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In this present study, boron—carbon nanodots were synthesized by the hydrothermal method. Boron—carbon
nanodots were prepared by varying the concentration ratios of boronic acid and citric acid: 1: 25, 2 : 1, and
25 : 1, respectively. The precursors were then poured into a Teflon autoclave and heated at 240° for 4 h. This
research aims to synthesise and evaluate the potential of boron—carbon nanodots as a bioimaging agent and
naproxen delivery carrier. An X-ray diffractogram showed that the boron—carbon nanodots were amorphous.
To analyse the functional groups, FTIR and XPS analysis was carried out. Spectrofluorometric analysis (Aex 320
nm) showed that the formulation of boron—carbon nanodots 2 : 1 (BCD 2 : 1) has the most ideal fluorescent

properties at Aem 453 NM, whereas UV-vis analysis showed Amax at 223 nm, with a quantum yield of 52.29%. A
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Accepted 1st November 2021 confocal laser scanning micrograph and toxicity test (MTT assays) showed that boron-carbon nanodots
delivered naproxen efficiently with loading amount and loading efficiency of naproxen 28% and 65%,

DOI: 10.1035/d1ra06148h respectively. Furthermore, it induced an anticancer effect in Hela cells. This result indicated that boron-
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Introduction

Nanoparticle carbon nanodots (CDS) are nanopatrticles that are in
high demand and are developing very rapidly. According to previous
research," CDS has high solubility, is non-toxic, and has bright
luminescence, so it can be used for various applications, including
bio-imaging, sensors, drug delivery, catalysts, and photovoltaic
devices.”> CDS can be synthesized from carbon materials such as
carbohydrates, proteins, amino acids,* and biopolymers with chem-
ical ablation, electrochemical,* laser ablation, microwave radiation,
hydrothermal,®> solvothermal,® and pyrolysis methods.” Synthesized
CDS are possible to utilize directly in various fields without any
modifications, such as in the fields of biomedicine,® photonics,
catalysts, and sensors.>"® However, the photo-optical properties of
this material do not perform very well. To enhance the optical
properties of CDS, the surface modification precursors should be
combined with other materials to generate better outcomes.
Doped-CDS can be a versatile material for future biomedical and
bioimaging applications with unique fluorescence properties,"
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carbon nanodots can be used as a bioimaging agent and naproxen delivery carrier.

excellent biocompatibility, and high water solubility.”” Besides
acting as a bioimaging agent, CDS can function as a drug delivery
carrier, a substance used in the process of delivering chemical
compounds or drugs to achieve targets or therapeutic effects in
humans.* The fabrication procedure of doped-CDS is quite simple
and low-cost due to the wide choice of cheap carbon sources.

Heteroatom materials commonly used in doping CDS are boron
(B), nitrogen (N), sulphur (S), and phosphorus (P) atoms. Boron
atoms are neighbouring elements of atom carbon in the periodic
table that have atomic radii and similar atomic structures.™
Moreover, boron doping on CDS progressively increasing the
quantum yield of CDS owing to the p-type semiconductor effect,
which comes from the boron elements. According to previous
research, boron-carbon nanodots are not widely used in the field of
bioimaging, but rather are applied in the detection of metal ions by
the colorimetric method,* detections of p-nitrophenol,'® dopamine
examination,"” and sensors for acetone and dopamine.® Therefore,
this research will report the results of synthesis and characteriza-
tion of CDS nanoparticles doped with boron atoms using the
hydrothermal method as a candidate for bioimaging agents and
naproxen delivery systems in HeLa cancer cells.

Experimental

Materials

Citric acid (CeHgO,; 99.5%; Merck), boric acid (H;BOs; 99.5%;
Sigma Aldrich), sodium hydroxide (NaOH; Sigma Aldrich), nap-
roxen sodium (C;4H;3NaO3; Sigma Aldrich), Dulbecco's Modified
Eagle Medium (DMEM, 98%; Sigma Aldrich), phosphate buffered
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saline (PBS; 99%; Sigma Aldrich), demineralized water and 3- salts
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT).
All chemicals were used directly without further purification.

Synthesis of doping CDS

The synthesis of boron-carbon nanodots (BCD) begins with mix-
ing citric acid and boric acid with variations in the concentration
ratio of boric acid are citric acid, which is 25:1,2: 1, and 1 : 25,
respectively. The variation for CDS fabrication was referred to
previous research.” Citric acid weighed 0.0899 grams each; 0.2667
grams and 0.0101 grams. While boric acid weighed 0.0101 grams
each; 0.1500 grams and 0.0899 grams. After that, citric acid and
boric acid are put into a glass vial and 2 mL of water is added. This
process produces a colourless solution. Then, the vial is inserted
into a device called a Teflon autoclave. Next, the Teflon autoclave
was put into the Daihan Scientific furnace for 4 h at 240 °C. Besides
that, BCDS were synthesized using the same method without the
addition of boric acid as a comparison. The products were then
dissolved with NaOH 0.1 N after the cooling process at room
temperature. The solution then was further dialyzed on the
membrane with a molecular weight cut-off (MWCO) of 1 kDa to
specify the CDs size distribution and exclude by-products.**

Synthesis of naproxen-loaded BCDS (N-BCD)

The synthesis of naproxen-loaded BCDS starts with mixing boron-
carbon nanodots as much as 0.2 grams into 25 mL NaOH. Then
0.02 grams of naproxen were mixed to the solution and stirred for
24 h. Unconnected naproxen further removed from the colloidal
mixture (N-BCD) by dialysis membrane MWCO 1000 Da. Further
the percentage of loading efficiency (LE) and loading amount (LA)
are determined through following equations:

mass of Dox on FA — CD
mass of Dox in feed

LE (%) = x100% (1)

mass of Dox on FA — CD
mass of FA — CD

LA (%)= x100%  (2)

Cytotoxicity evaluation

The cytotoxicity data BCD and naproxen-loaded BCD was acquired
through MTT assay in HeLa cancer cells. HeLa cells previously
cultured in Eagle's minimum essential medium were placed in
a 96-well plate and incubated for 24 h at 37 °C under 5% CO,. The
proliferated cells were washed with phosphate-buffered saline
(PBS, Biogear Scientific, Netherland) and incubated with samples
for 24 h. It was followed by adding the MTT reagent (1 mL, 500 mg
mL ") and incubated for 4 h. The absorbance of the formed for-
mazan crystals was measured at 570 nm after being dissolved in
dimethyl sulfoxide using an ELISA reader (Azure Biosystem). The
absorbance intensity was related to the number of living cells, and
cell viability data was collected.

Confocal imaging observation

HeLa cells were incubated with boron-carbon nanodots (400
uL) samples for 60 min after being placed in 96-well plates with
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Dulbecco's Modified Eagle Medium (DMEM) media and incu-
bated for 24 h. The treated cells are then washed with a solution
of phosphate buffered saline (PBS) and fixed with 70% alcohol
for 10 minutes. Fluorescence images were obtained from cells
for immersion of 63 x 1.32 NA oil using TCS SP2 confocal (Leica
Microsystems, USA) equipped with an inverted microscope and
inline Ar (488 nm) and He-Ne (503-680 nm and 588 nm) laser.

Kinetic release assessment

To verify the kinetic release of naproxen, boron-carbon nano-
dots (3 mL) samples were placed in MWCO (40 kDa) dialysis
membrane and immersing the membrane in a buffer solution
of pH 4, 7, and 9 totalling 50 mL. This set is then placed on
a magnetic stirrer at 200 rpm. At the specified time, 1 mL of the
supernatant is taken from outside the membrane and the
volume is maintained at 50 mL with the addition of 1 mL of
demineralized water. The amount of naproxen released was
measured using a UV-vis spectrophotometer by measuring
absorbance at 330.5 nm and adjusting to the calibration curve
for a standard solution of naproxen.

Characterizations

Morphology of boron-carbon nanodots observed using atomic
force microscopy (AFM 5500 M, Japan). The diameter of boron-
carbon nanodots was calculated from AFM images using IMAGE
J. analysis software. X-ray diffraction (XRD, Rigaku D/Max-2BX,
Japan) was used to determine the crystal structure of the
nanoparticles with Cu Ko radiation at 5-65°. The sample
function group was determined using a Fourier transform
infrared spectrometer (FTIR, Shimadzu IR Tracer-100, Japan).
UV-vis absorption spectra were measured using a UV-vis spec-
trophotometer (SHIMADZU 1800, Japan). Morphology of the
nanoparticles were observed by transmission electron micros-
copy (TEM) instrument (Hitachi HT770, Japan). PL spectra were
measured using a spectrofluorometer (PerkinElmer LS 55, USA)
with a 20 kW Xe lamp. Turbidity value of colloidal nanoparticle
were measured by TB1 portable turbidimeter (VELP Scientifica,
Italy). The functional groups on the sample surface are deter-
mined using X-ray photoelectron spectroscopy (XPS, Shimadzu
Axis-Ultra DLD, Japan).

Statistical analysis

All data were obtained in triplicate, with a sample ¢-test on some
data.

Results and discussion

The synthesized BCD are blackish-brown solids as represented
in Fig. S1 (ESI}). The hydrothermal method fundamentally is
based on heating treatment, leads to the carbonization process
at high temperatures. This process generates a rearrangement
of the carbon structure of the citric acid and doping agent to
form a graphene-like structure. Furthermore, a simple step for
BCD synthesis was carried out by comparing the visual solution
with visible light and under UV light. The fluorescence
phenomenon's existence due to material emission originating

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The UV-vis spectra and its photographs of (i) BCD 1 : 25 (red), (ii)
BCD 2 : 1 (orange), (iii) BCD 25 : 1 (green), and (iv) CDS (light purple)
under daylight and UV-light by hydrothermal method.

from electron transitions in atomic orbitals indicates the
formation of BCD themselves.” An in-depth analysis of optical
properties, especially on electronic transitions in BCD, will be
discussed further in UV-vis. Based on Fig. 1, UV-vis spectra analysis
exhibited the absorption at wavelength A, of 221.25 nm in CDS,
whereas in BCD samples 1 : 25, BCD 2: 1, and BCD 25 : 1 have
Amax Of 222.80 nm, which correspond to the core electron/C=C
transition state (t — 7*). Furthermore, the shoulder peaks of
CDS, BCD 1:25, BCD 2: 1, and BCD 25 : 1 were showed at 341,
330, 377, and 378 nm, respectively, that recognized as surface state
transition (carbonyl group) of the samples (n — 7*).*4**

In order to determine the emission value of each BCD, we
were using photoluminescence analysis with varied excitation
wavelengths at 360, 380, 400, and 420 nm, respectively. The
results of the PL analysis note that CDS emitted a strong blue
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Fig. 2 PL spectra of (a) CDS, (b) BCD 1: 25, (c) BCD 2 : 1, and (d) BCD
25:1 at varied excitation wavelength, including 360 nm (red line);
380 nm (orange line); 400 nm (yellow line); and 420 nm (green line).
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fluorescent at a wavelength of 398.5 nm, BCD 1:25, BCD 2: 1,
BCD 25 : 1 occurs at a wavelength of 434 nm (Fig. 2). Furthermore,
using R6G as a reference,* the relative quantum yield (QY) of
BCD 1:25,BCD 2 : 1, and BCD 25 : 1 were 32.49%, 52.29%, and
4.68%, respectively. The abundant element of boron in CDS causes
an electron deficiency state due to the high energy for boron to
bind to CDS. Hence, creating a higher red-shifted emission in BCD
doping. Therefore, it is necessary to qualify with an ideal variety of
components to avoid defects on the CDS surface.* Thus, we chose
2 : 1 BCD for further analysis due to the best optical properties and
quantum yield compared to other varieties.

FTIR analysis of BCD 2 : 1 and naproxen loaded-BCD was
carried out for estimating the surface modification and func-
tional groups that possess the CDS. According to Fig. 3, BCD
contained functional groups at 3658, 3023, 1036, 930, 1614, 1020,
1708, 1267, 1230, and 1085 cm ', that signified to OH, CH
benzene, COC, CO methoxy, C=C-C conjugated benzene, CB, CO
carbonyl, OBO asymmetric, OBO deformation, and BOH respec-
tively.>>® Moreover, naproxen-loaded BCD displayed predomi-
nantly the same groups as BCD with the addition at 3126 and
2826 cm™ " which identified as CH aliphatic and OCH; groups.*®

Further advanced evaluation of surface functional groups of
the samples was convinced by an X-ray photoelectron spec-
trometer (XPS). The collected data was analysed using CasaXPS
software. The deconvolution spectra of B 1s, C 1s, and O 1s are
available in Fig. 4b and e show BCD and naproxen loaded
boron-carbon nanodots (N-BCD), the typical C 1s spectra are
similar, showing four distinct peaks located at 283.5; 284.7;
285.8; and 288.2 eV, where these peaks indicate the presence of
C-B, C=C/C-C, C-0, and C=O0 groups, respectively.’” The O 1s
spectrum in BCD (Fig. 4c) showed three peaks, namely at
527.30; 531.20 and 532.5 eV, signifying O=C, O-C, and O-B/C-
O-H, while the O 1s spectrum of N-BCD (Fig. 4f) shows three
peaks at 529.59; 531.22; and 532.50 eV, representing O=C, O-C,
and O-B/C-O-H. The O 1s spectra display the position of 532.50 eV
representing the O-B or C-O-H bonds.**** The B 1s spectrum of
BCD (Fig. 4a) presents two components at 193.20 and 190.86 eV,

20
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Fig.3 FTIR spectra of BCD 2 : 1 (black line) and naproxen-loaded BCD
(red line).
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Fig. 4 XPS survey of BCD for (a) B 1s, (b) C 1s, (c) O 1s and incorpo-
ration of BCD to the naproxen (N-BCD) for (d) B 1s, (e) C 1s, and (f) O 1s
core levels.

associated with B-O and B-C, respectively. In addition, the incor-
poration of BCD into naproxen was evident by two peaks appearing
at the binding energy of 193.20 and 190.10 eV (Fig. 4d), repre-
senting B-O and B-C groups.*® Therefore, the B-OH bond at
193.20 eV indicated that boric acid could replace the original
ligand and free boric acid appeared on the CDS surface.”

The morphological and crystal structure of BCD was exam-
ined by using X-ray diffraction (XRD) and atomic force micros-
copy (AFM). The diffractogram pattern on the BCD in Fig. 5a
indicates a slightly amorphous solid. This phase shows that the
synthesis of carbon nanodots using either the hydrothermal
method results in dehydration molecules from the surface,
transmitting an amorphous or lower carbonate anhydrous
material. This amorphous anhydrous material then decom-
poses. Furthermore, the BCD pattern was then compared with
the standard on the JCPDS database 01-0646, which was indi-
cated by typical peaks at 26 at 27.80° with the Miller index (002)
and 40.10° with the Miller index (100). Based on the database,
BCD confirmed a graphene-like structure.***” The 2D and 3D
morphological structures of BCD showed the spherical size
which identified the carbon dots structure (Fig. 5b and c)."*
From the results of AFM characterization, the particle size
distribution of BCD was analysed using the computer program
Image] and Origin shown in Fig. S2 (ESIf). The calculation
results show that the average size of BCD in this study is
8.36 nm, which corresponds to the size of the carbon dots,
which is below 10 nm.**® Therefore, BCD is promisingly quali-
fied to flow in tissue circulation organs.*
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Fig. 5 (a) XRD pattern, (b) 2D, and (c) 3D morphological view of BCD.

CLSM image

Confocal laser scanning microscopy test aims to visualize BCD to
cancer cells as a bioimaging agent. From the visual results, BCD
provides a great representation of cells. As demonstrated in
Scheme 1, BCD could very well permeate cells compare to CDS
through a process called endocytosis (Fig. 6). Endocytosis is
a mechanism of material originating from outside the cell to enter
the cell.* The sialic acid receptor on HeLa cells allows BCD to bind
specifically to the cell cytoplasm.*® With its tremendous green
fluorescent effect at the excitation wavelength of 488 nm, low
toxicity property, and high selectivity to the HeLa cell lines (after
24 h observation), BCD is highly potential to be applied as staining
and imaging cancer cells, specifically for HeLa cells.

Preparation of BCD and N-BCD

The design of BCD for naproxen delivery was be done by
introducing the drug via physical interaction. The benzene

*W’ T %o \#if

citric acid . . *
Hydrothermal *
e ® LR
Fluorescence emission

240'C, 4 hours ‘
o

boric acid

t 3

'L

Naproxen loaded B-CDs

B-CDs

Scheme 1 Synthesis route of BCD and N-BCD for inducing into Hela
cancer cell.
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Bright Field Carbon nanodots emission

Fig. 6 CLSM image of Hela cancer cells with (a) CDS and (b) BCD
compares to the CDS after 1 h incubation under excitation wavelength
at 488 nm. The magnification scale bar showed up to 20 pm.

structure of naproxen may interact with graphene oxide like
structure of BCD performed on previous XPS and FTIR data
(Fig. 4 and 5) through phi-phi stacking attraction as well as
hydrogen bonding of any polar functional group on both
materials. The above statement was further by TEM observation
on BCD and N-BCD (Fig. S3, ESI). Through the TEM data, it is
also known that both CD are on nanoparticle with spherical
form (size below 20 nm). Moreover, the addition of naproxen on
N-BCD not change very much on its initial structure. This is
support both AFM data on Fig. 5c and S2,f along with con-
firming conjugation of naproxen not shift the BCD particle
structure dramatically. The investigation on colloidal stability
of obtained N-CDs against varied pH was further observed by
determination its turbidity value (Fig. S4, ESIt). The data inform
stability of BCD against varied pH on 72 h. Higher turbidity
value tend to closely related on aggregate formation and let
precipitation to be happened. On the data, high turbidity value
addressed on low pH (7.56 NTU for pH 3 and 6.34 NTU for pH
4), in which allow hydrogen bonding be formed and intense on
initiate precipitation of BCD. Moreover, incorporation on nap-
roxen on BCD (N-BCD) not disturb its colloidal stability, which
the turbidity level still on similar pattern like BCD. Therefor the
turbidity data support above TEM results on confirming both
BCD and N-BCD perform high stability and incorporation on
naproxen not degrades bare BCD.

In vitro evaluation of BCD and N-BCD

In this analysis, BCD 2:1 and N-BCD were carried out to
determine whether naproxen had merged with BCD. In this
study, the cytotoxic activity was tested in vitro against HeLa cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The MTT assay of Hela cells viability (2.5 x 10* cells per well)
with BCD (green) and N-BCD (orange) at varied concentrations after
24 h incubation (37 °C, 5% CO, inner condition). All data are given as
mean £ SD with n = 3.

These cells are immortal (cannot die of old age) and productive.
Hence, they are suitable for this scientific research.*>** The cell
viability value was determined from the absorbance of the
treatment group compared to the control group by using MTT
assay. Until the addition of the sample concentration of 500 pg
mL ™", if the cell viability is above 80%, it indicates that the
sample has low toxicity (Fig. 7).>**> Thus, BCD is low toxic and
nearly non-toxic based on practical concentrations because at
the addition of a concentration of 8111.97 ug mL ™", it can still
maintain cell viability (%) above 80% as confirmed by nonlinear
curve operation using origin software (Fig. S5, ESIt). The
comparative evaluation of naproxen-loaded BCD was also
examined to figure out the antitumor efficiency from the
loading compound. As the sample concentration increases, cell
viability decreases dynamically to a concentration of 500 pg
mL~", where cell viability reaches 20% of the total population.
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Fig.8 The dissolution test of naproxen-loaded BCD under pH 4 (black
line), 7 (red line), and 9 (blue line) buffer conditions (t = 3 h, with =SD n
= 3).
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Formula Parameter Zero order First order Higuchi Korsmeyer-Peppas
N-BCD pH 4 k 0.0047 0.0084 5.3802 6.7556
? 0.9321 0.9876 0.9806 0.9810
x° 179.6121 60.6533 2.5689 1.3954
n 0.4501
N-BCD pH 7 k 0.0060 0.0169 7.0602 18.3527
? 0.8812 0.9721 0.9549 0.9597
X2 591.4447 113.1749 33.9511 1.8485
n 0.2883
N-BCD pH 9 k 0.0031 0.0044 3.6973 9.5836
r 0.6837 0.7263 0.7941 0.8397
Xz 378.8021 228.1405 32.2527 5.0484
n 0.2921

Therefore, the contrast between cytotoxicity of N-BCD and free
naproxen to HeLa cells suggests that N-BCD combinations may
be more effective antitumor efficiency than free naproxen.*

Kinetical release of naproxen-loaded BCD

A dissolution test (release of drug compounds from preparations
that dissolve in solvent media) is conducted to analyse the diffu-
sion of drugs against time in an environment that represents body
conditions. In this study, determine that the LA and LE of nap-
roxen incorporated on BCD was 28% and 65%, respectively.
Through these values we set the naproxen release study.

On the first step, the pH variations were carried out to deter-
mine the effect of time on drug dissolution kinetics. The pH
variations used in this study were pH 4, which represented acidic
conditions, pH 7 expressed neutral conditions, and pH 9 stated
alkaline conditions. The obtained data from the dissolution test
then matched to the equations of the zero-order, first-order,
Higuchi, Korsmeyer-Peppas mathematical model. A drug release
mechanism is an important thing to know in drug development.

The dissolution test results illustrate that the kinetic model fol-
lowed by N-BCD at pH 4, 7, and 9 as a whole follows the Korsmeyer—
Peppas kinetic model (Fig. 8). This is based on the magnitude of the
7 value of the release test at pH 4, 7, and 9 medium is 0.9810;
0.9597; 0.8655, respectively (Table 1). Moreover, the value of chi-
square (x?) acts as a function of statistical error during the study.*
The lowest x” value indicates the best-fitted drug release of kinetics
model.* The lowest value of x> is found in the Korsmeyer-Peppas
kinetic model, with the x> value of the release test at pH 4, 7, and 9
medium is 1.3954; 1.8485; and 5.0484, respectively.

As shown in Fig. S6 (ESIT), the comparison of experimental
and theoretical test plots demonstrated that the N-BCD
completely corresponds to the Korsmeyer-Peppas kinetic
model compared to the 0, order 1, and Higuchi models. The
Korsmeyer-Peppas model derives the relationship relating to
drug release from BCD. The kinetics of the Korsmeyer-Peppas
model also depends on the magnitude of the value of n, the
value of n < 0.45, the drug release is based on the Fickian
diffusion mechanism.*® If 0.45 < n < 0.89 drug release based on
non-Fickian mechanism. The value of n = 0.89, the drug release
mechanism follows zero-order or can be called case II transport,
and n > 0.89 drug release is referred to as the super case II
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transport mechanism.*” N-BCD had a value of n < 0.45, which
followed the Fickian diffusion mechanism. Fickian diffusion
states that in some direction, the mass of a solute passing
through an area per unit time is proportional to the solute
concentration gradient in that direction.*®

The difference in pH of the release medium affects the value
of k, which influenced the rate of naproxen release. Medium pH
7 gave the highest k value of 18.3527, followed by pH 9 with
9.5836, and the lowest was pH 4, which was 6.7556. Until the
first 10 min at pH 7 has been released 31% and pH 9 is 12.98%,
while at pH 4 only 15.96%. In overall observations, the test
membrane on the medium pH 7 has a percentage of 78.55%.
While at pH 9 it was 41.34%, and pH 4 was only 67.76%. The low
dissolution percentage in the medium pH 9 and 4 is possible
because pH 9 and 4 affect the diffusion of the medium solution
entering the BCD to dissolve naproxen to be pretty slow. This
aspect can also explain that naproxen is more dispersed in
a neutral medium. As displayed in Fig. 8, naproxen did not
release 100% due to intermolecular forces with the carrier,
including hydrogen bonds between OH or COOH from CA with
COOH from naproxen. These results indicate that naproxen can
be released more effectively under neutral conditions (pH 7)
than under acidic conditions (pH 4) or in alkaline conditions
(pH 9). The greater the dissolution ability of the drug, the higher
the bioavailability of the material as a drug delivery carrier.*

Conclusions

Boron-carbon nanodots were successfully synthesized from
citric acid using the hydrothermal method. Boron-carbon nano-
dots have structural characteristics similar to an average particle
size of 8.35 nm, the quantum yield of 52.29% has a B (OH) group
that can bind specifically to cancer cells, and is not toxic. From the
results of confocal and toxicity tests, boron-carbon nanodots have
proven potential as candidates for bioimaging agents and nap-
roxen delivery systems in HeLa cancer cells.
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BCD Boron carbon nanodots

N-BCD Naproxen-loaded boron carbon nanodots
CA Citric acid

DMEM Dulbecco’'s Modified Eagle Medium
NaOH Sodium hydroxide
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