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ABSTRACT: Neuroblastoma (NB) is a pediatric malignancy ™" "™
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affecting the peripheral nervous system. Despite recent advance- Ll 1s0ec Ly :
ments in treatment, many children affected with NB continue to & sh : £ 4
submit to this illness, and new therapeutic strategies are - o
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desperately needed. In recent years, studies of carbon dots Y

(CDs) as nanocarriers have mostly focused on the delivery of synthesisof BCD-DFMO conjugate using EDC/ NS —COOH
anticancer agents because of their biocompatibility, good aqueous ~ ® 2

T . s
dissolution, and photostability. Their fluorescence properties, @ e @ o
surface functionalities, and surface charges differ on the basis of ' ;
the type of precursors used and the synthetic approach BCD SEDIDEMO N CeliEfues

implemented. At present, most CDs are used as nanocarriers by

directly linking them either covalently or electrostatically to drug molecules. Though most modern CDs are synthesized from large
carbon macromolecules and conjugated to anticancerous drugs, constructing CDs from the anticancerous drugs and precursors
themselves to increase antitumoral activity requires further investigation. Herein, CDs were synthesized using difluoromethylorni-
thine (DFMO), an irreversible ornithine decarboxylase inhibitor commonly used in high-risk neuroblastoma treatment regiments. In
this study, NB cell lines, SMS-KCNR and SK-N-AS, were treated with DEMO, the newly synthesized DFMO CDs, and conventional
DFMO conjugated to black carbon dots. Bioimaging was done to determine the cellular localization of a fluorescent drug over time.
The mobility of DNA mixed with DEMO CDs was evaluated by gel electrophoresis. DFMO CDs were effectively synthesized from
DEMO precursor and characterized using spectroscopic methods. The DEMO CDs effectively reduced cell viability with increasing
dose. The effects were dramatic in the N-MYC-amplified line SMS-KCNR at 500 xM, which is comparable to high doses of
conventional DFMO at a 60-fold lower concentration. In vitro bioimaging as well as DNA electrophoresis showed that synthesized
DFMO CDs were able to enter the nucleus of neuroblastoma cells and neuronal cells and interact with DNA. Our new DFMO CDs
exhibit a robust advantage over conventional DFMO because they induce comparable reductions in viability at a dramatically lower
concentration.

KEYWORDS: carbon dots, DFMO, neuroblastoma, bioimaging, anticancer, nanoparticle

1. INTRODUCTION found that N-MYC amplification is one of the determining
factors in NB and in most cases classified as aggressive or stage 4
tumor." Despite intensive multimodal treatments, many patients
develop aggressive, relapsing metastatic disease. Moreover,
chemotherapies used at maximal tolerated doses have long-term
adverse effects that include cognitive and developmental deficits,
as well as increased risks of additional cancers in the future.’
Therefore, there exists a clear need for safer, more efficacious,
and precisely targeted therapies.

Neuroblastoma (NB) is a pediatric tumor of the autonomic
nervous system that develops in the adrenal medulla, and its
lesions commonly develop around the abdomen, neck, chest,
and spine region. NB accounts for about 8—10% of all childhood
cancer and 15% of deaths from pediatric tumors." Several
molecular drivers of neuroblastoma have been identified,
notably N-MYC amplification, which results in exceptionally
aggressive tumors carrying poor prognoses.z’3 N-MYC is a class
of proto-oncogene protein that is encoded by the MYCN gene,
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which promotes the expression of many ribosomal genes Received:  April 3, 2022 et
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proto-oncogene N-MYCN, which can cause unscheduled DNA
replication and the formation of extrachromosomal DNA that
results in unhindered and excessive cell proliferation. It has been
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DFMO is an irreversible inhibitor of ornithine decarboxylase
(ODC) enzyme. The enzyme is typically upregulated in
neuroblastoma, downstream of N-MYC amplification, and is
the rate-limiting enzyme in polyamine biosynthesis. DFMO is
specially effective in patients with high-risk neuroblastoma.’
Current trials on DEMO use in pediatric NB patients include a
lower dose of DFMO alone (2000 mg/m?*/day) as standard
therapy, as well as a high dose of DFMO (up to 9000 mg/m?*/
day) alongside other chemotherapeutic drugs.” The most
common side effects of the high dose of DFMO are
hematologic-like anemia (low red blood cells count, 40%),
leukopenia (low white blood cells count, 20—30%), and
thrombocytopenia (low platelet count, 50%). Other side effects
include seizures, because of higher concentrations in cere-
brospinal fluid, and osmotic diarrhea when given orally.® Despite
the drastic improvements in NB treatments over the last several
decades, innovative therapeutic strategies are necessary for
children with high-risk disease.

Carbon dots (CDs) are carbon-based spherical nanoparticles
with luminescent properties and sizes of less than 10 nm. They
possess high photostability, tunable emission, low molecular
weight, and high-water solubility, thus meeting the requirements
of optical imaging agents.” In recent years, metal-based NPs
have received increasing interest in medical and industrial
applications; however, their toxicity and bioincompatibility has
also been demonstrated. Cadmium-based QDs like cadmium
telluride quantum dots (CdTe-QDs) and cadmium selenide
(CdSe) quantum dots are mostly studied for fluorescent probes
as therapeutic carriers for tissue imaging. However, they have
demonstrated liver and kidney toxicity, mostly because of
oxidative stress and through consumption of endogenous
antioxidants. Moreover, they also show cellular apoptosis,
mitochondrial destruction, and imbalance in intracellular ions
signaling."® Similarly, use of gold nanoparticles had been
widespread for a time because of their simple synthesis methods
and ease of conjugation with peptides, DNA, and antibodies.
However, some studies have shown that these gold nano-
particles can be retained in the biological system and can cause
oxidative DNA damage and downregulate cell cycle genes.''
Silica nanoparticles have widespread applications in industrial
sectors, such as the fabrication of electric and thermal insulators,
but a comprehensive study suggested that exposure to silica
nanoparticles (1—100 nm) induced toxicity in mammalian cell
lines and mice.'” CDs have considerable advantages over both
metallic quantum dots and other dye-based organic nanodots in
the field of bioimaging. CDs have been used successfully for both
in vitro and in vivo cell imaging without necessitating further
functionalization. Recently, CDs have gained attention as
nanocarriers because of their tunable surface functionality,
which allows for drug conjugation without the need for
additional linkers.

Theranostic approaches in oncologic treatment, in which
therapies are designed with both diagnostic and therapeutic
functionality, have been gaining popularity during the past
decade.*"° In contrast to CDs, nanoparticle-based theranostic
agents such metal quantum dots and silica and gold nano-
particles have been extensively studied. These agents can be
implemented as tools in fluorescence imaging, MRI contrast
agents, and X-ray computed tomography (CT scan) with
integrated radiation therapy, chemotherapy, and photothermal
therapy."’ =" However, many traditionally utilized nano-
particles often have problems related to poor biocompatibility,
low water solubility, and poor elimination from the body.*’~**
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CDs, in contrast, do not pose these obstacles and provide an
excellent advantage because they can be used simultaneously for
fluorescent imaging as well as for drug delivery as nano-
carriers.”**

Up to now, CDs have been synthesized using a variety of
precursors like small molecules, natural and synthetic polymers,
polysaccharides, proteins, and bioresources from plants or
animals. Photoluminescence properties, surface functionalities,
surface charge, and potential functional groups on the CD
surface vary depending upon the precursors and synthesis
modality used. Most CDs are used as nanocarriers by directly
linking them covalently or electrostatically with active
ingredients.”>~* Therefore, if a conventional therapeutic agent is
used as a precursor for synthesis, there is a chance of developing CDs
with active moieties exposed as functional groups on their surface.
Thus, CDs synthesized from DFMO may retain properties not
only of traditional CDs but also also of conventional therapeutic
DEMO, such as anti-NB potential. Herein, difluoromethylorni-
thine (DFMO)), a drug used in neuroblastoma (NB) refractory
to treatment, has been selected to synthesize CDs.

In an effort to increase therapeutic efficacy as well as reduce
the required dosage and toxicity, our group synthesized new
DFMO CDs from traditionally used DFMO. The newly
synthesized DFMO CDs were treated with neuroblastoma cell
lines, SMS-KCNR and SK-N-AS. These cells lines were
particularly chosen because they are N-MYC-amplified cell
lines and are aggressive forms of tumors with a higher prevalence
among NB cases. Additionally, we investigated the photo-
luminescence (PL) properties and biodistribution of our DFMO
CDs for use as a potential imaging modality. Our new CDs
developed from DFMO drug as a precursor may carry
therapeutic potential both as a treatment modality and as an
imaging agent in the future.

2. EXPERIMENTAL SECTION

Supplies. DFMO drug (purity >97%) was purchased from Sigma
Aldrich. Millipore Direct-Q 3 (Typel) water was used throughout the
experiment. A dialysis bag from VWR (West Chester, PA) of 100—500
Da molecular weight cutoff (MWCO) and dialysis tubing with MWCO
of 3500 Da from Thermo Scientific was used.

Synthesis of DFMO CDs. DFMO (Sg) was dissolved in S0 mL of
water and was ultrasonicated until it dissolved completely. This was
transferred to a 75 mL Teflon tube and subjected to thermal treatment
at 180 °C for S h. After bringing the autoclave to room temperature,
crude DEMO carbon dot solution was obtained. This was centrifuged
(3000 rpm, 30 min), and any precipitates were removed. The solution
was then dialyzed using a 500 Da MWCO dialysis bag with 4 L of DI
water for 3 days. Then, the resultant solution was concentrated using a
rotavapor until about 10 mL remained. After that, the solution was
subjected to freeze-drying to obtain solid carbon dots of 30 mg.

Synthesis of Black CDs and DFMO Conjugate (BCD-DFMO).
Ten mg of BCDs was dissolved in 6 mL of phosphate buffer solution
(PBS, 7.4 pH). Then, 20 mg of 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC) solubilized in 1 mL of PBS
was added to the prepared BCDs solution. This was continuously mixed
at 20.0 + 1.0 °C for 30 min. Then 15 mg of N-hydroxysuccinimide
(NHS) mixed in 1 mL of PBS was added. After 30 min of mixing, 20 mg
of DFMO dissolved in 1 mL of PBS was added. The final solution was
stirred at 20.0 # 1.0 °C overnight. The resultant solution was dialyzed
with a dialysis bag of 3500 MWCO for 3 days, and the water was
changed every 6—12 h. The final solution was kept at —80 °C and then
subjected to a lyophilizer to obtain a brown, powdered product.

Characterization of DFMO CDs. The prepared carbon dots were
studied using UV—vis (1 cm cell quartz cuvette) in a Cary 100 UV—vis
spectrophotometer (Agilent Technologies) in DI water. The
fluorescence spectra of the DFMO CDs were measured in a 1 cm
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Figure 1. (a) UV—vis absorption spectra of DFMO, DFMO CDs, and BCD-DFMO. The samples (10 yg ml™") were used in a 1 cm quartz cell (slit
width of S nm). PL emission spectra of (b) DFMO CDs and (c) BCD-DFMO. (d) Synthesis scheme of DFMO CDs.

path-length quartz cuvette using a Horiba Jobin Yvon Fluorolog-3 with
a slit width of 5 nm for both excitation and emission wavelength. The
Fourier transformation infrared (FTIR) spectrum was measured using
the PerkinElmer Frontier ATR instrument. Atomic force microscopy
was performed with an Agilent 5420 AFM (Agilent Technologies)
using tapping mode, and transmission electron microscopy (TEM) was
performed using a JEOL 1200X TEM. The zeta potential of the DFMO
CDs was measured with the Malvern Zetasizer (Westborough, MA).
The elemental analysis was performed using a 2400 Series II CHNS/O
Elemental Analyzer. The XRD patterns were collected with a Phillips
X’pert Diffractometer that uses a copper source (0.154 nm wavelength).
The lattice spacing d can be calculated from the Braggs condition: 2dsin
6 = nl, where 20 is the peak position in the XRD pattern.

Quantum Yield Calculations. The quantum yield (®) of as-
prepared DFMO CDs was calculated using the standard protocol used
in our previous papers.w’30

Cell Culture and Reagents. The MYCN-amplified neuroblastoma
cell line SMS-KCNR was provided by the Children’s Oncology Group.
The SK-N-AS (non-MYCN-amplified neuroblastoma cell line) was
provided by the American Type Culture Collection (ATCC, Manassas,
VA, USA). Our cell culture methods have previously been published.*’
All cell lines including dissociated dorsal root ganglion (DRG) were
cultured in the conditions mentioned in our previously published
paper.”

Immunocytochemistry. The purity and morphology of the
resulting DRG neurons was confirmed by staining cells with mouse
antineurofilament antibody (RT97; Developmental Studies Hydrido-
ma Bank, Iowa City, IA). For cell fixation, 4% (PFA) paraformaldehyde
was used, followed by washing with PBS. The cells were incubated using
a blocking solution of 10% NGS mixed with 0.2% Triton X-100 for an
hour at room temperature, followed by an overnight incubation with a
1:500 dilution of RT-97 antibody. Cells were washed again and
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visualized using a 1:200 dilution of goat anti-mouse IgG conjugated to
Alexa Fluor 594 (Invitrogen Grand Island, NY).

In Vitro Cytotoxicity Studies. The chemotherapeutic effects of
DEMO, DEMO CDs, and BCD-DFMO conjugate were studied in
pediatric neuroblastoma cell lines SK-N-AS and N-MYC-amplified
SMS-KCNR. An MTS assay was conducted for cell viability studies. For
this, the cultured cells were transferred into 96-well plates at 1.5 X 10°
cells per well, 24 h prior to drug treatment. These cells were treated with
10, 100, or S00 M and 1, 10, or 30 mM of DEMO drug,. Similarly, each
cell line was also treated with 10, 100, and 500 uM of DFMO CDs, as
well as BCD-DFMO conjugate. The cells were incubated for 72 h, and
viability was examined using the CellTiter 96 Aqueous One Solution
Cell Proliferation Assay (Promega). The instructions for the assay were
followed as given by the manufacturer, which is mentioned in our
previously published paper.”® Different batches of the CDs were used to
maintain the consistent data.

Statistical Analysis. Student’s ¢ tests were used for all pairwise
comparisons of the data for cell viability tests and were presented as
mean + SEM.

In Vitro Bioimaging. SK-N-AS and SMS-KCNR cell lines were
grown on 24-well plates with coverslip (12 mm) at 1.5 X 10° cells per
plate in RPMI media, which was incubated for 24 h for adequate cell
growth for imaging. After that, only the media was aspirated out, and
cells were treated with 1 mM of DFMO CDs resuspended in RPMI
media and further incubated for 1, 8, and 24 h. The DRG neuronal cells
were subjected to 1 mM DFMO CDs for 1 h. After the treatment was
finished, PBS solution was used to wash the cells, which were treated
with 4% PFA for 30 min before final washing with PBS again. The
coverslip was carefully removed, inverted, and placed on a microscope
slide with antifade mounting media (Thermo Fisher Scientific,
Waltham, MA). The DRG neuronal cells were imaged directly through
the 24-well plates. Confocal images were taken with the EVOS FLoid
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Imaging System (Thermo Fisher Scientific, Waltham, MA) or the Leica
SPS confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL).

DNA Mobility Assay. The motility of DNA mixed with DFMO
CDs was evaluated by gel electrophoresis to determine if DFMO CDs
interact with DNA. Increasing concentrations (1-1000 mM) of
DFMO CDs were mixed with either a 265 (mouse) or 1362 (rat) bp
DNA solution (10 pg) and subjected to agarose gel (3% and 1.5%,
respectively) electrophoresis in the presence of ethidium bromide for
100 min. Images were taken using a ChemiDoc imaging system (Bio-
Rad).

3. RESULTS

Characterization of DFMO, DFMO CDs, and BCD-
DFMO. DFMO CDs were prepared by a “bottom-up” approach
using DFMO as a precursor. Final product CDs were aqueous
soluble. Spectroscopic techniques were utilized to characterize
the CDs. Figure la shows the UV—vis spectrum of the three
compounds DFMO, DEMO CDs, and BCD-DFMO with water
as a solvent. The absorption band at 230 nm for DFMO CDs
and 225 nm for BCD-DFMO can be assigned to a m—n*
electronic transition of fundamental C=C groups present in
most CDs. Furthermore, the 300 nm band for DFMO CDs and
270 nm for BCD-DFMO can be attributed to an n—z* transition
of C=0 functional groups present in the compounds.”** The
DFEMO precursor drug itself does not have any absorption in the
UV—vis region.

The synthesized DFMO CDs have excitation-independent PL
and display emission maxima at 455 and 500 nm while exciting
from 300 to 400 nm (Figure 1b). The PL emission maximum is
atboth 455 and 505 nm when excited at 350 nm. Similarly, PL of
BCD-DFMO conjugate (Figure 1c) showed an excitation-
independent emission at 510 nm when excited at different
wavelengths with an excitation maximum at 360 nm. The
mechanism behind the excitation-independent PL is commonly
attributed to the surface functionalities and monodispersed
particles.”*® The PL emission maximum is at 455 and 505 nm
when excited from 300 to 400 nm. This can be explained
through the presence of two emissive states: one carbon core
with an sp? carbon network and another molecular state with
fluorophorelike moieties. Since only one molecule of DEMO
was used as a precursor, and the purification step involved use of
a dialysis bag, monodispersed CDs were obtained, which led to
excitation-independent PL. The DFMO drug, itself, does not
show any PL since it does not have any fluorophore group.

The quantum yield (QY) of CDs is accepted as one of the
most important characteristics to be known because CDs have
been employed for various biomedical applications because of
low toxicity and superior photoluminescence properties.’’
There are key points for the QY calculations to be performed
for at least 3 repetitions for consistent experimental setups.
Here, we chose quinine sulfate and harmane as our standards
because they possess overlap with the emission range of DFMO
CDs. Furthermore, cross-calibration of two standards was also
performed before starting the QY calculation of the sample. We
have observed that the QY yields of quinine sulfate (literature ®
= 54%) and harmane (literature ® = 83%) were 55 and 81.5%,
respectively, according to our experimental setup. Therefore, we
can be assured that our methodology was reliable with minor
deviations. Following the results, we measured the QY of the
DFEMO CDs by proceeding with the same protocol. Finally, the
QY of DEMO CDs was calculated as 1.8%.

FTIR-ATR spectroscopy for each compound, in solid state,
was measured to indicate the functional groups present (Figure
2). The DFMO CDs showed broad vibration bands between
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Figure 2. FTIR-ATR spectra of BCD-DFMO conjugate, DEMO, and
DFMO CDs.

3000 and 3500 cm ™}, which can be attributed to O—H and N—H
stretching vibrations. The O—H stretch peak at 2933 cm™" and
C=0 stretch at 1620 cm™' provide evidence for carboxylic
functional groups in the CDs. The vibration bands at 1532 and
1060 cm™" are assigned to N—H bending and C—N stretching,
respectively, which shows the presence of plenty of amino
groups on the srafce of the CDs. The observation can be
associated with the presence of both carboxylic and amine
groups in the precursor itself. Similarly, BCD-DFMO shows a
wide O—H stretch band between 3000 and 3500 cm™" and the
presence of a C=0 stretch at 1570 cm™!, which indicates the
presence of a COOH functional group on the surface.
Furthermore, the spectrum for DEMO drug, itself, shows a
N—H stretch at 3374 cm™", an O—H stretch at 3015 cm™, and a
C=O0 stretch at 1635 cm™' to indicate both amine and
carboxylic functional groups in the molecule. Elemental analysis
of the DFMO carbon dots revealed composition for C, H, O,
and N to be 45.54, 4.88, 7.58, and 10.39%, respectively. The
remaining 31.61% can be attributed to a F atom obtained from
the DFMO precursor. The highly positive charge of DFMO CDs
can be attributed to the abundance of primary amine groups on
their surfaces. This can be supported by the zeta potential
measurement of DFMO CDs, which was +34.7 mV. This high
positive charge can be attributed to the abundance of primary
amine groups.

The morphology and size distribution of the DFMO CDs
were characterized using AFM and TEM images (Figure 3a,b).
AFM images provide the height in the z dimension, whereas
TEM gives measurements in the x and y dimensions. Sonication
was done for 30 min before images were taken to prevent particle
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Figure 3. (a) AFM picture and profile of DFMO CDs. The white dotted line on the AFM image shows the height profile of the particle at z dimension,
which was 4 nm for the tallest particle. (b) TEM image followed by a DEMO CDs histogram fitted with Gaussian size distribution. The scale bar used is

10 nm (n > 300).

aggregation. AFM images of the DMFO CDs showed a mean
height of 4 nm. TEM showed a wider distribution in the range of
3 to 7 nm. Therefore, the size average was determined to be
approximately 4—5 nm according to the measurements of more
than 300 CDs.

The XRD pattern of synthesized DFMO CDs (Figure 4)
shows the diffraction peak is centered at 26 = 23°, and d spacing
=0.355 nm. The 26 peak at 23° for the DFMO CDs shows that
the synthesized CDs are graphitic in nature with graphitic
carbon (001) crystal planes.*®
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Figure 4. XRD pattern for DFMO CDs.
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Comparing Cytotoxicity of Conventional DFMO,
DFMO CDs, and BCD-DFMO Conjugate. Here, we selected
two NB cell lines, N-MYC-amplified line SMS-KCNR and non-
N-MYC-amplified line SK-N-AS, to undergo treatment with the
three experimental groups. These cell lines were treated with
different concentrations of conventional DFMO from 10 uM to
30 mM, our novel DFMO CDs from 100 to 500 uM, as well as
black carbon dots conjugated to DFMO from 100 to 500 yM
(Figure Sa,b). In both cell lines, traditional DFMO alone
reduced viability to ~60% or less survival rate at concentrations
>1 mM, which is comparable with previously published work.>’

Our new CDs synthesized from conventional DFMO were
then used to treat the same cell lines as above. Our CDs were
found to induce a dose-dependent decrease in cell viability in
both cell lines at dramatically lower concentrations. When
compared with traditional DFMO, lower concentrations of
DEMO CDs were required to achieve comparable losses of cell
viability. The ICg, for DFMO was 33.95 + 9.5 and 4.61 + 0.14
mM for SK-N-AS and SMS-KCNR, respectively. In contrast, the
1Cs, for our DFMO CDs was 0.65 + 0.13 and 0.13 + 0.02 mM
for SK-N-AS and SMS-KCNR, respectively. As shown in Figure
4, in non-N-MYC-amplified SK-N-AS cells, 500 uM of our
DFMO CDs was comparable to 30 mM of the DFMO
traditionally used to treat patients. Most significantly, in the
more aggressive N-MYC-amplified SMS-KCNR line, a concen-
tration of 30 mM of clinically utilized DFMO resulted in a
decrease of ~60% cell viability, whereas 500 M of our DEMO
CDs was able to induce a dramatic ~80% reduction in cell
viability.

SMS-KCNR cells are prognostically more challenging to treat
because of N-MYC amplification and subsequent ornithine
decarboxylase overexpression. Notably, 30 mM of conventional
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(a) SK-N-AS

SMS-KCNR

Figure S. (a) Cytotoxicity study of conventional DFMO, DFMO carbon dots, and DFMO conjugated to black carbon dots on cell line SMS-KCNR.
(b) Cytotoxicity study of conventional DFMO, DFMO carbon dots, and DFMO conjugated to black carbon dots on cell line SK-N-AS. Results are
presented as % viable cells. ¥p < 0.05 in comparison with nontreated control.

SMS-KCNR

SK-N-AS

24hr
Figure 6. Fluorescenc microscopy images of SMS-KCNR (a) and SK-N-AS (b) treated with DFMO CDs after 1, 8, and 24 h of drug exposure.

DEMO was less cytotoxic than a 60-fold lower dose, 500 M, of The effect of clinically utilized DFMO was further studied by
DEMO CDs. This suggests that neuroblastoma cell lines are conjugating it with well-studied nontoxic black carbon dots
much more sensitive to DEMO CDs than to the DFMO commonly (BCD) via amide linkage to synthesize a BCD-DFMO
used clinically. conjugate. The BCD-DFMO conjugate was found to induce
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(a) SMS-KNCR (b) SK-N-AS
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Dorsal Root Ganglion Neurons
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Figure 7. (a) Fluorescenc microscopy green, bright channel, and merged images of SMS-KCNR () and SK-N-AS (b) after 24 h of exposure to DFMO
CDs. (c) Neurofilament staining of a DRG neuronal cell culture. (d) Fluorescence microscopy green and bright channel images of dorsal root ganglion
neurons after 24 h of exposure to DFMO CDs. Red arrows (with scale of 30 #m) point to neuronal axons.
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Figure 8. (a) Agarose gel electrophoresis showing the interaction of CDs with 265 bp DNA for 100 min and (b) with 1362 bp DNA for 100 min. The
concentration of CDs is shown in M.

cell death at a level comparable with that of DEMO alone. The therapy is more dramatic in high-risk N-MYC-amplified NB
highest concentration of 500 yuM of BCD-DFMO conjugation cells.

was not able to induce the drastic increase in cell death exhibited In Vitro Bioimaging. The biodistribution of CDs inside cells
in both cell lines as evidenced with treatment of 500 yM of

DEMO CDs. Taken together, DEMO CDs are much more was studied by treating NB cells with synthesized DFMO CDs,

effective than both free DFMO drug and BCD-DFMO and fluorescence images were taken after 1, 8, and 24 h of
conjugates in reducing NB cell viability. The effect of this treatment (Figure 6a,b).

3306 https://doi.org/10.1021/acsabm.2c00309
ACS Appl. Bio Mater. 2022, 5, 3300—3309


https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00309?fig=fig8&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

Within 1 h of treatment, the CDs could be observed in the
cells. Initially, the fluorescence signal was distributed homoge-
neously throughout the cells, which indicates that the CDs may
be diffusing through the cell membrane. The PL is much more
prominent at 8 h when juxtaposed with the 1 and 24 h time
points, which suggests that DFMO CDs enter cells, disperse
themselves, and are then removed from the cell over time via an
unknown process. At 24 h, the CDs can be seen predominantly
localized to the nucleus, though the cytoplasm can still be seen
emitting low levels of fluorescence (Figure 7ab). The
biodistribution of DFMO CDs in nontumor dorsal root
ganglion (DRG) neurons was analyzed after 24 h exposure.
The DRG neurons contain a cell body where the nucleus is
located, with axons radiating outward, as shown in Figure 7c. In
the treated DRG cells, DFMO CD localization to the nucleus is
evident by the hyperintense signal emitted from the cell bodies
paired with the minimal fluorescence along axons (Figure 7d,
red arrows).

We hypothesize that DFMO CD localization to the nucleus
can be attributed to the presence of fluorine atoms present in
DEMO, as previous studies have shown that the presence of
fluorine increases the nucleus-targeting capability of CDs.*
Conversely, the many positive charges of surface moieties on
DFMO may be attracted to the predominantly negatively
charged DNA in the nucleus. The zeta potential of DFMO CDs
was found to be +34.7 mV. It follows that there may be nuclear
attraction because the nuclear membrane has a potential of —15
mV. Here, we show that DFMO CDs initially distribute
themselves throughout the cell body and localize themselves to
the nucleus over time.

Interaction of DFMO CDs with DNA. The mechanism by
which our DEMO CDs localized to the nucleus and induced
losses in cell viability was further investigated by testing the
possibility of DFMO CDs interacting directly with DNA. Since
DNA is negatively charged, it is feasible that our positively
charged DFMO CDs could bind to DNA. This was tested by
incubating DFMO CDs with DNA prior to agarose gel
electrophoresis. At the highest concentration (1000 yM), the
DFMO CDs blocked most of the DNA from running into the gel
(red arrows), although a smear can be seen with the smaller-
sized DNA, ie., the 265 bp (Figure 8a), which suggests a
possibly hetrogeneous mix of DFMO CDs bound to DNA. At
100 uM, and to some degree with the lower concentrations, a
“increase in size” or shift in DNA can be observed with both sizes
of DNA (Figure 8a,b), thereby indicating that the DFMO CDs
retarded the mobility of the DNA. Taken together, this data
suggests that the DFMO CDs directly and strongly interact with
the DNA, most likely by electrostatic interactions.

4. DISCUSSION

DEMO is currently used as one of the drugs for maintenance
therapy to avoid relapse in high-risk NB cases."' It is an
irreversible inhibitor of ornithine decarboxylase (ODC), the
rate-limiting enzyme in polyamine synthesis.” It has been shown
that NB tumors display an elevated level of ODC and polyamine
content. This is particularly true in high-risk NBs with N-MYC
amplification. Therefore, DFMO wuse in in vitro and in vivo
xenograft model studies have shown a reduction of tumor
proliferation.”>** Furthermore, studies have shown that NB cells
treated with DFMO at concentrations >1000 yM experience
proliferation arrest, and cells treated with concentrations
ranging from 150 to 500 uM experience a reduction in colony
formation.™*
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Here, we show that DFMO drug, itself, can be used as a
substrate to generate carbon-dot nanoparticles using a “top-
down” approach. These DFMO CDs at much lower
concentrations were able to exert reductions in cell viability
comparable with high-dose DFMO. Consistent with previous
findings asserting that traditional DFMO tends to work best in
aggressive N-MYC-amplified tumors, N-MYC-amplified SMS-
KCNR demonstrated a more drastic loss of cell viability than did
non-N-MYC-amplified SK-N-AS. Though results were more
dramatic in SMS-KCNR, the DFMO CDs significantly out-
performed DEMO alone in both cell lines. In SK-N-AS, the ICs,
for DFMO CDs was 52 times lower than that of traditional
DFMO. In SMS-KCNR, the ICy, for the DFMO CDs was 36
times lower than conventional DFMO. Though the BCD-
DEMO conjugates significantly reduced cell viability in both
lines, they were not as effective as the novel DFMO CDs. We
postulate that the retention of traditional DFMO on the BCD-
DEMO conjugates explains why similar results were observed
between DFMO alone and the conjugates. The DFMO CDs
were shown to localize to the cell nucleus, fluoresce, and interact
with DNA once there.

This technology has broad implications for oncologic
therapeutics developed in the future. This project serves as a
proof of concept, showing that antineoplastic drugs conven-
tionally used at the bedside today may have untapped potential
in the form of carbon-dot transformation. Here, we demonstrate
that DFMO CDs at drastically lower concentrations can exert
the same effect as their “parent drug” counterparts, leading to
potentially fewer side-effects and peripheral toxicity—a limiting
factor in many chemotherapeutic treatment regiments. These
novel CDs also bind to DNA and fluoresce, suggesting that they
may have a role in imaging, as is routine with MIBG scanning or
S-ALA utilization in glioma resection.”*® Further studies
should aim to explore the translatability of this technology to
in vivo models by establishing safety profiles, DFMO CD
optimization, and conjugation with ligands to target tumor-
specific antigens such as GD2. Further studies are needed to
understand the impact DFMO CDs may have when
implemented into multimodal treatment approaches for NB in
the future.

5. CONCLUSION

In summary, we successfully prepared new chemotherapeutic
carbon dots (DFMO CDs) from conventionally used DFMO via
a solvothermal “top-down” method. Characteristics of the
DEMO CDs were determined using standard spectroscopic and
advanced imaging techniques. Cytotoxicity studies of the
DFMO CDs were performed using two neuroblastoma cell
lines, N-MYC-amplified SMS-KCNR and non-N-MYC-ampli-
fied SK-N-AS. DFMO CDs displayed a dramatic advantage over
traditional DFMO alone because they required an over 60-fold
lower concentration to produce comparable losses in viability at
30 mM and 500 uM of DEMO and DEMO CDs, respectively.
The uptake and distribution of the DFMO CDs were studied
using bioimaging of both neuroblastoma cells and dorsal root
ganglia neurons. The images revealed that DFMO CDs have
nucleus targeting ability. Agarose gel electrophoresis revealed
significant binding and interaction between DFMO CD and
DNA. This work reflects the potential of CDs as theranostic
agents with the capability to increase cell death at lower
concentrations. Further investigation is warranted to fully
appreciate the clinical translatability of this technology.
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