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Purpose: Nanotechnology applied to cancer treatment is a growing area of research in
nanomedicine with magnetic nanoparticle-mediated anti-cancer drug delivery systems offer
ing least possible side effects. To that end, both structural and chemical properties of
commercial cobalt metal nanoparticles were studied using label-free confocal Raman
spectroscopy.
Materials and Methods: Crystal structure and morphology of cobalt nanoparticles were
studied by XRD and TEM. Magnetic properties were studied with SQUID and PPMS.
Confocal Raman microscopy has high spatial resolution and compositional sensitivity. It,
therefore, serves as a label-free tool to trace nanoparticles within cells and investigate the
interaction between coating-free cobalt metal nanoparticles and cancer cells. The toxicity of
cobalt nanoparticles against human cells was assessed by MTT assay.
Results: Superparamagnetic Co metal nanoparticle uptake by MCF7 and HCT116 cancer
cells and DPSC mesenchymal stem cells was investigated by confocal Raman microscopy.
The Raman nanoparticle signature also allowed accurate detection of the nanoparticle within
the cell without labelling. A rapid uptake of the cobalt nanoparticles followed by rapid
apoptosis was observed. Their low cytotoxicity, assessed by means of MTT assay against
human embryonic kidney (HEK) cells, makes them promising candidates for the develop
ment of targeted therapies. Moreover, under a laser irradiation of 20mW with a wavelength
of 532nm, it is possible to bring about local heating leading to combustion of the cobalt
metal nanoparticles within cells, whereupon opening new routes for cancer phototherapy.
Conclusion: Label-free confocal Raman spectroscopy enables accurately localizing the Co
metal nanoparticles in cellular environments. The interaction between the surfactant-free
cobalt metal nanoparticles and cancer cells was investigated. The facile endocytosis in cancer
cells shows that these nanoparticles have potential in engendering their apoptosis. This
preliminary study demonstrates the feasibility and relevance of cobalt nanomaterials for
applications in nanomedicine such as phototherapy, hyperthermia or stem cell delivery.
Keywords: Raman spectroscopy, cobalt nanoparticles, cancer cells, stem cells, cellular
uptake, apoptosis, label-free tool

Introduction
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During the last decades, due to the constant demand of more efficient and smaller
devices, metal nanoparticles (MNPs) have attracted considerable attention.1,2 The
main interest in MNPs comes from their unique chemical and electronic properties
arising from their high surface to volume ratio. Magnetic nanoparticles are also
attracting a lot of interest as size reduction further affects their magnetic properties.
Therefore, MNPs with dimensions smaller than the characteristic dimensions of
a single magnetic domain are of more particular interest. As a consequence, such
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NPs exhibit superparamagnetism (SPM) and exhibit zero
coercive field and remanence,3,4 thereby making them the
best candidates for developing applications in emerging
areas like nanomedicine and more particularly in
theranostics.5–7 The development of nanotechnologies dur
ing the last ten years has had a positive impact on several
applications in a plethora of fields viz., nanomedicine8,9
for magnetic hyperthermia,10,11 cancer12,13 and
orthopedics.14 Nanotheranostics,15 which combine both
therapeutic and diagnostic capabilities at the nanoscale,
have broadened the perspectives of personalized
medicine.16,17 Other targeted applications in the field of
nanomedicine have also been investigated, such as photo
diagnostic and photothermal anticancer therapy (PTT)
using platinum nanoparticles18 or gold nanoparticles,19–21
as well as nano-loaded stem cell delivery.22 Moreover,
cancer nanotechnology is a fast growing area of research
in nanomedicine mainly because systemic application of
anticancer drugs has certain drawbacks with regards to
side-effects, non-effective drug concentration at the target
area and its en-route degradation.23 In that regard, mag
netic nanoparticle-mediated anti-cancer drug delivery sys
tems offer added advantages, such as minimized side
effects, along with a better control for drug delivery.
Therefore, researchers are actively exploring these
properties24,25 by investigating the interaction between
the cell membrane and nanoparticles, which has been the
focus of multiple studies.26 In fact, different cellular
uptake modes can occur and require further understanding
in order to develop a suitable treatment. Additionally, the
toxicity of metal nanoparticles involved in such uptakes
also requires assessment before integrating these nanoma
terials into cancer treatment applications.
Raman spectroscopy is a non-invasive method of ana
lysis based on biochemical mapping of the analysed sam
ple area. This technique provides specific information on
the unique vibrations of molecules after excitation with
a monochromatic laser. Confocal Raman microscopy with
its high spatial resolution and unique compositional sensi
tivity is used as a unique label-free tool to trace drugs and
nanoparticles within cells.27–31 The cells and their compo
nents are analysed via their vibrational spectra owing to
differences in their biochemical compositions. The Raman
nanoparticle signature therefore enables precise nanoparti
cle detection in the cell without any labeling.27–29,32 By
applying this method, the uptake of Co MNPs by cancer
cells and their localization within were investigated.
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The Co MNPs are renowned catalysts, more particu
larly in Fischer-Tropsch reactions.33 Reports on Co MNPs
investigated for biomedical applications (or in biomedi
cine) are very scarce and most of the investigations have
mainly been carried out with cobalt metal oxide
nanoparticles34,35 due to the intrinsic pyrophoric properties
of Co MNPs. In general, Co MNPs have to be coated with
an oxide layer, a carbon or an organic layer in order to
suppress their violent and spontaneous oxidation on expo
sure to air.36 Furthermore, Co MNPs with sizes under 8nm
exhibit superparamagnetic properties,37,38 along with
a high magnetic saturation, thus making them promising
nanomaterials towards applications in emerging areas like
nanomedicine and water purification. Therefore, ultra
stable non-pyrophoric Co MNPs are necessary for the
development of practicable applications. The surfactantfree Co MNPs used for this study did not exhibit any
pyrophoric behaviour, which made studying their cellpenetrating abilities against cancer cells achievable.
In this study, we have investigated the interaction
between cobalt metal nanoparticles and cancer cells
using Raman spectroscopy as a label-free tool to investi
gate the development of alternate cancer treatment routes.

Materials and Methods
Cobalt Metal Nanoparticles
Cobalt metal nanoparticles are of industrial grade and have
been provided by PRO-1 NANOSolutions in the form of
a black powder. Before utilization, the Co nanoparticles
were dispersed in PBS buffer solution through energetic
shaking and then sonicated for 5 minutes in an ultrasonic
bath.

Cell Lines
The following cell lines were used: MCF-7 (ATCC HTB22), HCT 116 (ATCC CCL-247), HEK 293 (ATCC CRL1573), and PPC-1 (ATCC HTB-190). Furthermore, primary
mesenchymal stem cells derived from the dental pulp
(DPSC) were tested.27–29,32 DPSCs were obtained from
human wisdom teeth, extracted for orthodontic reasons
and recovered from healthy patients (age range: 15–18
years). Written informed consent was obtained from the
patients’ parents as approved by the local ethical committee
(Comité de Protection des Personnes, Montpellier hospital,
France). DPSCs were isolated and characterized as pre
viously described.29 Cancer cell lines and primary
mesenchymal stem cells were grown in DMEM and
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αMEM media, respectively (Dulbecco’s and Alpha
Modified Eagle’s Medium) containing 10% FBS and 1%
antibiotics (100 µg.mL−1 penicillin Streptomycin) at 37°C
and 5% CO2.

PBS Buffer Solution
PBS buffer solution is composed of 1L of distilled water in
which 8g of NaCl, 0.2g of KCl, 1.44g of Na2HPO4 and
0.24g of KH2PO4 were added. The pH of the solution was
adjusted to 7.4 by addition of HCl.

Structural Study
X-ray diffraction (XRD) patterns were collected using
a Panalytical Empyrean diffractometer with a Cu Kα1
radiation source (λ = 0.15406nm). CHN measurement
was carried out on Leco Truspec Micro CHNS Analyzer
model 630–200-200, at temperature of 1075ºC. Carbon,
hydrogen and sulphur were measured by infrared absorp
tion and nitrogen was measured by thermal conductivity.

Morphological Study
High-resolution transmission electron microscopy
(HRTEM) was carried out on 80–300 FEI Titan, operating
at 300 kV, disposing a point to point resolution of 1.4Å.

Magnetic Measurements
Magnetic measurements were performed using a Quantum
Design MPMS3 SQUID magnetometer, using its VSM
measurement option, at 300K, using magnetic fields ran
ging from −70 and +70 kOe. The remnant magnetic fields
of the superconducting magnet used as the magnetic field
source (about 22Oe after reaching 70kOe) were considered
during the estimation of the coercive field.

Raman Spectroscopy
Raman spectra were collected using a WITec Confocal
Raman Microscope System alpha 300R (WITec Inc., Ulm,
Germany). Excitation in confocal Raman microscopy is gen
erated by a frequency-doubled Nd:YAG laser (New-port,
Irvine, CA, USA) at a wavelength of 532nm, with 50mW
maximum laser output power in a single longitudinal mode.
The incident laser beam is focused onto the sample through
a 60× NIKON water immersion objective having a numerical
aperture of 1.0 with a working distance of 2.8mm (Nikon,
Tokyo, Japan). The laser power after the objective is 15mW
but the power absorbed by cells in PBS is lower.
The spatial and depth resolutions are 300nm and 1μm,
respectively. The mixed scattered radiation passes through
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an edge filter to block the Rayleigh radiation from the
Raman signal, which is then directed to the electron multi
plying charge coupled device camera EMCCD (DU
970N-BV353, Andor, Hartford, USA). The electron mul
tiplying charge coupled device chip size was 1600 × 200
pixels, the camera controller was a 16-bit A/D converter
operating at 2.5MHz. The acquisition time of a single
spectrum was set to 0.5 sec. An area of 150 × 150 points
per image was recorded leading to the acquisition of
22500 spectra for one image. The advantage of our ana
lysis method using EMCCD (Electron multiplying CCD)
is the high speed of scan. Each pixel can be recorded with
a very good signal-to-noise ratio at low integration times.
For the high spatial resolution of the system (300nm),
a complete image of a whole cell is recorded for a better
analysis. Data acquisition and processing were performed
using Image Plus 5.2 software (Ulm, Germany) from
WITec.
The analysis is based on two methods. The first method
provides integrated Raman intensities in specific regions in
particular C-H stretching modes. The integrated Raman
intensities of C-H stretching mode (2800–3000cm−1)
represent the lipid-protein distribution in the cells. Data
processing is performed using Image Plus software from
WITec. Each image regarding these integrated intensities
could provide a map of the region. Using a color-coded
reference table, bright yellow hues indicate the highest
intensities while orange hues the lowest integrated inten
sities of the chosen region. The second analysis method is
the K-mean cluster analysis (KMCA), which separates
data into k-mutually exclusive clusters and can run multi
ple times. KMCA was realized using the WITec Project
Plus software.
For Raman experiments, 2x105 MCF7 cells were culti
vated for 24h onto polished and disinfected calcium fluoride
CaF2 (Crystran Ltd, Dorset, UK) substrates in 35mm petri
dishes. Nanoparticles were suspended in pure distilled deio
nized water. The dissolved nanoparticle solution was then
added to the cell culture medium at 2µg/mL concentration
for 1-hour incubation. The CaF2 substrates with adhered
cells are fixed with 2% PFA (paraformaldehyde) after thor
ough rinsing with 1x PBS. Cells were kept in 5mL PBS and
transferred directly for Raman measurements.

Toxicity Study
Cytotoxicity of different concentrations of cobalt nanopar
ticles was assessed via MTT assay. Human embryonic
kidney (HEK) or PPC-1 cells were seeded on day 0 at
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a density of 1000 per well in 96 well microtiter plates.
On day 1, cobalt nanoparticles at different concentrations
were added. After a 24 h incubation period, the medium
containing nanoparticles were removed from the plate to
ensure that no nanoparticles remain in the solution and
avoid overlapping or hinder MTT assay. After 24 h,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro
mide (MTT) was added to each well (0.5mg/mL; Sigma–
Aldrich) and plates were maintained at 37°C for 2 hours.
The medium was then discarded; DMSO was added to
each well to lyse the cells. Absorbance was measured at
530nm using a multiwall spectrophotometer (Tecan,
microplate reader). All MTT assays were repeated twice.

Results and Discussion
Morphological Characterizations
In Figure 1A, the X-ray diffraction pattern obtained from
the Co nanopowder shows that cobalt nanoparticles are
highly crystalline with a face-centered cubic (Fm3m) crys
tal structure (a = 3.5447Å) and a crystallite average dia
meter of 2.5nm (JCPDS 15–806).39 The <111>, <200> and
<220> diffraction peaks are in good agreement with the
crystalline cubic Co metal (PDF No. 79–1770).39
The TEM micrographs of Figure 1B and C provide an
overview of the cobalt metal nanoparticles investigated in
this study. In Figure 1B, some of the Co MNPs are sphe
rical and monodispersed on the carbon-coated grid used

Figure 1 (A) XRD pattern of Co metal nanoparticles used in the study, (B) high-resolution overview of cubic Co metal nanoparticles of 5nm diameter, inset is a highresolution TEM image of one cobalt nanoparticle (C) low magnification TEM overview of cubic Co metal nanoparticles agglomerated, (D) size distribution histogram.
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for TEM observation. They are all crystalline as observed
from the lattice fringes on the same image. In the inset,
a high-resolution micrograph of one highly crystalline
nanoparticle is provided. The nanoparticle is oriented in
the <110> direction as indicated by the point-to-point
resolution of the atomic columns. Contrary to Figure 1B,
some of the Co nanoparticles in Figure 1C tend to agglom
erate into larger clusters mainly because they are surfac
tant free. The size distribution histogram in Figure 1D
provides a mean nanoparticles size of 2.6nm with a low
standard deviation of 0.77.
The cleanliness of the Co MNPs surfaces and the
detection of surfactants or organic species were investi
gated using carbon-hydrogen-nitrogen (CHN) measure
ments. After analysing 2.218mg of Co MNPs, 0.451
weight% of carbon and 0.239 weight% of nitrogen was
obtained; neither hydrogen nor sulphur was detected. This
analysis suggests that carbon and nitrogen detected are
mainly due to exposure to air. In addition, since there is
no organic coating on the surface of the Co MNPs, there
fore, the effect of direct interaction of Co MNPs with
cancer cells can be straightforwardly evaluated.

Magnetic Properties
The magnetic properties of the Co nanoparticles were
investigated and the magnetic field dependence magnetiza
tion (M-H) hysteresis loop at 300K was measured. A typical
M-H loop measured at 300K, and normalized to the Co
mass content, is presented in Figure 2. The M-H curve at
300K displays a saturation magnetization at around 5kOe

Figure 2 M-H hysteresis loop measured at 300K for Co nanoparticles, inset shows
the details of the measurement around the origin.
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with an estimated coercivity HC < 76Oe (inset of Figure 2).
The saturation magnetization (MS) at 300K is
160.4e.m.u./gCo, which is comparable to the theoretical
value of the saturation magnetization of 163e.m.u./gCo for
Co metal.37,40,41 This further confirms that the major con
tent (>90%) of our samples is metallic cobalt. The investi
gations of the magnetic properties of the Co nanomaterials
reveal that the Co MNPs exhibit a mixture of superpara
magnetic and a soft ferromagnetic behaviour.

Raman Spectra Study
In order to study the interaction between Co MNPs and MCF7
breast cancer cells, the Raman scattered light from freestanding Co MNPs was analysed. Figure 3A and B are the
optical images of the Co MNPs analysed by Raman spectro
scopy. The two Raman patterns (calculated as average spectra)
obtained at low and high laser power 5mW and 20mW,
respectively (Figure 3C) were also compared. The Co MNPs
spectrum is characterized by three main peaks centred at 474,
512, 608 and 680cm−1. These peaks correspond to the Eg,
F12g, F2 2g, and A1 modes of single-crystal Co3O4.42,43
Although the laser power is less than 20mW, it is
nevertheless sufficient for spontaneous combustion of the
Co nanoparticles to occur (Figure 3B). This could be
attributed to the absence of organic coating on their sur
faces. Under low laser power, the Raman pattern corre
sponds to face-centred cubic cobalt metal as illustrated by
the blue spectrum in figure 3c.44,45 The Raman pattern in
Figure 3C (red spectrum) corresponds to the Co3O4 crys
talline structure. Consequently, it confirms that the laser
irradiation provokes the spontaneous oxidation of the Co
MNPs. Therefore, the laser power was reduced to less than
5mW during the study. The Raman spectrum at low energy
served as a reference for the identification of free-standing
Co MNPs in the PBS solution. Co MNP were stabilized in
the DMEM medium containing MCF7 breast cancer cells
for 1 hour, which was sufficient to bring about the diffu
sion of nanoparticles within the MCF7 breast cancer cells.
Raman spectroscopy enables identifying two different sig
nals from the Co MNPs. In Figure 4, the blue spectrum
pertains to the extracellular nanoparticle signature, as the
C-H group belonging to cellular proteins is absent, while in
the red spectrum the C-H peak at 2800cm−1 and OH at
3200cm−1 in the presence of nanoparticles refers to intracel
lular nanoparticles. Detecting the spectra from the voxels
combined with advanced data analysis therefore enables us
to distinguish between extracellular and intracellular nanopar
ticles (Figure 4).
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Figure 3 Optical images of agglomerated Co MNPs studied by Raman spectroscopy with a laser power of (A) 5mW and (B) 20mW, (C) comparison of the Raman pattern
obtained from Co MNPs powder with 532nm laser excitation under low power 5mW indicated by blue spectrum (A) to higher laser power 20mW indicated by red
spectrum (B).

Figure 4 Raman patterns obtained from Co MNPs outside the MCF7cells (blue
spectrum) and inside MCF7cells (red spectrum) with 532nm laser excitation under
5mW.

Figure 5A and B exhibit two reconstructed images of
MCF7 breast cancer cells incubated with Co MNPs.
Figure 5A is the integrated Raman image of intensities in
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the 2800–3000cm−1 region, which is the lipid-protein
region of cells. In Figure 5B, using k-mean cluster analysis
(KCMA), we were able to distinguish between the parti
cles (green pixels indicated by arrows). Figure 5C presents
the Raman spectrum of Co MNPs, with the lipid protein
peak (2800–3200 cm−1), inside MCF7 breast cancer cells,
while Figure 5D shows the Raman spectrum of Co MNPs
outside the cells.
Figure 6 displays the 1 hour incubation of Co MNPs with
different cell types: breast cancer cells MCF7 (Figure 6A and
B), colorectal cancer cells HCT116 (Figure 6C and D) and
dental pulp mesenchymal stem cells DPSC (Figure 6E to H).
All the cells exhibit membranous cellular localization of the
nanoparticles, either on the plasma membrane or on the
nuclear membrane, within a span of 1 hour of nanoparticle
exposure. Co MNPs seem to favour membrane anchorage
when put in contact with cells, rather than cytoplasm ancho
rage. Noticeably in the case of HCT116 cells (Figure 6C),
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Figure 5 MCF-7 cells incubated with Co nanoparticles, (A) integrated Raman intensities in the 2800–3000cm−1 region of cells, (B) Raman reconstruction of image A using
KMCA to detect Co nanoparticles (green pixels indicated by arrows), (C) Raman spectrum of Co MNPs inside MCF7 cells (indicated by the red arrow), and (D) spectrum
outside of the cells (blue arrows).

intracellular nanoparticles are fixed to the outer cell membrane
surfaces, while subsequent internalization of nanoparticles
into the cells is expected with higher incubation time (after
1 hour). This implies that a longer incubation time would be
necessary for the nanoparticles to penetrate the cell nucleus.

Cytotoxicity Study
It is also important to investigate the cytotoxicity of these
cobalt nanoparticles against human cells before applying
them in nanomedicine. The Co element is known to be well
tolerated by the human body that can easily eliminate cobalt
as it is a non-accumulating metal.46 Therefore, the cytotoxi
city of PBS solutions containing Co MNPs was investigated
on Human embryonic kidney HEK 293 cells.47 Different
concentrations of Co MNPs dispersed in PBS solution were

International Journal of Nanomedicine 2020:15

prepared and studied by MTT assay. In Figure 7, MTT
assays were performed on Co MNP solutions of concentra
tion ranging from 0.5µg to 120mg/L for 24h and the data
were analysed using one way ANOVA followed by
Dunnett’s post hoc test. Differences were considered sig
nificant if p<0.05. Figure 7 shows the mean ± standard error
of mean (SEM) of duplicate measurements of
a representative sample of three independent experiments.
This toxicity study towards HEK 293 cells shows that
mortality rate is very low for the studied concentrations of
cobalt nanoparticles (120mg/L (0.12ppm)) and is around
17%. For low concentrations, no visibly high toxicity was
detected against HEK 293 cells. A Similar cytotoxicity
study was performed on primary prostatic cancer cell line
(PPC-1). Figure 7B presents MTT assays performed on Co
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Figure 6 Raman reconstructed images showing Co MNPs inside cells (indicated by red arrows) and outside cells (indicated by blue arrows) when incubated for 1 hour with
breast cancer cells MCF7 (A and B), colorectal cancer cells HCT116 (C and D) and with dental pulp mesenchymal stem cells DPSC (E–H).
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MNPs solutions of concentrations ranging from 0.5µg/L to
50mg/L for 24h.
The toxicity study on PPC-1 cells indicates that the
mortality rate is over 64% for a concentration of cobalt
nanoparticles of 0.5µg/L and shows a higher mortality rate
(over 79%) for a concentration of 50mg/L. These results
therefore demonstrate that Co MNPs are potential candi
dates for the treatment of cancer.

Discussion
In this study, we demonstrate that Raman spectroscopy can
be used as a label-free tool in order to investigate the
interaction between Co MNPs and different cell types.
The goal was to examine whether the Co MNPs were
able to penetrate the cell membranes of cancer cells.
Raman microscopy enables the efficient label-free tracing
of the Co MNPs inside the cells by differentiating them
from the free-standing Co MNPs outside the cells. Our
study also allowed localizing the nanoparticles inside the
cell by Confocal Raman data analysis.
In this study, we validate that Co MNPs easily pene
trate the cell membrane of cancer cells leading to their
potential apoptosis. Endocytosis is a normal process in
living cells and is also known as cellular uptake. Cellular
uptake of NPs involves distinctive mechanisms. In addi
tion, cancer cells exhibit different uptake velocities and
behaviours than healthy human cells.48,49 Endocytosis is
normally used by cells for uptake of proteins and other
macromolecules but also applies to NPs. It has been
observed that NP uptake is usually more pronounced in
cancer cells50 and the internalization rate is also higher for
more aggressive cancer cells than healthy cells,51 which
can be considered as an asset for treatment options based
on nanoparticle uptake. Raman spectroscopy then emerges
as a convenient and rapid method towards investigating
the interaction between nanomaterials and cells. This study
also highlights that it is possible to induce the fast oxida
tion of the Co MNPs under laser irradiation of 532nm
wavelength with the power of 20mW. Using phototherapy
or bringing about the destruction of the cancer cells
through the combustion of Co MNPs introduced within
a tumour is therefore valid in such a scenario. The mag
netic properties exhibited by the Co MNPs also offer the
possibility to target a specific location in the body through
magnetic field assistance and combine phototherapy with
hyperthermia therapy. This is presently under investigation
and may offer new routes towards the development of
cancer theranostics in combination with hyperthermia
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and phototherapy. The toxicity of the Co MNPs used in
this study was also investigated in order to evaluate the
validity of a potential application for cancer treatment.
Furthermore, the low cytotoxicity exhibited towards HEK
293 cells indicates that the mortality rate is very low even
for high Co nanoparticle concentration of 120mg/L.
Conversely, the toxicity against PPC-1 cancer is very
high, even at concentrations as low as 5µg/L. This estab
lishes the high potential of cobalt metal nanoparticles for
applications in nanomedicine, more particularly for cancer
therapy, considering the rapid uptake of Co MNPs by
cancer cells. Selectivity combined with hyperthermia cap
abilities of the Co MNPs make them promising candidates
for the development of targeted therapies such as drug
delivery. Similar results have been recently reported with
Au MNPs against breast cancer cells, in which positively
charged Au MNPs caused abrupt destruction of MDA-MB
-231 cells.52 In addition, the study reports that treatment
with Au NPs makes MDA-MB-231 cells sensitive to
5-fluorouracil due to epigenetic changes. In effect, DNA
fragmentation was detected with Au MNPs; however, in
this present study, Raman spectroscopy did not show DNA
fragmentation with Co MNPs. Therefore, the Co MNPs
toxicity mechanism needs to be further investigated.
In addition, we have studied the uptake of nanoparti
cles by mesenchymal stem cells (MSCs). New research
has revealed encouraging results for the application of
MSCs as cellular carriers of therapy towards cancer tissue.
“Nano-engineered” MSCs have been applied in different
disciplines: in delivering therapeutics to tissues, in homing
to cancer or inflammatory sites and in cancer imaging and
immunotherapy. This “non-genetic” engineering approach,
provided by nanoparticle loading, has unique advantages
in cancer therapy and is complementary to existing genetic
cell manipulation.22,53 MSCs carrying nanoparticles
(MSCs-NPs) can be used to achieve targeted anti-cancer
effects. Current results indicate that MSCs-NPs combine
tumour tropism and penetrative abilities of MSCs, in addi
tion to controlled NP release.54
Dental pulp constitutes an easily accessible and noninvasive source of mesenchymal stem cells when com
pared to other adult stem cell sources. Dental pulp stem
cells (DPSCs) have been previously investigated for their
resistance to anti-cancer drug and have revealed potential
for applications in drug delivery and reduce chemotherapy
side effects.29,32 For these reasons, we investigated the
DPSCs potential uptake ability for nanoparticle delivery
(Figure 6E–H). MSCs manifest high resistance to the
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Figure 7 Toxicity test of cobalt metal nanoparticles (A) on HEK 293 cells, (B) on PPC-1 cells.

cytotoxic effect of internalized nanoparticles, as was
shown with HEK 293 cell viability tests, up to high con
centrations of Co MNPs (Figure 7A). On one hand, nano
particles fixed to cell membranes have ignorable
cytotoxicity to MSCs (favourable localization). On the
other hand, as in the case of anticancer drug loading in
cells, limited intracellular spacing makes it difficult to
administer high therapeutic doses. Nanosized particles in
contrast may help to maximize therapeutic loading and
allow MSC migration followed by nanoparticle release
into target tissues.

Conclusion
We have studied the interaction between surfactant-free
cobalt metal nanoparticles with cancer cells. The investi
gation demonstrated the ability of non-invasive, label-free
confocal Raman spectroscopy to discriminate freestanding cobalt metal nanoparticles present in a PBS
solution from the nanoparticles inside the cancer cells.
Raman spectroscopy enables accurate localization of the
Co metal nanoparticles in a cellular environment, owing
to their chemical fingerprint and advanced data analysis
methods.
The facile endocytosis in cancer cells also shows that
these cobalt metal nanoparticles have a potential for
inducing apoptosis of cancer cells. The fact that cobalt
is a non-accumulative element for the human body,
contrary to iron and copper, makes Co MNPs
a possible candidate for cancer treatment. Furthermore,
the toxicity test performed on HEK 293 cells showed
a very low toxicity of the Co MNP for concentrations
lower or equal to 120mg/L. Moreover, based on the
marked tropism of MSCs toward tumours, it is expected
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that MSCs loaded with Co MNPs can target tumours
and tumour metastases after systemic injection. The
loaded Co MNPs could be released into the tumour
niche through different routes: phototherapy, hyperther
mia, or stem cell delivery.
The study also highlights that under a laser irradiation
of 20mW with a wavelength of 532nm it is possible to
locally induce combustion of the Co MNPs inside the
cells, which opens new routes for cancer phototherapy.
This preliminary study demonstrates the considerable cap
ability of cobalt nanomaterials for applications in nanome
dicine and further investigations are ongoing. All in all,
Raman spectroscopy offers a new tool towards such
implementations.
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