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Although heteroatom doping is widely used to promote the optical properties of carbon dots for biological
applications, the synthesis process still has problems such as multi-step process, complicating the setting of
instrument along with uncontrolled products. In the present study, some elements such as boron, nitrogen,
sulfur, and phosphor were intentionally doped into citric acid-based carbon dots by furnace- and
microwave-assisted direct and simple carbonization processes. The process produced nanoparticles
with an average diameter of 5-9 nm with heteroatoms (B, N, S, and P) placed on the core and surface of
carbon dots. Among the doped carbon dots prepared, boron-doped carbon dots obtained by the
microwave-assisted (B-CDs2) process showed the highest photoluminescence intensity with a quantum
yield (QY) of about 32.96%. All obtained carbon dots exhibit good stability (at pH 6-12 and high ionic
strength concentrations up to 0.5 M), whereas cytotoxicity analysis showed that all doped carbon dots
are low-toxic with an average cell viability percentage above 80% up to 500 pg mL~. It can be observed
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percentage, but also might accelerate the Hela uptake on it and produce strong carbon dot emission at

DOI: 10.1039/d0ra09403j the cytoplasm of the cell. Thus, the proposed synthesis process is promising for high-potency
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Introduction

Carbon-based nanomaterials have been widely used owing to
their non-toxic attribute accompanied by the nanotechnology
development on early cancer detection. Carbon dots (CDs) as
a group of carbon nanomaterials have attracted much atten-
tion in the past few years due to their molecular size and
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excellent stability, high biocompatibility, and excellent low
cytotoxicity compared to quantum dots and polymer dots.?
CDs can be synthesized from both synthetic and natural
materials, such as citric acid, ascorbic acid, amino acids,
glucose, and glycerol at high temperatures,* via two common
approaches, namely, the top-down method and the bottom-up
method.” The top-down method generally gives products with
high yields but has many disadvantages including the
complicating instrument, high cost, and uncontrollable
morphology and size distribution of product yields.*” These
limitations guide researchers to use the bottom-up method
that was more promising with regard to size and shape.® The
bottom-up method consists of pyrolysis-based, template,
chemical oxidation, thermal oxidation, reverse micelle and
ultrasonic methods.® One group of pyrolytic method, the
carbonization based process through hydrothermal, micro-
wave and ultrasonic methods has been mostly used. Although
these methods yielded well-identified CDs, they still have
disadvantages related to the complexity design, high cost and
low luminescence intensity.>'® Therefore, simple and low-cost
strategies for overcoming these limitations need to be devel-
oped to intensify the optical properties of CDs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, to enhance the fluorescence intensity of
CDs, several efforts were made, one of them being the surface
modification involving heteroatom doping. Doping is suit-
able to increase the quantum yield (QY) in CDs, as it can form
n-type (extra electron) and p-type (extra-hole) carriers, even
simultaneously, so that the electronic structure of CDs can be
changed.' Several elements such as boron,"'> nitrogen,*
sulphur,** and phosphor were proposed as doping agents on
CDs." Nitrogen- and sulphur-doped CDs were applied for the
detection of Fe®" ions and bioimaging.** N-doped CDs (N-
CDs) produce good visuals as excellent drug loading and
delivery systems compared to the effects of cancer therapy
such as chemotherapy.* Boron, nitrogen, and sulphur doped
into quantum dots (BNSQDs) produce a specific site in bio-
imaging cancer cells in the liver (HEPG2)."* Boron-doped
carbon dots (B-CDs) can improve the nonlinear optical
properties compared to carbon dots."” Sulphur-doped carbon
dots (S-CDs) are highly negatively charged particles because
they contain sulphur and oxygen. This enables S-CDs to easily
bind to the DNA-PEI complex. Therefore, S-CDs can be
applied as bioimaging agents.'® Although there are many
reports focusing on the nitrogen, boron, sulphur, and phos-
phor doping effects on CDs, the integrative evaluation and
direct comparison studies of the effect of these elements on
CDs applied as cancer staining agents are still limited. It will
be a crucial aspect regarding the advantages promised by
CDs.

Principally, the pyrolytic process accentuates carbonization
that is first accompanied with dehydration of the CD source and
prevents massive attraction of oxygen. This has made the
pyrolytic method need a special set up as shown in hydro-
thermal, ultrasonic and microwave-assisted method. However,
the way of minimizing the complicating design and simplifying
the reaction step will be interesting to be discussed. In our
previous work, we promoted the preparation of CDs via direct
pyrolysis of the carbon source from both organic and
commercial materials, which proved the effectiveness of the
process and the excellent applicability of CDs.*** Motivated to
prepare attractive doped CDs, in the present study, we report
a strategy to simplify the synthesis of CDs with direct carbon-
ization of citric acid and the doping source simultaneously.
Commercial chemicals such as boric acid, nitric acid, sulphuric
acid, and phosphoric acid were used as boron, nitrogen,
sulphur and phosphor sources, respectively. For improved
results, we used the carbonization process of CDs by giving
furnace- and microwave-assisted treatments. Furthermore, the
best doped CDs, based on their synthesis process, are applied as
staining agents of HeLa cancer cells. This study utilized several
characterization techniques including UV-Vis spectrophotom-
etry, photoluminescence (PL), Fourier transform infra-red
(FTIR) spectroscopy, X-ray diffraction (XRD), and atomic spec-
trum force microscopy (AFM). In vitro investigation to prove the
cytotoxicity of CDs and its capability on HeLa markers was
conducted by a CCK-8 assay along with confocal laser scanning
microscopy (CLSM), indicating the potential use of CDs as HeLa
staining agents.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials

Citric acid (CA, 99.5%), boric acid (H3BO3), nitric acid (HNO3,
65%), sulphuric acid (H,SO,4, 95-97%), phosphoric acid (HzPOy,,
85%), dimethyl sulfoxide (DMSO, 99.7%) and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich (Germany).
Ethanol (C,Hs;0H, 94-96%) was purchased from J. T. Baker
(Malaysia). Hydrogen chloride (HCl, 37%) was purchased from
Merck (Germany). Cell Counting Kit-8 (CCK-8), a cytotoxicity kit,
was purchased from MedChemExpress (USA). All chemicals
were used directly without further purification.

Synthesis of doping carbon dots by furnace- and microwave-
assisted methods

The doped CDs were fabricated by following the latest work with
some modifications.®**** The bare CDs as well as boron-,
nitrogen-, sulphur- and phosphor-doped CDs were prepared by
combining citric acid (88.9 mg) with boric acid, nitric acid,
sulphuric acid and phosphoric acid following the composition
given in Table 1, respectively. For the furnace-assisted method,
each mixture was calcined at 300 °C for 2 h in an isolated
reactor. For the microwave-assisted method, the mixtures
(following on Table 1) were placed into a microwave reaction
system with 600 watt power and high temperature for 2 hours.
For all samples, after the samples were naturally cooled down to
room temperature, the dark brown CDs were obtained as
a stacked precipitate on the bottom of the reactor. To prepare its
colloidal solution, the doped CDs with adjusted concentration
were first prepared by dissolving in a NaOH solution (0.1 M),
and the pH was set at a neutral value. The solution was then
further dialyzed on the membrane with a molecular weight cut
off (MWCO) of 1 kDa to specify the CD size distribution and
exclude the by-product.

Viability cell assessment

The cytotoxicity test of doped CDs was performed in HeLa
cancer cells by a cell counting kit-8 (CCK-8) assay (MedChe-
mExpress, New Jersey, USA). HeLa cell lines were first cultured
at a density of 2.5 x 10" cells per well in a 96-well plate con-
taining Dulbecco's modified Eagle's medium (DMEM) and

Table 1 Composition of the N- B-, S-, and P-doped CDs

Mol
Sample ID Method CA H;BO; HNO; H,SO, H,PO,
CDs1 Furnace-assisted 0.46 — — — —
B-CDs1 0.46 0.2 — — —
N-CDs1 0.46 — 0.2 — —
S-CDs1 0.46 — — 0.2 —
P-CDs1 0.46 — — — 0.2
CDs2 0.46 — — — —
B-CDs2 Microwave-assisted 0.46 0.2 — — —
N-CDs2 0.46 — 0.2 — —
S-CDs2 0.46 — — 0.2 —
P-CDs2 0.46 — — — 0.2
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incubated for 24 h. Then, phosphate-buffered saline (PBS) was
added to wash the cells. The cells were further incubated in 100
uL of DMEM with different concentrations of doped CDs (10 pL)
for different durations. Once the adjusted time was reached, the
reaction was continued by adding 1 mL of CCK-8 reagent
(500 mg mL™") followed by incubation for 4 h. The absorbance
of formazan on each plate correlated with the living cell was
analyzed using a microplate reader at 450 nm. The cytotoxicity
effects of doped carbon dots were assessed at half the cytotoxic
concentration (CCs,) and fixed using the Origin software.

CLSM imaging assessment

For preparation, HeLa cells were cultured in a 6-well plate
containing 2 mL Dulbecco’s modified Eagle's medium (DMEM)
and incubated for 24 hours. Each doped CD (400 pL) was further
added and incubated for 1 h. The cells were then washed three
times with PBS and fixed with 70% alcohol for about 10 min.
Fluorescence images of doped carbon dots in HeLa cells were
captured for immersion of 63 x 1.32 NA oil using confocal TCS
SP2 (Leica Microsystems, USA) equipped with an inverted
microscope and inline Ar (488 nm) and He-Ne (503-680 nm and
588 nm) laser.

Other characterizations

The synthesized products were characterized by several tech-
niques. Fourier transform infra-red (FTIR) spectra were recor-
ded wusing Infrared (IR) Tracer-100 (Shimadzu, Japan).
Ultraviolet-visible (UV-Vis) spectra were recorded using a UV-
Vis Shimadzu 1800 spectrophotometer (Shimadzu, Japan). The
photoluminescence of doping carbon dots was collected using
a LS 55 fluorescence spectrometer (Shimadzu, Japan). The PL of
the doped CDs was determined comparatively by referring
rhodamine 6G (R6G, QY (95%)); the % QY of doped CDs was
calculated using the following equation:

QY = QYrscUcns/Ire6)(Acnsd Ar6G) Mwater Methanol)

OH

+ HO\B/OH 3000(:, 2h o/B\ou

HO OH | =l [
o\

B-CDs

Scheme 1 Schematic on the mechanism of doped carbon dots (B-CDs).
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where I, A, and 7 are the integral PL intensity, UV absorbance
and the optical density and reflective index of the solvent,
respectively. Atomic force microscopic (AFM) images were
acquired using a Nanoscan type AFM (Bruker, Germany).

In silico assessment

To represent all doped CDs with sp> and sp® features, we
adopted pyrene-based systems with the doped elements and
hydroxyl groups.”*** The band gap was determined from the
vertical electronic transition state data from each doped pyrene
model that fully optimized using the density functional method
with B3LYP?® and orbital basis set at 6-31G + (d,p). The B3LYP/6-
31G + (d,p) was chosen due to its proven capacity to generate the
precise recurrence predictions.”” The Hyper Chem 8.0 software
program was used throughout this work.

Statistical analysis

The 50% cytotoxic concentration on cell viability (CCs,), was
determined using the dose-response mode (nonlinear fitting)
of the Origin software (version 8.0724, OriginLab Inc., North-
ampton, MA). All data were obtained in triplicate, with the
sample ¢-test on some data.

Results and discussion

The CDs were synthesized by simply treating citric acid with
doping sources by a furnace and microwave-assisted method
(Schemes 1 and 2). Basically, both methods were carried out
over thermal treatment that allows dehydration and carbon-
ization at low and high temperatures, respectively, which allows
the rearrangement of the structure as well as its integration to
form a graphene-like structure. However, this restructuring
process is initiated by hydrogen bonds formed by doping with
citric acid and between citric acids itself (as shown in Scheme
1).*® Further carbonization will be performed for CDs with
graphene oxide (GO) structures on some parts. The formation of
CDs was proven by luminescence of those CDs under UV light

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic of the synthesis reaction of each doped carbon
dot.

(Fig. S1, ESIt). This phenomenon came surely from electron's
movement on the orbital state of CDs. However, the detailed
mechanism of this fluorescence emission is still a subject of
debate.

Besides size confinement and solvent effects, the emission of
CDs mainly resulted from the synergic effects of confined sp”
conjugation on the core of CDs and functional groups attrib-
uted on the surface of CDs.>?° Thus, addition of different
elements composing CDs will be an interesting aspect to be
explored, also relating its consequence on the resulting band
gap and adsorption-emission mechanism as well. To resolve
these questions, we first investigated the absorption spectra of
doped CDs (Fig. 1). By utilizing the furnace-assisted method,
the maximum absorbance of bare CDs (CDs1) was founded at
226 nm with a shoulder peak at 289 nm. B-CDs1, N-CDs1, S-
CDs1 and P-CDs1 have maximum absorbance at 228, 222,
224, and 222 nm, and the second absorption as shoulder peaks
at 288, 288, 281, and 288 nm, respectively. Furthermore, the
microwave-assisted method resulted in CDs2 with maximum
absorbance at 229 nm wavelength with a shoulder peak at
322 nm (Fig. 1b) and doped B-CDs2, N-CDs2, S-CDs2 and P-
CDs2 with maximum absorbance and shoulder peaks, respec-
tively at 229 and 322 nm; 223 and 322 nm; 227 and 326 nm; 233
and 323 nm; 223 and 326 nm. From these data, the absorption
band at wavelengths less than 300 nm indicates the m-m*
transition of the conjugated C=C bond associated with
a carbon core (carbogenic core). The absorption band at wave-
lengths over 300 nm signified the existence of n—m* transitions
from C=O0O bonds or other groups such as NH,.** Although
maximum absorption and its shoulder peak are quite similar in
each method, the adsorption peaks are relatively different in
both furnace- and microwave-assisted methods. These bring
a tendency that the furnace-assisted method will yield a partic-
ular structure of doped CDs that is different from that yielded by
the microwave-assisted method. To prove this, we further use

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-Vis spectra of doped carbon dots by (a) pyrolysis and (b)
microwave-assisted methods. Inset: Tauc plot of each doped CD with
its band gap measured.

the Tauc plot from the UV-Vis spectra data and find that the
band gap values are varied (from 4.52 to 5.37 eV) depending on
the doping and the method used (inset in Fig. 1). The sequence
of the band gap in the furnace method is B-CDs1 < S-CDs1 <
CDs1 < N-CDs1 < P-CDs1, while that in the microwave method is
P-CDs2 < S-CDs2 < CDs2 < N-CDs2 < B-CDs2. These band gap
differences are probably due to the complicating aspect to
control the precise and homogenic structure of the proposed
CDs. However, to get explanation for these phenomena, we
further analogize proposed CDs with functionalized pyrene
(Fig. S2, ESIT) and perform molecular modelling on pyrene to
track the band gap that resulted with and without doping CDs
(Fig. 2). The pyrene-based system was used for CD modelling
based on the previous study. This computational modelling
shows that the band gap energy of bare CDs and doped CDs
follow a pattern in the microwave-assisted method, whereas B-
CDs show the highest band gap compared with undoped CDs.
These data indicated that the thermal induction from the
microwave instrument can set carbonization, in which the
position of doped atoms precisely matches with the proposed
structure. In principle, microwave allows effective and fast
heating of material via direct energy transfer and minimizes the
dissipation of over-energy causing massive destruction that is
common in the conventional heating process.*> Moreover, the

RSC Adv, 2021, 11, 1098-1108 | 1101
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Fig.2 Occupied (blue) and unoccupied (green) molecular orbitals of pyrene and doped pyrene as analogue structures of CDs and doped CDs,
respectively. Energy level gap between HOMO and LUMO are described as double-line arrows with its energy value.

mechanism of heat transfer by the microwave treatment is
considered by Joule heating from the conductive region of the
T-system, which is the main part or any graphene-like structure
including CDs; thus, this energy can accelerate and support
effective carbonization to form CDs.*® Furthermore, higher and
lower band gaps on doped CDs are perhaps caused by doping
type of proposed elements. Unlike boron, nitrogen, and phos-
phor that mostly pretend as n-type, sulphur acts as a p-type
upon CDs and other graphene-like structures, which is
supposed to constrict the original band gap of CDs.**3¢
Continuing on the optical properties investigation of doped
CDs, we further evaluate the photoluminescence (PL) spectra of
doped CDs1 (Fig. 3a-f) and doped CDs2 (Fig. 4a—-f). With Ae, =
360 nm, the emission fluorescence of all samples occurred at
around 410-445 nm, which indicates strong blue fluorescence
emission in aqueous solutions.? The PL spectra also exhibit two
overlapping peaks attributed to the w-m* transition of C-C on
the sp> domain of CDs (high electron transition) and the n-m*
transition as edge band transition of surface or doped groups
(low electron transition). For most of the obtained CDs, the
wavelength of emission (A.p) shifted to a higher wavelength
following the wavelength of excitation (A.) exposure with
a lower emission intensity. This excitation-dependent emission
phenomenon commonly occurs in CDs by creating a new orbital
trap known as the defect state due to the oxygenated group on
CDs.*”?® It was well reported that all the doping elements have
the potency to drive red-shift emission on a higher excitation
wavelength;***° however, on B-CDs2 and N-CDs2, the PL spectra
perform excitation-independent emission by wavelength
maximum consistent at 455 nm (for A.x 360-400, Fig. 4b) and at
467 nm (for A 380-420, Fig. 4c), respectively. Among other
doped CDs, carbon dot doped with H;BO; by the microwave-
assisted method (B-CDs2) shows the highest fluorescence

102 | RSC Adv, 2021, 11, 1098-1108

intensity. This is also indicated by the quantum yield (QY) value,
in which the B-CDs2 value reaches 32.96%. For the quantum
yield (QY) calculation, rhodamine 6G (R6G) was used as the
reference (QY = 95%).** Separately, the QY values for CDs1, B-
CDs1, N-CDs1, S-CDs1, and P-CDs1 were sequentially 31.30%,
31.92%, 31.44%, 31.30%, and 31.37%; while for CDs2, N-CDs2,
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Fig. 3 PL spectra of (a) CDsl, (b) B-CDs1, (c) N-CDs1, (d) S-CDs1, and
(e) P-CDsl at varied Aoy. (f) PL spectra of all CDs prepared by pyrolysis
method at Aex 360 nm.
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Fig.4 PL spectra of (a) CDs2, (b) B-CDs2, (c) N-CDs2, (d) S-CDs2, and
(e) P-CDs2 at varied Ay. (f) PL spectra of all CDs prepared by pyrolysis
method at Aex 360 nm.

S-CDs2, and P-CDs2, the values were 31.17%, 32.49%, 32.59%,
and 32.09%, respectively (Fig. 4). The QY data obtained for CDs
are comparable with previous studies, which indicates good
optical properties of CDs (Table S1, ESIt). Based on these data,
it can be concluded that the application of a direct carboniza-
tion process through furnace and microwave treatment is
favorable. Moreover, the addition of doping to CDs effectively
enhances the emission intensity.**

FTIR analysis was then carried out to confirm the functional
groups produced on doped CDs (Fig. 5). All the prepared CDs
have broad absorption peaks at 3638 to 3223 cm™*, which are
attributed to the stretching vibration of O-H and at 2959 cm ™"
attributed to the stretching vibration of C-H of benzene.*®
Wavenumbers at 1738 to 1767 cm ' verify the presence of
a carbonyl group (C=O0) of CA and the wavenumber at
1531 em ™" from C=C groups of the benzene-like structure.
Wavenumbers at 1207 to 1020 cm ™" confirm that there is a C-O
group.®* The successful doping process into CDs was also
revealed by CDs, where a stretching vibration at 1450 cm™*
indicates the presence of the B-O group,” while C-N vibration
give an FTIR signal at 1436 cm™ *.** The S=C vibration appears
at 1075 cm " (ref. 44) and P-O-C vibration at 904 cm ™~ ".** All the
above bands prove that the doping agents can be attached on
CDs by both pyrolysis and the microwave-assisted synthesis
process. Furthermore, a morphology study of CDs was per-
formed by AFM demonstrating the distribution and particle

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 IR data of doped carbon dots by (a) pyrolysis and (b) micro-
wave-assisted methods, including CDs (blue line), B-CDs (Green line),
N-CDs (red line), S-CDs (yellow line), and P-CDs (orange line). The
particular purple-dot lines indicating B-O (i); C—N (ii); S=C (iii) and
P-O-C (iv).

sizes of doped carbon dots (Fig. 6). Moreover, the 3D topog-
raphy of each doped CD is shown in Fig. S3 (ESIf). From this
figure, the pyrolysis treatments produce mostly small-sized
CDs. For further improvement on AFM data, we use Image]
software to adjust the size distribution of the obtained CDs,
where B-CDs1, N-CDs1, S-CDs1, and P-CDs1 have the average
diameter sizes of about 8.63, 7.47, 8.97, and 7.60 nm, respec-
tively, and B-CDs2, N-CDs2, S-CDs2, and P-CDs2 have average
diameter sizes around 9.35, 9.11, 8.06, and 5.04 nm, respec-
tively. All of the doped carbon dots are classified as carbon dots
owing to the diameter size below 10 nm with mostly spherical
shape.>** The XRD analysis (Fig. S4a) (ESI{) showed broad
(amorphous) peaks in the range of 26 from 15° to 50°, which
signified a carbon structure in the diffractogram of B-CDs2
samples. The amorphous peaks exhibited a graphitic crystal
structure confirmed by JCPDS26-1076."> Sharp peaks at 27.77°
indicated the presence of boron in the carbon dots, which was
confirmed by JCPDS 06-0297.47*
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Fig. 6 AFM 2D topography images of (a) B-CDs1, (b) N-CDs1, (c) S-CDs1, (d) P-CDs1, (e) B-CDs2, (f) N-CDs2, (g) S-CDs2, and (h) P-CDs2. Inset:

histogram data of distribution sizes.

B-CDs2 carbon dots were investigated even further by X-ray
photoelectron spectroscopy (XPS) in order to acquire the exis-
tences of atoms including boron (B 1s), carbon (C 1s), and
oxygen (O 1s) (Fig. S4bt). Table S21 shows the relative amount of
carbon, oxygen, and boron, which were calculated as 56.85%,
39.63%, and 3.52%, respectively. The XPS C 1s spectrum is
shown in Fig. S4df displaying the presence of carbon signals at
285.1 (i) and 286.4 eV (ii), which indicated the existence of
benzene and methoxy groups (C-0).*® Then, the carbon spec-
trum at 289.6 eV (iii) clarified the presence of -C=0 (ester) of
boric acid (H;BOj3) conjugated to carbon dots.*> High-resolution
XPS shows O 1s spectra (Fig. S4et) with peaks at 531.1 (iv), 532.2
(v), and 533.3 eV (vi), which were assigned to the presence of H-
O, C-0, and B-O groups in carbon dot B-CDs2. Further
measurements on the B 1s spectrum (Fig. S4ct) at 193.0 eV (vii)
showed the presence of B-O groups in the sample."”

Stability evaluation of the doped-carbon dots

Colloidal stability analysis of the doped CDs was improved
against different pH and NaCl concentrations (Fig. 7). This
analysis is considered as stability data are important aspects for
using nanomaterials in clinical applications. We first set doped
CDs with a pH value ranging from 3 to 12 and observe that no
precipitation nor agglomeration appeared by all of the doped
pH (Fig. S5, ESIt). The stipulation of the pH range used in this
investigation is based on the consistency of the pH value at
intracellular areas of cells at pH 4.5 and pH 8 in the pancreas;*
a previous study also reported that the optimal pH in the
intracellular environment is from pH 4.5 to pH 7.5." However,
B-CDs2 shows instability with significant precipitation at pH 3-
4 and slight precipitation at pH 5 after 24 h, and it also happens
in N-CDs2 at pH 3. These stability data toward the varying pH
indicate that all of the doped CDs can be safely transferred at
pH 6-12 to a human body without any harmful degradation.

104 | RSC Adv, 2021, 11, 1098-T108

Further, stability analysis was focused on the endurance of the
CDs at different salt concentrations (from 0.1 M to 0.5 M),
covering the normal ionic strength concentration (from 0.015 M
to 0.14 M).** Similar to its stability over pH, Fig. S6 (ESIT) proves
that the doped CDs are quite resistant in facing the ionic effect
of NaCl, even at high concentrations and over 24 h. To improve
visual observation data of this stability, we next inspect the
turbid value of each solution (Fig. 7). These considered as the
colloidal system was once destructed, a precipitate would be
produced and it could be tracked by increasing the turbidity
level. The turbidity data on Fig. 7a inform its consistency with
visual observation data, where all doped CDs perform good
stability (=4,88 NTU) on facing varied pH except pH 3-5 that is
mostly greater than 6 NTU. The increasing of turbidity value on
low pH condition occurred on all of the doped CDs. As well
predicted before, CDs acts with abundant functional groups
such as hydroxyl and carbonyl groups disposing as electroneg-
ative sites, forming hydrogen bonds intensely in an acidic
atmosphere. This bonding will attract other CDs leading to CD
accumulation and resulting in precipitate formation. However,
the general turbidity of CDs on average is 4 to 5 NTU. Moreover,
at different NaCl concentrations (Fig. 7b), all of the doped CDs
show no significantly different turbidity level compared with the
control (zero NaCl concentration). These data indicate that the
doped CDs show good stability performance. This finding is
supported by previous studies where the carbon dot modified at
MnFe,0, was stable at a salt concentration of 0.5 M.*® Hence, all
doped CDs have potential to be wused in biomedical
applications.

In vitro assessments

The simple synthesis and doping method proposed in this
study was further directed to biomedical application by
observing its capability in staining HeLa cancer cells. Although

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Turbidity data of B-CDs1 (Orange); N-CDs1 (Bright Green); S-
CDsl (Purple); P-CDsl (Yellow); B-CDs2 (Blue); N-CDs2 (Magenta); S-
CDsl (Green); P-CDs1 (Deep Sky Blue) at different (a) pH and (b) NaCl
concentrations after 24 h. All data are expressed as mean + SD (n = 3).

boron doping on CDs was nominated as the best optical prop-
erty (exhibit high % QY), the in vitro investigation on all of
doped CDs are important to be revealed, due to comparable
data. Cytotoxicity test by a CCK-8 assay was first carried out to
discover the toxicity of the doped CDs. These methods use WST-
8 or 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium monosodium salt, resulting in water-
soluble formazan upon reduction process with mitochondrial
dehydrogenases in living cells. Thus, the concentration of
produced formazan is correlated with number of living cells.
The CCK-8 results in Fig. 8 showed that the HeLa cell viability
decreases with the increase in doped CD concentration after
24 h incubation. However, the viability was still greater than
80% on all doped CDs at 250 pg mL ™", and it could first suggest
the low-toxic property of doped CDs. Based on ISO 10993-5, the
cell viability range of 120-80% indicates the low-toxic effects on
cells.*>** Improvements on these cytotoxicity data have been
done by determining 50% cytotoxicity concentration (CCs,) of
each doped CDs1 (Fig. 9) and CDs2 (Fig. S7, ESIT). The data
shows that the CCs, of B-CDs1, N-CDs1, S-CDs1, P-CDs1, B-
CDs2, N-CDs2, S-CDs2, and P-CDs2 are: 5289.15, 9217.56,
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are expressed as mean =+ SD with n = 3.
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bars represent 30 pm.

3725.18, 6710.52, 2444.72, 1945.04, 3218.58, and 40 318.13 g
mL ", respectively. The results, all over 1000 ug mL ™", strongly
indicated the low-toxic property on all doped CDs. The low-toxic
statement in the present study can be recognized, while
compared with other CDs reported from a pervious study (Table
S3, ESIf). Thus, all doped carbon dots are safe to be used in
biological applications because these carbon dots have low
toxicity in cells.

Further in vitro analysis was directed to discovering the
capabilities of CDs as bioimaging agents using CLSM analysis.
The CLSM results in Fig. 10 show that doped CDs can work well
as HeLa markers compared with untreated cells (control). The
figure also confirms that doped CDs can be effectively inter-
nalized to the cytoplasm of HeLa cells after 24 h incubation via
the endocytosis process. To prove the entering mechanism, we
captured the CLSM images of HeLa cells incubated with B-CDs1
for 10 min (Fig. S8, ESIt) that furnished low emission on the cell
cytoplasm, whereas high emission on its membrane. These
imply that the insertion of CDs occurred via the membrane-
mediated endocytosis process. Although the cellular uptake of
the doped CDs works through a passive targeting way (non-
chemical interaction), the existence of boron elements allows
the insertion of CDs via endocytosis mediated by sialic acid
receptors overexpressing abundantly on the cell membrane of
HeLa cells. Thus, it opens up the possibility of an active tar-
geting process of CD cellular uptake, encouraging massive
insertion as well as increased strong emission of the CDs in the
cytoplasm of HeLa cells.”® Moreover, it was previously reported
that nitrogen, sulphur and phosphor elements assist in the
cellular uptake due to the emerging additional attraction of
these elements with the cellular membrane.**** The CLSM
results proved the above statements supporting that the dop-
ping elements encourage CDs to perform strong emission
feature. Moreover, this finding indicates the good potential of
the doped CDs to be applied on cancer cell staining agents.

Conclusions

In summary, carbon dots can be synthesized from citric acid by
doping boron, nitrogen, sulphur, and phosphor atoms by

106 | RSC Adv, 2021, 11, 1098-T108

a furnace- and microwave-assisted carbonization process.
Several characterizations proved the successful doping of CDs,
that is strengthened by in silico data. All doped CDs exhibited
good colloidal stability, with the B-CDs2 compounds showing
the highest optical property (QY value 32.96%), stable at pH 6-
12 as well as ionic strength up to 0.5 M. The cytotoxicity
assessment revealed that all the doped CDs are low-toxic with
CCs, values on the upper grade comparing some previous study.
The CLSM study showed the potential application of doped CDs
as staining agents, and the doping elements on CDs facilitate
the cellular uptake of CDs passing through the cellular
membrane, thus performing significant CD emission in the
cytoplasm.
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Abbreviations

CDs Carbon dots

QY Quantum yield

CDs1 Furnace assisted carbon dots
CDs2 Microwave assisted carbon dots

B Boron

N Nitrogen

S Sulphur

P Phosphor

UV-Vis Ultra violet-visible

PL Photoluminescence

FTIR Fourier Transform Infra-Red

AFM Atomic spectrum force microscope
CCK-8 Cell counting kit 8

CLSM Confocal laser scanning microscope
CA Citric acid

H;BO; Boric acid

HNO; Nitric acid

H,SO, Sulphuric acid

H;PO, Phosphoric acid

DMSO Dimethyl sulfoxide
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NaOH Sodium hydroxide

C,H;0H Ethanol

DMEM Dulbecco's Modified Eagle Medium
PBS Phosphate-buffered saline

CCsg Cytotoxic concentration

R6G Rhodamine 6G
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