https://doi.org/10.1371/journal.pone.0000023

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Human dental pulp stem cells: culture and characterization
	Human bone marrow mesenchymal stem cells
	MCF-7 cell culture
	Priming with paclitaxel
	In-vitro cytotoxicity assay on stem cells
	Raman data acquisition and analysis
	Statistical analysis

	Results
	Cell viability results on dental pulp stem cells, bone marrow stem cells and breast cancer cells
	Raman imaging results

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

