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Abstract: Multifunctional nanocomposites that combine both magnetic and photoluminescent (PL)
properties provide significant advantages for nanomedical applications. In this work, a one-stage
synthesis of magneto-luminescent nanocomposites (MLNC) with subsequent stabilization is pro-
posed. Microwave synthesis of magnetic carbon dots (M-CDs) was carried out using precursors
of carbon dots and magnetic nanoparticles. The effect of stabilization on the morphological and
optical properties of nanocomposites has been evaluated. Both types of nanocomposites demonstrate
magnetic and PL properties simultaneously. The resulting MLNCs demonstrated excellent solubility
in water, tunable PL with a quantum yield of up to 28%, high photostability, and good cytocompati-
bility. Meanwhile, confocal fluorescence imaging showed that M-CDs were localized in the cell nuclei.
Consequently, the multifunctional nanocomposites M-CDs are promising candidates for bioimaging
and therapy.

Keywords: magneto-luminescent nanocomposites; photoluminescence; absorption; photostability;
cytotoxicity; confocal cell visualization

1. Introduction

Magneto-luminescent nanocomposites (MLNC) represent a new class of multifunc-
tional nanomaterials combining magnetic and fluorescent signals in one sample. Nowadays,
MLNC s are recognized as promising candidates in nanomedicine which can be used for
diagnostic purposes, such as magnetic resonance imaging, targeted drug delivery, hyper-
thermic cancer therapy, as well as for some other applications [1-10].

There are various approaches to produce MLNCs, which can be split into several
main groups according to the number of stages in the synthesis process. The first group of
MLNCs synthesis represents a three-stage method. A number of articles are devoted to
the description of various techniques to separately synthesize magnetic and luminescent
particles for their subsequent binding [1]. In this case, the binding mechanisms vary widely
by conjugating a luminescent particle onto a magnetic surface and vice versa [11-15].
Organic dyes, quantum dots, or specific polymers are used as phosphors [16-18].

The next group presents a two-stage approach, which includes methods for the pro-
duction of a hybrid material, in which fluorescent particles are synthesized in the presence
of ready-made magnetic nanoparticles (NPs). The stability of the nanocomposites obtained
by this technique is achieved by creating a fluorescent shell on the surface of magnetic
NPs [19,20]. In this case, the size of the final hybrid structures depends on the size of the
initial magnetic particles. Despite the dependence of nanocomposite size on the size of
the magnetic core, this synthesis technique leads to a higher polydispersity, resulting in a
poorly controlled ratio of the magnetic and fluorescent components, since these parameters
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vary from particle to particle [21-23]. Moreover, magnetic nanoparticle surface passivation
by a fluorescent shell leads to a weakening of nanocomposites” magnetic characteristics.
At the same time, the luminescence is quenched as a result of the efficient energy/charge
transfer from the luminophore to the magnetic part. Thus, when two different materi-
als are combined, a weakening of both the magnetic and luminescent properties of the
nanocomposite occurs.

The third group includes one-stage synthesis, in which MLNCs can be obtained by
the simultaneous synthesis of magnetic and fluorescent parts in one vessel. This approach
allows immediate generation of a hybrid material, which can later be modified [24]. MLNCs
can be obtained by hydrothermal or solvothermal bottom-up synthesis from precursors of
magnetic and fluorescent NPs [25]. Comparing one-stage synthesis of MLNCs with others,
one can highlight such advantages as synthesis simplicity and nanocomposite small size.
In order to obtain high-quality chemically stable MLNCs, it is important to use precursors
of proper quality.

Precursors of superparamagnetic iron oxide (Fe3O4) NPs (MNPs) can be used to ob-
tain MLNCs since these NPs demonstrate good biocompatibility and excellent magnetic
properties [26]. Despite the fact that many syntheses methods have now been proposed,
the issue of the colloidal stability of MNPs has not yet been resolved, which is undoubtedly
an important factor for further biomedical applications. For this reason, many works are
aimed at improving the chemical stability of MNPs. Modification of the Fe;O4 surface
with different materials is one of the ways to improve the colloidal stability of NPs. In
general, these materials include two categories: organic (polyethylene glycol [27], polyani-
line [28], chitosan [29,30]) and inorganic (silicon dioxide [31], Au [32,33], Ag [34], and
carbon [35]) ones.

Carbon dots (CDs) represent a class of fluorescent carbon-based NPs. They are promis-
ing as a luminescent part of MLNCs because their structure consists of an sp?-hybridization
carbon matrix that stabilizes MNPs [36,37]. Taking advantage of the electrostatic repulsion
generated by CDs, they can provide excellent colloidal stability to MLNCs. At the same
time, CDs have such attractive properties as the feasibility of the synthesis, low toxic-
ity, large surface area, good colloidal stability, the possibility of surface functionalization,
high photoluminescence quantum yield, and excitation-dependent emission, and photo-
stability [38]. Thus, due to the simplicity of the one-step simultaneous synthesis, high
biocompatibility and strong magnetic properties of MNPs in a combination with the attrac-
tive fluorescent properties of CDs, they can find a wide application in the development and
preparation of MLNCs.

Here, a one-step approach to obtaining MLNC was proposed, in which the precursors
for CDs and Fe304 NPs were used. Using this approach, we synthesized magnetic lumines-
cent carbon dots. A carbon matrix with luminophores was formed during the synthesis and
the size of the final nanocomposites was about 60 nm, which is an important parameter, for
example, to penetrate cell nuclei.

The main advantage of such nanocomposites in biological applications is considered
to be the absence of toxic materials and, therefore, high biocompatibility. However, the
problem of combining crystal lattices of different materials remains. In this regard, post-
synthesis treatment of M-CDs with glutathione was used to increase the stability of the
obtained MLNCs. In addition, stabilization of M-CDs increases the resistance to destruction
in living tissues, as well as to the influence of other external factors. Moreover, it prevents
NPs aggregation, which is typical for MLNCs obtained by one-step synthesis from CDs
and MNP precursors [24]. Thus, the proposed one-step method of MLNCs synthesis with
subsequent stabilization has potential for biological applications, since MLNCs have a
small size, exhibit high colloidal and decomposition stability, magnetic receptivity, and
effective photoluminescence (PL).
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2. Materials and Methods
2.1. Materials

The following reagents were used for the synthesis of CDs: citric acid (99.5%), ethylene-
diamine (>99.5%), iron (II) chloride tetrahydrate, L-glutathione, MTT (all from Merck
KGaA, Darmstadt, Germany) were used to stabilize the particles. Dimethyl sulfoxide
(DMSO), paraformaldehyde (PFA) (Khimmed, Moscow, Russia). Deionized water (Milli-Q)
was used as a solvent and in the experiments.

2.2. Synthesis of Magneto-Luminescent Carbon Dots

Magneto-luminescent carbon dots M-CDs were synthesized using an autoclaving/
microwaving system (Milestone, Sorisole, Italy). Citric acid (2 g), ethylenediamine (1 mL)
and iron (II) chloride tetrahydrate (FeCl,-4H,0O) (0.6 g) were dissolved in deionized water
until a clear solution was formed. After that, the solution was placed in the autoclave and
heated at a 180 °C temperature and 25 bar pressure (700 W microwave power) for 3 min.
After heat treatment, the reaction product was cooled to room temperature and centrifuged
at 8000 rpm for 5 min. Supernatant fluid containing smaller particles was collected. The
concentration of the stock solution was 62 mg/mL. The prepared stock M-CDs can be dried
in an oven and redissolved in water for further use.

2.3. Stabilization of Magneto-Luminescent Carbon Dots

Stabilization of 8 mL M-CDs stock solution was carried out by post-synthesis treatment.
The stabilizing agent L-glutathione (0.96 g) was added to the stock solution by stirring
for 30 min. After that, the resulting particles were centrifuged at 4000 rpm for 5 min and
then magnetized. After that, the color of the solution became darker while the PL of the
solution under UV radiation was preserved. The concentration of the stabilized particles
was 162 mg/mL. The prepared stabilized M-CDs (sM-CDs) can be dried in an oven and
redissolved in water for further use.

2.4. Sample Characterization Methods

Scanning transmission electron microscopy (STEM) images and energy-dispersive
X-ray spectroscopy (EDX) atomic percent data were obtained using a scanning electron
microscope (Merlin, Ottobrunn, Germany). Dry MLNCs size was estimated from SEM
images using the Image] program. The collected statistics of particle size distribution were
processed by the OriginLab Program (Northampton, USA). The average size was set by
a Gaussian approximation. Size distribution in water and (-potential were measured at
25 °C by dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd. Worcestershire, UK). The absorption spectra of the samples were recorded
on a UV Probe 3600 spectrophotometer (Shimadzu, Kyoto, Japan) in the wavelength range
of 300-800 nm at a monochromator slit width of 8 nm using an integrating sphere. The PL
and PL excitation spectra were recorded using a Cary Eclipse spectrofluorimeter (Varian,
Belrose, Australia) with a slit width of the exciting and recording elements of 5 nm. The
PL lifetime was measured by a time-correlated single-photon counting technique using
a MicroTime-100 confocal laser scanning microscope (PicoQuant, Berlin, Germany) at
a 405 nm excitation wavelength. The average lifetime was calculated by exponential
approximation. The amplitude-weighted average PL lifetime was determined by the
following Equation (1):

_ Aq le + A2T22

= 1
A1T1 + Asz ( )

Tav

where A; denoted fractional weights of various decay time components T; of the multiexpo-
nential fitting. The PL quantum yield (QY) of M-CDs was defined as the relative quantum
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yield. Rhodamine 6G (with a standard QY of 95% in ethanol at 350 nm excitation) was used
as a reference. The PL QY was determined using the following Equation (2):

2
CI>5:<I>R><I—S><&><&,
IR Ds Vl%{

@

where & is the PL QY, I is the integrated PL intensity, D is the absorbance, # is the refractive
index of the respective solvents, and the subscripts S and R stood for the sample and
reference, respectively.

2.5. Detection of Fe>* Cations

The reaction of potassium hexacyanoferrate (II) with Fe>* produces a poorly soluble
precipitate: FellICl; + K4[Fe'(CN)¢] — KFe'[Fe"CNy] + 3KCl. The resulting potassium-
iron (III) hexacyanoferrate (Il) is slightly soluble to form a colloidal solution. After incuba-
tion of RAW264 macrophage cell line with MLNCs for 20 h, cells were washed with PBS
and fixed with PFA. After repeated washing, 4% potassium hexacyanoferrate solution and
4% HCl solution were added to the cells in a 1:1 ratio. The cells were washed with PBS after
20 min of incubation. The colorimetric response of MLNCs to potassium hexacyanoferrate
(II) was studied using an upright microscope Axio Imager Z1 with an HRC CCD camera
(ZEISS, Oberkochen, Germany).

2.6. Cell Culture and Assessment of Cell Cytotoxicity
2.6.1. Cells

Cell lines of human embryonic kidney HEK293, human lymphocytes Jurkat, murine
macrophages RAW264, J774, and chondrocytes ADCT5 were provided from the collection
of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry RAS (Moscow, Russia).
Cells were cultivated in DMEM or RPMI-1640 culture medium supplemented by 7% of fetal
bovine serum, glutamine, penicillin/streptomycin. Adherent cells were detached using
0.05% trypsin-EDTA (all from PanEco, Moscow, Russia), counted and sub-cultured.

2.6.2. MTT Assay

The cytotoxicity of MLNCs was investigated by MTT assay [39]. The solutions con-
taining M-CDs were diluted to yield a concentration range from 150 to 1pg/mL. The cells
were seeded at 10,000 cells/well and incubated for 72 h in a CO; incubator at 37 °C. MTT
was added to each well for the last 4 h. The culture medium was eliminated from the
wells, and formazan crystals were dissolved in 100 pL of DMSO for 20 min. Cytotoxic
concentration, giving 50% of the maximal toxic effect (IC50), was calculated from the
titration curves. The inhibition of proliferation (inhibition index, II) was calculated as
II = (1 — ODexperiment)/ODcontrol, where OD was the formazan optical density.

2.7. Flow Cytometry

M-CDs or sM-CDs dissolved in RPMI were titrated in 96-U-bottom well plates. Jurkat
cells (104/well) were added to the MLNCs and incubated for 24 h. Wells containing
medium without MLNCs were used as control. Before the analysis, cells were washed once
with saline, and the fluorescence response of cells and the toxicity of M-CDs and sM-CDs
were analyzed by a MACSQuant flow cytometer (Miltenyi, Bergisch Gladbach, Germany).
The toxicity was estimated by propidium iodide inclusion.

2.8. Efficiency of M-CDs Accumulation in the Cells

HEK293 and Jurkat cells were cultivated with M-CDs or sM-CDs in 96-flat bottom
cell culture plates, as described above. After overnight incubation, the supernatants were
removed and the fluorescent response in supernatants was measured at excitation at
365 nm and recorded in the wavelength range of 410-460 nm using a spectrofluorometer
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GlomaxMulti (Promega, Fitchburg, MA, USA). The accumulation efficiency was determined
as follows: the percentage of M-CDs entering the cells was estimated by the formula (3):

I
V= (1 - > x 100%, (©)]
Io
where V—percentage of M-CDs or sM-CDs in cells, [ —PL intensity of the supernatant,

Ip—PL intensity of the control group M-CDs or sM-CDs without cells.

2.9. Confocal Fluorescence Imaging

HEK?293 cells (105) were grown on sterile cover slides placed in 6-well plates. After
the adhesion of the cells overnight, the cells were incubated with various concentrations
of MLNC:s for 24 h. Then, the cells were stained with membrane tracker WGA-Alexa555
and Nuclear Green fluorescent dyes (Molecular Probe, Eugene, USA). The cells were then
washed, fixed with 4% paraformaldehyde for about 15 min, washed again, and polymerized
with Mowiol 4.88 medium (Calbiochem, Nottingham, UK). Hoechst 33,342 (Sigma, USA)
was used to visualize nuclei. Slides were analyzed using an Eclipse TE2000 confocal
microscope (Nikon, Tokyo, Japan) at a wavelength of 405 nm.

2.10. Statistics

Graphs were created using MS Excel software. The data are represented as mean
=+ standard error of mean (SEM) of at least three independent experiments or as one
representative experiment from three. Statistical analysis was performed using Student’s
t-test. Significance levels of p < 0.05 were considered statistically reliable.

3. Results
3.1. Characterization of the Morphology and Optical Properties of M-CDs

The size and morphology of the M-CDs and sM-CDs were characterized using scan-
ning electron microscopy (SEM) in STEM mode. Both M-CDs and sM-CDs demonstrated
quite narrow size dispersion (Figure 1). The darker areas represent the iron component of
M-CDs (Figure 1a, insert, black arrows) within the carbon shell, which is slightly lighter in
the shade of gray since CDs have a lower electron density compared to the iron component.
Contrary to it, sM-CDs have a uniform gray color (Figure 1b, inset) as it is not possible to
distinguish between darker impregnations of the iron component. This could be associated
with the presence of the glutathione stabilizer on the sM-CDs surface.
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Figure 1. Characteristics of MLNCs. STEM images of the stock M-CD (a) and sM-CDs (b). Insets
show a higher magnification. Black arrows show iron component of M-CDs (a, insert). Scale bar
corresponds to 200 nm. Dry (¢,d) and hydrated (e) diameters of M-CDs and sM-CDs.
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Based on the SEM images, the geometric sizes were determined. The average size
of the M-CDs and sM-CDs were 33 & 6 and 61 & 14 nm, respectively (Figure 1c,d). The
size difference can be explained by the stabilization which was carried out before the
precipitation of M-CDs. Possibly larger particles were retained in the sM-CDs solution.
Iron was detected in the EDX spectra, which may also indicate the successful formation of
MNPs in the carbon matrix of M-CDs and sM-CDs (Figures S1 and S2). In addition, the
analysis of the EDX statistics of M-CDs and sM-CDs did not show significant changes in
the composition after stabilization (Tables S1 and S2).

DLS data showed a narrow size distribution with an average hydrodynamic diameter
of the M-CDs and sM-CDs in water of about 65 and 120 nm, respectively (Figure le).
Zeta potentials (C) of the M-CDs and sM-CDs in water were 0 and —20 mV, respectively.
Glutathione charges the M-CDs surface, preventing sM-CDs aggregation due to the electro-
static repulsion. These results demonstrate that the surface of sM-CDs exposes negatively
charged hydrophilic groups, which contribute to the dispersibility and stability of sM-CDs
in water. The hydrodynamic diameter of MLNCs was two times larger in a comparison
with the physical size obtained by the processing of SEM images. This can be explained by
the presence of a solvation shell around the particles due to the effect of hydration [19].

The optical properties of M-CDs and sM-CDs were studied using UV-visible absorp-
tion and PL spectroscopy. The absorption spectra exhibit peaks at a wavelength of 350 nm
and a low-intensity absorption shoulder in the wavelength range of 400-500 nm (Figure 2,
black curves), which is typical for CDs [36]. At the same time, the contribution of MNPs
manifests itself in a monotonic increase in the absorption to the short-wavelength region,
which is typical for the absorption spectra of Fe3Oy4 [40]. Thus, the electronic absorption
spectra of MLNCs demonstrate both the features of CDs and MNPs. M-CD and sM-CD
are characterized by the same shape of absorption spectra, except for a small difference in
higher optical density in the 400-600 nm arm wavelengths of sM-CD compared to M-CD
with the same optical characteristics peak density, which can be explained by more presence
of the magnetic component.
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Figure 2. Characteristics of MLNCs. Absorption, PL excitation, PL spectra upon different wavelengths
excitation and overview near and external magnet of M-CDs (a,c) and sM-CDs (b,d).

The PL spectra of MLNCs (Figure 2a,b) exhibit intense emission bands at a wavelength
of 450 nm at 350 nm excitation. Aqueous solutions of M-CDs and sM-CDs have an orange
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color in daylight and a bright blue-green PL emission with UV irradiation at 365 nm
(Figure 2c,d). In addition, MLNCs exhibit excitation-dependent emission, when, with
increasing excitation wavelength, a long-wavelength shift of the emission maximum with a
decrease in the PL intensity, which is characteristic of the PL emission from carbon dots [41].
This behavior of PL, similar to CDs, is also a confirmation that the luminescent part of the
composites is responsible for the emission of MLNCs.

The study of the photoluminescence excitation spectra of MLNCs (Figure 2a,b, ma-
genta lines) showed that for the long-wavelength radiation, the luminescence shoulder with
a maximum of 550 nm is provided by states absorbing not only at 340 nm in accordance
with the main absorption peak but also secondary peaks for both types of composites. In the
case of M-CDs, there are two additional peaks at 450 and 515 nm, while for sM-CDs there is
only one additional peak at 450 nm. This indicates that the sample had several absorption
states leading to long-wavelength radiation, which is also characteristic of CDs [41].

A photograph of an aqueous solution of M-CDs before (Figure 2c) and after stabiliza-
tion (Figure 2d) under a UV lamp in the presence of an external magnet demonstrates the
magnetic properties of M-CDs and sM-CDs. Herein, it can be seen that sM-CDs have bright
photoluminescence near the magnet, while M-CDs are colored over the entire volume of the
solution and a gradient of PL intensity is observed near the magnet. Thus, this is evidence
of the stronger magnetic properties of sM-CDs.

The PL lifetime of MLNCs was measured using a time-resolved fluorescence micro-
scope. The luminescence decay curve is very well fitted to a double-exponential function,
as shown in Figure 3a,b. The PL decay curves of stock M-CDs (red) and stabilized sM-CDs
(black) in water and DMEM are shown in Figure 3a,b, respectively.
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Figure 3. Characteristics of MLNCs. PL decay curves in water (a) and in DMEM medium (b) upon
excitation at 405 nm and intensity upon excitation of 350 nm (c) and 405 nm (d) of M-CDs (red) and
sM-CDs (black) on the time of exposure to UV radiation.

The average PL lifetime of stock M-CDs and sM-CDs is 10 ns and 11 ns, respectively
(Tables S3 and S4). Such a short PL lifetime is indicative of the radiative recombination
nature of the excitations. As can be seen, the difference in the PL lifetimes of M-CDs
is extremely small, which may indicate an insignificant effect of stabilization on the PL
decay times. Moreover, the same PL decay kinetics of nanocomposites before and after
stabilization indicates that the PL QY does not change. In order to further investigate the
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PL properties of M-CDs, the PL QY, and the effect of the external factors on the PL were
investigated. PL QY of the M-CDs and sM-CDs were about 20% and 28%, respectively.

3.2. Investigation of M-CDs Photostability

Stability is one of the key parameters when using nanocomposites to study biological
processes in cells, since decomposition can be observed in living organisms during the
prolonged circulation of nanocomposites in the bloodstream. Therefore, the photostability
of the M-CDs and sM-CDs was further investigated. To carry out this, MLNCs were
dissolved in DMEM and then exposed to irradiation of light with a wavelength of 365 nm
for 20 min. The exposure was calculated using the following formula:

A=DPxt/S, 4)

where A—the exposure, P—the radiation power, t—the exposure time, S—the absorption
area of the radiation.
Then the exposure is equal to:

A=3mW x 20 x 60s/1cm? = 3.6 W-s-cm ™2 (5)

The PL intensity of the MLNCs will remain fairly stable at an irradiation exposure of
3.5 W-s-cm ™2 (Figure 3c). At the same time, sM-CDs (black line) demonstrate a smaller
decrease in the PL intensity, which indicates their higher stability compared to M-CDs
(red line). The photostability of the PL intensity of the composites was studied at different
excitation waves since different luminescent centers in both M-CDs and sM-CDs are
responsible for the emission of the composites. The obtained dependences of the PL
intensity on the exposure differ when changing the excitation wavelength (Figure 3c,d).
This is due to the luminescent nature of the composites, which are similar to CDs. In this
case, luminescent centers that emit at 350 nm excitation absorb more irradiation energy
than those that emit at 405 nm; this causes a difference in the dependences of the stability of
nanocomposites. Thus, M-CDs and sM-CDs demonstrated good photostability in culture
medium DMEM.

Hence, it can be seen that the obtained MLNCs have a size of the order of 30-60 nm
and have good solubility in water. In addition, M-CDs and sM-CDs exhibit strong magnetic
properties and attractive optical properties, such as absorption in a wide spectral range,
high QY of PL, PL lifetimes of 10 ns order, and good photostability. Thus, the obtained
M-CDs and sM-CDs have the potential for bioapplication.

3.3. Efficiency of M-CDs Accumulation in Cells

The efficiency of M-CDs accumulation in cells was investigated by using the spec-
trofluorometer. HEK293 (adhesive), RAW264 (semi-adhesive), and Jurkat (suspension)
cells were incubated with different concentrations of M-CDs or sM-CDs for 48 h. Wells
containing M-CDs without cells were used as controls. After cell incubation, supernatants
from cell-containing wells were removed; cells were washed once with PBS, 200 uL of fresh
PBS were added and fluorescence was analyzed using the spectrofluorimeter. The PL signal
in the cells was calculated as a percentage of the total amount in control cell-free cultures.
Maximal uptake was found in lymphoid Jurkat cells and minimal in epithelial HEK293
cells both for M-CDs and sM-CDs (Figure 4a,b). Particle uptake was dose-dependent and
reached 8% and 12% at the maximal M-CDs and sM-CDs particle concentration, accordingly.
There was a plateau of uptake at high NPs concentrations.
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Figure 4. MLNCs interaction with live cells. Cellular uptake by (a,b) and cytotoxicity (c,d) of M-CDs
(a,c) and sM-CDs (b,d) to the cells. Epithelial (ATCD5) and macrophage (RAW264, ]774), cells were
incubated for 48 h (a,b) and cellular uptake was analyzed. ATDC5, RAW264, and Jurkat cells were
incubated for 72 h and cytotoxicity were analyzed by MTT.

3.4. Cytotoxicity of M-CDs

Analysis of cell proliferation of ATDCS5 (epithelial cells), RAW264 (macrophages), and
Jurkat (lymphocytes) cells in the presence of different concentrations of NPs demonstrated
average cytotoxicity at high NP concentrations (Figure 4c,d). Higher toxicity of both
M-CDs and sM-CDs was found against lymphoid cells (Figure 4c,d, blue curves). On
average, 20% toxicity is considered compatible with bioapplications. Low doses of the
particles stimulated epithelial cell proliferation (index of cytotoxicity < 0), supporting the
biocompatibility of MLNCs for healthy tissues. Furthermore, sM-CDs were slightly more
toxic at high concentrations than M-CDs (Il = 0.38 vs. 0.2).

As an alternative method, a flow cytometry analysis was used to assess the cytotoxicity
of M-CDs and sM-CDs estimated by propidium iodide cell staining. Both M-CDs and sM-
CDs were nontoxic and stimulated cell survival and proliferation at low doses (Figure 5a,b).
Straight lines of the corresponding colors show the background level of cell death in control
wells. The results were reliable and reproduced in two different cell lines. Representative
dot plots show slightly higher cytotoxicity of sM-CDs (Figure 5e,f), which supports the
results of the MTT assay (Figure 4c,d). The total PL signal was higher in M-CDs (Figure 5c).
This can be a result of NPs size, cell capacity to accumulate the particles, and brighter
fluorescence of unshelled M-CDs, as is seen in the histograms (Figure 5d, blue).

Both dot plots and histograms show that all cells are stained by MLNCs either intracel-
lular or via the surface binding and retention of NPs (Figure 5d—g). These results indicate
excellent biocompatibility of MLNCs in a broad concentration range. Thus, it can be
concluded that M-CDs are cytocompatible, which is important for bioimaging applications.
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Figure 5. Flow cytometry characteristics of M-CDs particles. (a,b): Percentage of K562 and Jurkat
propidium iodide positive cells incubated for 48 h with M-CDs (a) and sM-CDs (b,¢): Dose-dependent
K562 and Jurkat cell staining by M-CDs (blue) and sM-CDs (green). d—g: Histograms (d) and
representative dot plots (e-g) of unlabeled (d, gray, e) or M-CDs (d, blue, f) and sM-CDs (d, green,
g) K562 cells. e-g: NPs fluorescence corresponds to VioBlue channel (abscissa axis) and propidium
iodide—to dead cells (ordinate axis).

3.5. Confocal Fluorescence Imaging

The results obtained by flow cytometry and spectrofluorimetry cannot separate the
extracellular localization of MLNCs from intracellular ones. To understand their distri-
bution in the cells, confocal microscopy was used. Adhesive HEK293 cells were grown
on cover slides in the presence of M-CDs and sM-CDs for 20 h, fixed and permeabilized.
The particle PL is visible under 408 nm laser excitation (Figure 6, blue). To visualize cell
membranes, WGA-Alexa555 was used (Figure 6, red). To localize the nuclear accumulation
of NPs, cells were stained with Nuclear Green fluorescent dye (Figure 6. green). The
results demonstrated that smaller M-CDs, but not larger sM-CDs, accumulated mostly in
the nuclei of the cells (Figure 6a—c, white arrows), and more accurately—in the nucleoli
(Figure 6d—f, ovals and red arrows). Nucleoli are areas of chromosomes on which ribosomal
ribonucleic acids are synthesized. These places with less condensed DNA leave space for
NPs accommodation.

Larger sM-CDs were found only in the cytoplasm of the cells, as evidenced by empty
nuclei (Figure 6g—i, yellow arrows).
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Figure 6. Confocal images of HEK293 cells cultivated in the presence of M-CDs (a—f) or sM-CDs (g-i).
Cell and nuclei membranes are stained in red and nuclei in green. Scale bar 6-7 um. White arrows
show nuclear localization of M-CDs (a,c); red arrows show nucleoli localization of M-CDs (ovals and
red arrows); yellow arrows show the absence of the sM-CDs in the cell nuclei.

3.6. Detection of Fe>* Cations

Potassium hexacyanoferrate (II) is used in analytical chemistry as a reagent for the
detection of certain cations. For example, a poorly soluble blue precipitate is formed in the
reaction with Fe®*. Thus, by studying the colorimetric response of MLNCs to potassium
hexacyanoferrate (II), it is possible to determine the presence of a magnetic component.
After incubation of semi-adhesive RAW?264 cells with MLNCs for 20 h, a solution of
potassium hexacyanoferrate was added to the cells. Cell images from the optical microscope
show a blue color, which indicates a successful reaction of potassium hexacyanoferrate
with the ferric iron (Figure 7). Cells incubated with sM-CDs have a brighter color than with
M-CD (Figure 7a,b). Consequently, upon penetration into cells, sM-CDs nanocomposites
have a larger iron part than M-CDs. At the same time, the stabilization of nanocomposites
prevents the oxidation of ferric iron to ferrous and prevents the decomposition of M-CDs
upon accumulation by cells. Thus, the stronger blue coloration of sM-CDs indicates the
integrity of the magnetic component in the nanocomposites.

2 © ‘ﬁ;ﬁ s '"
e oy - e
| :-‘ F

Figure 7. Images of macrophage cells RAW264 incubated with M-CDs (a) and sM-CDs (b) in the
presence of potassium hexacyanoferrate (II).
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4. Discussion

We report a one-step synthesis of an MLNCs surface stabilized for potential biomedical
applications. The morphology, optical properties, and elemental analysis of the obtained
MLNCs were characterized by SEM, EDX, DLS, UV-Vis, and time-resolved spectroscopy.
The stabilization of MLNCs obtained by the hydrothermal synthesis method improved
their optical, physical, and chemical properties, which distinguishes them from similar
composites obtained by other research groups [22,24,42,43].

Several mechanisms for the formation of composites based on precursors of carbon
dots and MNP are known [44,45]. Here, the hydrothermally synthesized magnetic cores are
used as the crystal growth seeds for the formation of carbon dots due to the coordination
of Fe?* /Fe®* ions with the carbonyl groups of carbon dots in accordance with [13].

The size of the obtained nanocomposites varies from 30 to 60 nm depending on the
stabilization, which is an order of magnitude smaller than other nanocomposites (about
600 nm) obtained by LBL methods with sacrificial templates [17,46,47].

It was established that MLNCs exhibit the luminescence properties of traditional
CDs, namely, the position and width of the PL bands, as well as the dependence on the
wavelength of the exciting light [36,41]. The luminescence behavior of MLNC does not
change as a result of stabilization, while the PL QY increases from 20% to 28%. The PL QY
obtained after stabilization exceeds the same parameter as other similar systems obtained
earlier [19,48]. An analysis of the PL decay kinetics showed that the average PL lifetimes of
MLNCs almost do not change before and after stabilization, regardless of the aqueous or
DMEM solvent, and is about 11 ns, which is longer than the lifetimes of similar systems
obtained in [20]. This fact indicates that the presence of a magnetic component in the
composition of MLNC does not significantly affect the PL QY of the luminescent part of
CDs. The observed effect is due to the formation of a carbon matrix with embedded MNPs,
where the luminescent centers are located at a sufficient distance to avoid energy/charge
transfer. This special luminescent nature is one of the main advantages of CDs when
combined into one MLNC with a magnetic component in comparison with traditional
semiconductor QDs (CdSe, CIS, etc). This effect is observed in the paper [49], when the
creation of a nanocomposite of CdSe/ZnS quantum dots and Fe;O3 magnetic NPs results
in the quenching of the QD PL three times.

Magneto-luminescent systems obtained by a similar synthesis, but without stabiliza-
tion do not demonstrate colloidal stability [24,50]. However, in addition to the better
photostability of sM-CD compared to M-CD, stabilization also prevented the aggregation of
MLNCs, and colloidally stable solutions were obtained. The carbon dot core can be covered
by a variety of surface functional groups, such as carbonyl, carboxyl, amines, or thiols.
The use of high temperature/high-pressure treatment may trigger many simultaneous
reactions, resulting in the most reactive functionalities of the precursors on the carbon dot
after the synthesis [51]. We assume that the post-treatment of the M-CDs obtained using
glutathione leads to the colloidal stabilization of the nanostructures due to the chemical
interaction of functional groups of glutathione (by -COOH or/and -NH3) to the variety of
the surface functional groups on the carbon dot core. The stretched-out molecules of the
attached glutathione are responsible for the electrostatic repulsion between the M-CDs.

Cytotoxicity results show that MLNCs have excellent biocompatibility, even at suffi-
ciently high concentrations, which is the main advantage for bioapplications. In the same
way in paper [19], an in vitro study of the toxicity of superparamagnetic nitrogen-doped
carbon-iron oxide hybrid QDs (C-Fe304 QDs) was carried out. Human cervical carcinoma
cells (HeLa) were incubated with C-Fe3O4 concentrations of up to half of 500 nug/mL for 24
and 48 h. The results of the analysis showed that C-Fe304 QDs do not exhibit significant
cytotoxicity, while the viability of cells incubated with similar carbon nanodots doped
superparamagnetic iron oxide NPs (FeCD) also showed no cytotoxicity in the concentration
range up to 20 pg/mL [22], which is several times less than the concentration used in
our work.



Nanomaterials 2022, 12, 1396

13 of 15

References

We have demonstrated that MLNCs are predominantly localized in the nuclei of cells,
while the stabilized ones do not demonstrate such an effect. Different localization may
be associated either with an increase in the size of MLNCs after stabilization (as nucleus
membrane pores are around 30-50 nm) or the charge of MLNCs. The latter is more possible,
as Liu et al. demonstrated that after incubation with 50, 100 or 150 pg/mL QD C-Fe3O, for
24 h, the PL signal was observed in the cytoplasm, but not in the nucleus [19]. In another
article [22], the localization of FeCD was also limited to the cytoplasm, since a fluorescent
signal was observed in the cytoplasm, leaving the nucleus as a dark area aside. Analysis
of the ferric test confirmed that stabilization of the MLNC surface prevents oxidation of
ferrite, which helps to maintain magnetic properties.

Thus, since MLNCs exhibit small size, high stability, and efficient magnetic and optical
response, as well as high biocompatibility and intracellular localization, the proposed
one-step synthesis of MLNCs with surface stabilization has a potential for biomedical
applications.

5. Conclusions

In summary, we have synthesized MLNC in one stage from the precursors of CDs and
MNPs. The reliable MLNCs resistant to breakdown were obtained after surface stabilization.
The optical properties of the MLNCs were characterized, and comparative analysis and the
effect of stabilization were performed. In addition, cytotoxicity, intracellular localization,
and the luminescent response of cells with MLNCs were studied.

Thus, based on the above features, MLNCs combining luminescent and magnetic
properties could be exploited for theranostics in biological applications, such as bioimaging
and hyperthermia in a magnetic field.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12091396/s1, Figure S1: EDX spectra of M-CDs; Figure S2:
EDX spectra of sM-CDs; Table S1: Statistics of M-CDs EDX spectrums (atomic percent); Table S2:
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Author Contributions: Conceptualization, M.S., V.Z,, and A.O.; methodology, M.S., A.D.,and E.S;
formal analysis, M.S., V.Z., and E.S.; investigation, M.S., A.D., AE.,, MK, ES., and V.Z.; data
curation, M.S., V.Z,, and E.S.; writing—original draft preparation, M.S. and M.K.; writing—review
and editing, V.Z., E.S., and A.O.; visualization, M.S., A.E., and M.K.; supervision, V.Z. and A.O.;
project administration, A.O.; funding acquisition, A.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Ministry of Education and Science of the
Russian Federation, State assignment, Passport 2019-1080 (Goszadanie 2019-1080), and by RPMA
grant of School of Physics and Engineering of ITMO University.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Roychowdhury, A ; Pati, S.P.; Mishra, A K.; Kumar, S.; Das, D. Magnetically Addressable Fluorescent Fe304/ZnO Nanocompos-
ites: Structural, Optical and Magnetization Studies. ]. Phys. Chem. Solids 2013, 74, 811-818. [CrossRef]

2. Jordan, A; Scholz, R.; Wust, P,; Fahling, H.; Felix, R. Magnetic Fluid Hyperthermia (MFH): Cancer Treatment with AC Magnetic
Field Induced Excitation of Biocompatible Superparamagnetic. J. Magn. Magn. Mater. 1999, 201, 413-419. [CrossRef]

3. Neuberger, T.; Schopf, B.; Hofmann, H.; Hofmann, M.; von Rechenberg, B. Superparamagnetic Nanoparticles for Biomedical
Applications: Possibilities and Limitations of a New Drug Delivery System. J. Magn. Magn. Mater. 2005, 293, 483-496. [CrossRef]

4. Portet, D.; Denizot, B.; Rump, E.; Lejeune, ].J.; Jallet, P. Nonpolymeric Coatings of Iron Oxide Colloids for Biological Use as
Magnetic Resonance Imaging Contrast Agents. J. Colloid Interface Sci. 2001, 238, 37—42. [CrossRef]

5. Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical Application of Functionalized Magnetic Nanoparticles. J. Biosci. Bioeng.

2005, 100, 1-11. [CrossRef]


https://www.mdpi.com/article/10.3390/nano12091396/s1
https://www.mdpi.com/article/10.3390/nano12091396/s1
http://doi.org/10.1016/j.jpcs.2013.01.012
http://doi.org/10.1016/S0304-8853(99)00088-8
http://doi.org/10.1016/j.jmmm.2005.01.064
http://doi.org/10.1006/jcis.2001.7500
http://doi.org/10.1263/jbb.100.1

Nanomaterials 2022, 12, 1396 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gupta, A K.; Gupta, M. Synthesis and Surface Engineering of Iron Oxide Nanoparticles for Biomedical Applications. Biomaterials
2005, 26, 3995-4021. [CrossRef]

Sewid, F.A.; Annas, K.I; Dubavik, A.; Veniaminov, A.V.; Maslov, V.G.; Orlov, A.O. Chitosan Nanocomposites with CdSe/ZnS
Quantum Dots and Porphyrin. RSC Adv. 2021, 12, 899-906. [CrossRef]

Sewid, FA.; Skurlov, I.D.; Kurshanov, D.A.; Orlova, A.O. Singlet Oxygen Generation by Hybrid Structures Based on CdSe/ZnS
Quantum Dots and Tetraphenylporphyrin in Organic Medium. Chem. Phys. Lett. 2021, 765, 138303. [CrossRef]

Hatamie, S.; Shih, PJ.; Chen, BW.; Wang, L].; Young, T.H.; Yao, D.]J. Synergic Effect of Novel WS2 Carriers Holding Spherical
Cobalt Ferrite @cubic Fe304 (WS2/s-CoFe204@c-Fe304) Nanocomposites in Magnetic Resonance Imaging and Photothermal
Therapy for Ocular Treatments and Investigation of Corneal Endothelial Cell Migration. Nanomaterials 2020, 10, 2555. [CrossRef]
Simeonidis, K.; Kaprara, E.; Rivera-Gil, P; Xu, R.; Teran, E].; Kokkinos, E.; Mitropoulos, A.; Maniotis, N.; Balcells, L. Hydrotalcite-
Embedded Magnetite Nanoparticles for Hyperthermia-Triggered Chemotherapy. Nanomaterials 2021, 11, 1796. [CrossRef]
Pramanik, A.; Jones, S.; Pedraza, F,; Vangara, A.; Sweet, C.; Williams, M.S.; Ruppa-Kasani, V.; Risher, S.E.; Sardar, D.; Ray, P.C.
Fluorescent, Magnetic Multifunctional Carbon Dots for Selective Separation, Identification, and Eradication of Drug-Resistant
Superbugs. ACS Omega 2017, 2, 554-562. [CrossRef] [PubMed]

Yousefinejad, S.; Rasti, H.; Hajebi, M.; Kowsari, M.; Sadravi, S.; Honarasa, F. Design of C-Dots/Fe304 Magnetic Nanocomposite
as an Efficient New Nanozyme and Its Application for Determination of H202 in Nanomolar Level. Sens. Actuators B Chem. 2017,
247, 691-696. [CrossRef]

Ahmadian-Fard-Fini, S.; Salavati-Niasari, M.; Ghanbari, D. Hydrothermal Green Synthesis of Magnetic Fe304-Carbon Dots by
Lemon and Grape Fruit Extracts and as a Photoluminescence Sensor for Detecting of E. Coli Bacteria. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2018, 203, 481-493. [CrossRef]

Wen, Y;; Xu, M,; Liu, X;; Jin, X.; Kang, J.; Xu, D.; Sang, H.; Gao, P; Chen, X.; Zhao, L. Magnetofluorescent Nanohybrid Comprising
Polyglycerol Grafted Carbon Dots and Iron Oxides: Colloidal Synthesis and Applications in Cellular Imaging and Magnetically
Enhanced Drug Delivery. Colloids Surf. B Biointerfaces 2019, 173, 842-850. [CrossRef] [PubMed]

Li, N.; Li, H.; Chen, D.; Liu, H.; Tang, F.; Zhang, Y.; Ren, J.; Li, Y. Preparation and Characterization of Quantum Dots Coated
Magnetic Hollow Spheres for Magnetic Fluorescent Multimodal Imaging and Drug Delivery. J. Nanosci. Nanotechnol. 2009, 9,
2540-2545. [CrossRef] [PubMed]

Voronin, D.V,; Sindeeva, O.A.; Kurochkin, M.A.; Mayorova, O.; Fedosov, 1.V.; Semyachkina-Glushkovskaya, O.; Gorin, D.A;
Tuchin, V.V.; Sukhorukov, G.B. In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a
Bloodstream. ACS Appl. Mater. Interfaces 2017, 9, 6885-6893. [CrossRef] [PubMed]

Novoselova, M.V.; German, S.V.; Sindeeva, O.A.; Kulikov, O.A.; Minaeva, O.V.; Brodovskaya, E.P.; Ageev, V.P.; Zharkov, M.N.;
Pyataev, N.A.; Sukhorukov, G.B.; et al. Submicron-Sized Nanocomposite Magnetic-Sensitive Carriers: Controllable Organ
Distribution and Biological Effects. Polymers 2019, 11, 1082. [CrossRef]

Reznik, I.; Zlatov, A.; Baranov, M.; Zakoldaev, R.; Veniaminov, A.; Moshkalev, S.; Orlova, A. Photophysical Properties of Multilayer
Graphene—Quantum Dots Hybrid Structures. Nanomaterials 2020, 10, 714. [CrossRef]

Liu, X;; Jiang, H.; Ye, J.; Zhao, C.; Gao, S.; Wu, C.; Li, C,; Li, J.; Wang, X. Nitrogen-Doped Carbon Quantum Dot Stabilized
Magnetic Iron Oxide Nanoprobe for Fluorescence, Magnetic Resonance, and Computed Tomography Triple-Modal In Vivo
Bioimaging. Adv. Funct. Mater. 2016, 26, 8694-8706. [CrossRef]

Majumdar, B.; Sarma, D.; Jain, S.; Sarma, T.K. One-Pot Magnetic Iron Oxide-Carbon Nanodot Composite-Catalyzed Cyclooxidative
Aqueous Tandem Synthesis of Quinazolinones in the Presence of Tert-Butyl Hydroperoxide. ACS Omega 2018, 3, 13711-13719.
[CrossRef]

Mashkani, M.; Mehdinia, A.; Jabbari, A.; Bide, Y.; Nabid, M.R. Preconcentration and Extraction of Lead Ions in Vegetable and
Water Samples by N-Doped Carbon Quantum Dot Conjugated with Fe304 as a Green and Facial Adsorbent. Food Chem. 2018,
239, 1019-1026. [CrossRef] [PubMed]

Das, B.; Girigoswami, A.; Dutta, A.; Pal, P; Dutta, J.; Dadhich, P; Srivas, PK.; Dhara, S. Carbon Nanodots Doped Super-
Paramagnetic Iron Oxide Nanoparticles for Multimodal Bioimaging and Osteochondral Tissue Regeneration via External
Magnetic Actuation. ACS Biomater. Sci. Eng. 2019, 5, 3549-3560. [CrossRef] [PubMed]

Hasanzadeh, M.; Karimzadeh, A.; Shadjou, N.; Mokhtarzadeh, A.; Bageri, L.; Sadeghi, S.; Mahboob, S. Graphene Quantum Dots
Decorated with Magnetic Nanoparticles: Synthesis, Electrodeposition, Characterization and Application as an Electrochemical
Sensor towards Determination of Some Amino Acids at Physiological PH. Mater. Sci. Eng. C 2016, 68, 814-830. [CrossRef]
[PubMed]

Liu, R. Facile Synthesis of Magneto-Fluorescent Carbon Dots by One-Step Microwave-Assisted Pyrolysis. J. Alloys Compd. 2021,
855,157456. [CrossRef]

Cui, Y;; Qin, L.; Kang, W.; Ma, J.; Yang, Y.; Liu, X. Magnetic Carbon Nanospheres: Synthesis, Characterization, and Adsorbability
towards Quinoline from Coking Wastewater. Chem. Eng. . 2020, 382, 122995. [CrossRef]

Mamani, J.B.; Gamarra, L.F; de Souza Brito, G.E. Synthesis and Characterization of Fe304 Nanoparticles with Perspectives in
Biomedical Applications. Mater. Res. 2014, 17, 542-549. [CrossRef]

Ma, X.; Tao, H.; Yang, K,; Feng, L.; Cheng, L.; Shi, X; Li, Y.; Guo, L.; Liu, Z. A Functionalized Graphene Oxide-Iron Oxide
Nanocomposite for Magnetically Targeted Drug Delivery, Photothermal Therapy, and Magnetic Resonance Imaging. Nano Res.
2012, 5, 199-212. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2004.10.012
http://doi.org/10.1039/D1RA08148A
http://doi.org/10.1016/j.cplett.2020.138303
http://doi.org/10.3390/nano10122555
http://doi.org/10.3390/nano11071796
http://doi.org/10.1021/acsomega.6b00518
http://www.ncbi.nlm.nih.gov/pubmed/28261690
http://doi.org/10.1016/j.snb.2017.02.145
http://doi.org/10.1016/j.saa.2018.06.021
http://doi.org/10.1016/j.colsurfb.2018.10.073
http://www.ncbi.nlm.nih.gov/pubmed/30551300
http://doi.org/10.1166/jnn.2009.dk04
http://www.ncbi.nlm.nih.gov/pubmed/19437999
http://doi.org/10.1021/acsami.6b15811
http://www.ncbi.nlm.nih.gov/pubmed/28186726
http://doi.org/10.3390/polym11061082
http://doi.org/10.3390/nano10040714
http://doi.org/10.1002/adfm.201603084
http://doi.org/10.1021/acsomega.8b01794
http://doi.org/10.1016/j.foodchem.2017.07.042
http://www.ncbi.nlm.nih.gov/pubmed/28873517
http://doi.org/10.1021/acsbiomaterials.9b00571
http://www.ncbi.nlm.nih.gov/pubmed/33405737
http://doi.org/10.1016/j.msec.2016.07.026
http://www.ncbi.nlm.nih.gov/pubmed/27524084
http://doi.org/10.1016/j.jallcom.2020.157456
http://doi.org/10.1016/j.cej.2019.122995
http://doi.org/10.1590/S1516-14392014005000050
http://doi.org/10.1007/s12274-012-0200-y

Nanomaterials 2022, 12, 1396 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lu, X;; Yu, Y.; Chen, L.; Mao, H.; Gao, H.; Wang, J.; Zhang, W.; Wei, Y. Aniline Dimer—-COOH Assisted Preparation of Well-
Dispersed-Fe304 Nanoparticles. Nanotechnology 2005, 16, 1660. [CrossRef]

Chiang, W.H.; Huang, W.C.; Chang, C.W.; Shen, M.Y,; Shih, Z.F; Huang, Y.F; Lin, 5.C.; Chiu, H.C. Functionalized Polymersomes
with Outlayered Polyelectrolyte Gels for Potential Tumor-Targeted Delivery of Multimodal Therapies and MR Imaging. J. Control.
Release 2013, 168, 280-288. [CrossRef]

Kumari, S.; Singh, R.P; Chavan, N.N.; Sahi, S.V.; Sharma, N. Characterization of a Novel Nanocomposite Film Based on
Functionalized Chitosan-Pt-Fe304 Hybrid Nanoparticles. Nanomaterials 2021, 11, 1275. [CrossRef]

Chen, Y.; Chen, H.; Zeng, D.; Tian, Y.; Chen, E; Feng, ]J.; Shi, J. Core/Shell Structured Hollow Mesoporous Nanocapsules: A
Potential Platform for Simultaneous Cell Imaging and Anticancer Drug Delivery. ACS Nano 2010, 4, 6001-6013. [CrossRef]
[PubMed]

Dong, W.; Li, Y;; Niu, D.; Ma, Z.; Gu, J.; Chen, Y.; Zhao, W.; Liu, X.; Liu, C.; Shi, J. Facile Synthesis of Monodisperse Superparam-
agnetic Fe304 Core@hybrid@Au Shell Nanocomposite for Bimodal Imaging and Photothermal Therapy. Adv. Mater. 2011, 23,
5392-5397. [CrossRef] [PubMed]

Mukha, I.; Chepurna, O.; Vityuk, N.; Khodko, A.; Storozhuk, L.; Dzhagan, V.; Zahn, D.R.T.; Ntziachristos, V.; Chmyrov,
A.; Ohulchanskyy, T.Y. Multifunctional Magneto-Plasmonic Fe304/Au Nanocomposites: Approaching Magnetophoretically-
Enhanced Photothermal Therapy. Nanomaterials 2021, 11, 1113. [CrossRef] [PubMed]

Bao, Z.Y.; Dai, J.; Lei, D.Y.; Wu, Y. Maximizing Surface-Enhanced Raman Scattering Sensitivity of Surfactant-Free Ag-Fe304
Nanocomposites through Optimization of Silver Nanoparticle Density and Magnetic Self-Assembly. J. Appl. Phys. 2013, 114,
124305. [CrossRef]

Narayanan, T.N.; Gupta, B.K,; Vithayathil, S.A.; Aburto, R.R.; Mani, S.A ; Taha-Tijerina, J.; Xie, B.; Kaipparettu, B.A.; Torti, S.V,;
Ajayan, PM.; et al. Hybrid 2D Nanomaterials as Dual-Mode Contrast Agents in Cellular Imaging. Adv. Mater. 2012, 24, 2992-2998.
[CrossRef]

Schneider, J.; Reckmeier, C.J.; Xiong, Y.; von Seckendorff, M.; Susha, A.S.; Kasak, P.; Rogach, A.L. Molecular Fluorescence in Citric
Acid-Based Carbon Dots. J. Phys. Chem. C 2017, 121, 2014-2022. [CrossRef]

Gavalas, S.; Kelarakis, A. Towards Red Emissive Systems Based on Carbon Dots. Nanomaterials 2021, 11, 2089. [CrossRef]

Xu, Q.; Kuang, T; Liu, Y,; Cai, L.; Peng, X.; Sreenivasan Sreeprasad, T.; Zhao, P.; Yu, Z.; Li, N. Heteroatom-Doped Carbon Dots:
Synthesis, Characterization, Properties, Photoluminescence Mechanism and Biological Applications. J. Mater. Chem. B 2016, 4,
7204-7219. [CrossRef]

Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays. J.
Immunol. Methods 1983, 65, 55-63. [CrossRef]

Qiu, ].D.; Xiong, M.; Liang, R.P; Peng, H.P.; Liu, F. Synthesis and Characterization of Ferrocene Modified Fe;O,@Au Magnetic
Nanoparticles and Its Application. Biosens. Bioelectron. 2009, 24, 2649-2653. [CrossRef]

Fu, M.; Ehrat, F; Wang, Y.; Milowska, K.Z.; Reckmeier, C.; Rogach, A.L.; Stolarczyk, ] K.; Urban, A.S.; Feldmann, J. Carbon Dots:
A Unique Fluorescent Cocktail of Polycyclic Aromatic Hydrocarbons. Nano Lett. 2015, 15, 6030-6035. [CrossRef] [PubMed]
Hong, X.; Li, J.; Wang, M.; Xu, J.; Guo, W,; Li, J.; Bai, Y.; Li, T. Fabrication of Magnetic Luminescent Nanocomposites by a
Layer-by-Layer Self-Assembly Approach. Chem. Mater. 2004, 16, 4022-4027. [CrossRef]

Manikandan, A.; Yogasundari, M.; Thanrasu, K.; Dinesh, A.; Raja, K.K,; Slimani, Y.; Jaganathan, S.K; Srinivasan, R.; Baykal, A.
Structural, Morphological and Optical Properties of Multifunctional Magnetic-Luminescent ZnO@Fe304 Nanocomposite. Phys.
E Low-Dimens. Syst. Nanostruct. 2020, 124, 114291. [CrossRef]

Prathibha, E.; Rangasamy, R.; Sridhar, A.; Lakshmi, K. Synthesis and Characterization of Fe304/Carbon Dot Supported MnO2
Nanoparticles for the Controlled Oxidation of Benzyl Alcohols. ChemistrySelect 2020, 5, 988-993. [CrossRef]

Gholinejad, M.; Seyedhamzeh, M.; Razeghi, M.; Najera, C.; Kompany-Zareh, M. Iron Oxide Nanoparticles Modified with Carbon
Quantum Nanodots for the Stabilization of Palladium Nanoparticles: An Efficient Catalyst for the Suzuki Reaction in Aqueous
Media under Mild Conditions. ChemCatChem 2016, 8, 441-447. [CrossRef]

Vidiasheva, I.V.; Abalymov, A.A.; Kurochkin, M.A.; Mayorova, O.A.; Lomova, M.V.; German, S.V.; Khalenkow, D.N.; Zharkov,
M.N.; Gorin, D.A; Skirtach, A.G.; et al. Transfer of Cells with Uptaken Nanocomposite, Magnetite-Nanoparticle Functionalized
Capsules with Electromagnetic Tweezers. Biomater. Sci. 2018, 6, 2219-2229. [CrossRef]

Gao, H.; Sapelkin, A.V,; Titirici, M.M.; Sukhorukov, G.B. In Situ Synthesis of Fluorescent Carbon Dots/Polyelectrolyte Nanocom-
posite Microcapsules with Reduced Permeability and Ultrasound Sensitivity. ACS Nano 2016, 10, 9608-9615. [CrossRef]
Perelshtein, I.; Perkas, N.; Rahimipour, S.; Gedanken, A. Bifunctional Carbon Dots—Magnetic and Fluorescent Hybrid Nanoparti-
cles for Diagnostic Applications. Nanomaterials 2020, 10, 1384. [CrossRef]

Wang, D.; He, J.; Rosenzweig, N.; Rosenzweig, Z. Superparamagnetic Fe,O3 Beads—CdSe/ZnS Quantum Dots Core—Shell
Nanocomposite Particles for Cell Separation. Nano Lett. 2004, 4, 409-413. [CrossRef]

Hu, Y,; Wang, P,; Bunker, C.E.; Teisl, L.R.; Reibold, M.; Yan, S.; Qian, H.; He, D.; Sun, T.-P. Preparation and Optical Properties of
Magnetic Carbon/Iron Oxide Hybrid Dots. RSC Adv. 2017, 7, 41304—41310. [CrossRef]

Abbas, M.W.; Soomro, R.A.; Kalwar, N.H.; Zahoor, M.; Avci, A.; Pehlivan, E.; Hallam, K.R.; Willander, M. Carbon Quantum
Dot Coated Fe304 Hybrid Composites for Sensitive Electrochemical Detection of Uric Acid. Microchem. J. 2019, 146, 517-524.
[CrossRef]


http://doi.org/10.1088/0957-4484/16/9/043
http://doi.org/10.1016/j.jconrel.2013.03.029
http://doi.org/10.3390/nano11051275
http://doi.org/10.1021/nn1015117
http://www.ncbi.nlm.nih.gov/pubmed/20815402
http://doi.org/10.1002/adma.201103521
http://www.ncbi.nlm.nih.gov/pubmed/21997882
http://doi.org/10.3390/nano11051113
http://www.ncbi.nlm.nih.gov/pubmed/33923050
http://doi.org/10.1063/1.4823732
http://doi.org/10.1002/adma.201200706
http://doi.org/10.1021/acs.jpcc.6b12519
http://doi.org/10.3390/nano11082089
http://doi.org/10.1039/C6TB02131J
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1016/j.bios.2009.01.022
http://doi.org/10.1021/acs.nanolett.5b02215
http://www.ncbi.nlm.nih.gov/pubmed/26269962
http://doi.org/10.1021/cm049422o
http://doi.org/10.1016/j.physe.2020.114291
http://doi.org/10.1002/slct.201903706
http://doi.org/10.1002/cctc.201500925
http://doi.org/10.1039/C8BM00479J
http://doi.org/10.1021/acsnano.6b05088
http://doi.org/10.3390/nano10071384
http://doi.org/10.1021/nl035010n
http://doi.org/10.1039/C7RA07220A
http://doi.org/10.1016/j.microc.2019.01.034

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Magneto-Luminescent Carbon Dots 
	Stabilization of Magneto-Luminescent Carbon Dots 
	Sample Characterization Methods 
	Detection of Fe3+ Cations 
	Cell Culture and Assessment of Cell Cytotoxicity 
	Cells 
	MTT Assay 

	Flow Cytometry 
	Efficiency of M-CDs Accumulation in the Cells 
	Confocal Fluorescence Imaging 
	Statistics 

	Results 
	Characterization of the Morphology and Optical Properties of M-CDs 
	Investigation of M-CDs Photostability 
	Efficiency of M-CDs Accumulation in Cells 
	Cytotoxicity of M-CDs 
	Confocal Fluorescence Imaging 
	Detection of Fe3+ Cations 

	Discussion 
	Conclusions 
	References

