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1 Introduction

Rational design of large flat nitrogen-doped
graphene oxide quantum dots with green-
luminescence suitable for biomedical applications

Michael Nazarkovsky,? Albina Mikhraliieva, ©2 Carlos A. Achete,?
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José Nelson S. S. Couceiro,® Fernanda Davi Marques,” Bruno S. Oliveira,®

Rafael Nascimento Dias de Souza,® Ayla Josma Teixeira,® Thiago L. Vasconcelos®
and Vladimir Zaitsev © *af

Rational synthesis and simple methodology for the purification of large (35—-45 nm in lateral size) and flat
(1.0-1.5 nm of height) nitrogen-doped graphene oxide quantum dots (GOQDs) are presented. The
methodology allows robust metal-free and acid-free preparation of N-GOQDs with a yield of about
100% and includes hydrothermal treatment of graphene oxide with hydrogen peroxide and ammonia. It
was demonstrated that macroscopic impurities can be separated from N-GOQD suspension by their
coagulation with 0.9% NaCl solution. Redispersible in water and saline solutions, particles of N-GOQDs
were characterized using tip-enhanced Raman spectroscopy (TERS), photoluminescent, XPS, and UV-VIS
spectroscopies. The size and morphology of N-GOQDs were studied by dynamic light scattering, AFM,
SEM, and TEM. The procedure proposed allows nitrogen-doped GOQDs to be obtained, having 60-51%
of carbon, 34-45% of oxygen, and up to 7.2% of nitrogen. The N-GOQD particles obtained in two hours
of synthesis contain only pyrrolic defects of the graphene core. The fraction of pyridine moieties grows
with the time of synthesis, while the fraction of quaternary nitrogen declines. Application of TERS allows
demonstration that the N-GOQDs consist of a graphene core with an average crystallite size of 9 nm
and an average distance between nearest defects smaller than 3 nm. The cytotoxicity tests reveal high
viability of the monkey epithelial kidney cells Vero in the presence of N-GOQDs in a concentration
below 60 mg L™% The N-GOQDs demonstrate green luminescence with an emission maximum at
505 nm and sedimentation stability in the cell culture medium.

and nanodiamonds, can be obtained from various carbon-
containing precursors in gram-scale,” and can produce stable

Carbon dots (CDs) is a general term that is currently used for
a new class of carbonaceous fluorescent nanoscale objects'
that was discovered in 2004 by the electrophoretic purification
of oxidized single-wall carbon nanotubes.* CDs demonstrate
photoluminescence (PL) not seen for earlier known fullerenes
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suspensions in water. Unlike other photoluminescent nano-
objects such as porous silicon,® metal halide perovskite nano-
crystals,” and semiconductor quantum dots, CDs are metal-free
nano-objects and thus they are much more environmentally
friendly and biocompatible. Finally, the production and appli-
cation of CDs are very sustainable. They can be obtained from
various organic objects,® and degrade in a natural environment.
Due to their low-toxic nature and biocompatibility CDs have
great potential in biotechnology and nanomedicine,*** cell
imaging and biolabeling,"*"** for drug release,'® theranostics,**®
and photodynamic therapy.”

CDs can be synthesized using a wide variety of top-down and
bottom-up approaches. The top-down one is based on the
shredding of large carbon objects such as graphite, graphene
oxide,” and nanodiamonds® by using arc discharge,* laser
ablation,*® chemical or electrochemical oxidation.** Bottom-up
approach has been proposed more recently as an alternative

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the top-down one.*”>* Due to facile preparation and prom-
ising characteristics, research on CDs has rapidly developed
and in the last three years demonstrates high activity with more
than 3000 publications per year (according to Scopus). It is
obvious that such rapid development in CDs preparation
methodology is accompanied by many errors and misconcep-
tions and results even in nomenclature perplexity.”> Unclear
mechanism of nanoparticle formation from molecular precur-
sors stimulates speculative research on the synthesis of poorly
characterized carbon nanodots (CNDs) from almost any organic
compound.*? Commonly CNDs have small (1-5 nm) particle
size and spherical topology, and no obvious graphene nature of
the core.”®** Contrary, chemistry of the nanoparticles synthe-
sized from carbon macro objects is much clear.** Such nano-
particles have an atomically thin graphitic plane (typically
<2 nm thick) and much larger lateral dimensions.>>*® The
bandgap of such nanoparticles is size-dependent,* and there-
fore depending on oxygen content they have been called gra-
phene quantum dots (GQDs) or graphene oxide quantum dots
(GOQDs). Generally speaking, the top-down approaches facili-
tate the fabrication of GOQDs with high crystallinity and
a relatively intact structure, while the bottom-up approach has
resulted in a mixture of various CNDs.*’

The biomedical application of CDs requires strict control of
the particle size, chemical composition, and morphology.*®
These characteristics determine the properties of the nano-
particles such as toxicity, permeability, and stability of the
particle suspensions.****> For example, while large GOQDs
particles have low cytotoxicity, small CNDs may have the
potential of passing through the blood-brain barrier.** Also it
was demonstrated that CDs prepared in the bottom-up
approach from bamboo demonstrate different cytotoxicity and
cell permeability depending on the carbonization procedure.**
Since information on the composition and morphology of CNDs
is much less intact it is more appropriate to use better-defined
GOQDs for their biomedical application than poorly charac-
terized CNDs.****

A general approach for the preparation of GOQDs is based on
the shredding of different carbon-containing materials such as
coal, carbon black, graphite, carbon fibers, fullerenes, etc.
Exfoliated GO can be chemically shredded to GOQDs with good
yield by W;53049, KMnO,, KHSOs, and KO,.>'*** Although
powerful oxidants showed high efficiency, it is a tedious task to
purify the nanoparticles for metal ion impurities,* which may
cause undesirable phenomena, such as lowered biocompati-
bility (in some cases, even toxicity), lowered luminescence effi-
ciency or reduced ability as carriers of active substances.***
Therefore, sophisticated purification techniques are required
for GOQDs purification.>

As an alternative to metal-containing oxidants, water solu-
tion of hydrogen peroxide was successfully texted in preparation
of GOQDs from GO in the presence of iron ions.>* Most likely,
GOQDs formation emerges from the process of GO radical
epoxidation with further hydrolysis of oxirane cycles.** Utiliza-
tion of H,0, in the GOQDs synthesis is a very desirable
approach for their biomedical application since it enables the
preparation of metal-free nanoparticles. Therefore, further
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attempts were performed to avoid the utilization of Fenton
reaction. Particularly recently it was demonstrated that H,O,
can exfoliate GOQDs in the absence of metal ions under sol-
vothermal conditions.>>**

Another important aspect in the preparation of GOQDs is
their doping with heteroatoms. Doping of carbonaceous nano-
particles with heteroatoms, such as N, P, S, or B, is an effective
way to modulate their chemical, electronic, and structural
functionalities. Doping of GOQDs generates local defects in the
graphene layer and thus delocalized charge.* This charge can
be a key factor determining cytotoxicity, cellular uptake, and
intracellular trafficking of the nanoparticles.”®* Among the
different dopants, nitrogen-doped GOQDs (N-GOQDs) have
garnered the most interest due to enhanced photoemission and
tunable optical properties rendered by the three possible types
of N-doping, including pyridinic N, pyrrolic N, and quaternary.*”
Also N-GOQDs exhibit advantages such as good photothermal
conversion efficiency and enhanced ability to generate singlet
oxygen and superoxide radical anions®® that can be used in
bioimaging and photodynamic therapy.*

Nitrogen doping can be performed through post-synthesis
processes, for instance, in hydrothermally treating of GOQDs
in ammonia solution. Alternatively, heteroatom doping can be
achieved during the top-down synthesis of nanoparticles via
introducing a heteroatom source or directly using dopant-
containing oxidant or reductant.*®

The current research is devoted to the one-step preparation
of green-photoluminescent nitrogen-doped graphene oxide
quantum dots (N-GOQDs) having 35 &+ 10 nm in lateral size and
1-1.5 nm of height under hydrothermal treatment from gra-
phene oxide in green metal-free and acid-free conditions with
ayield of about 100%. For the preparation of N-doped GOQDs,
the combination of H,0, as an oxidizer and NH; as a dopant
seems to be a promising technique. It seems the presence of
ammonium in the solution leads to the control of the oxidative
potential of hydrogen peroxide and, thus, affects robust the
yield of large N-GOQDs. The approach is suitable for the prep-
aration of re-dispersible non-cytotoxic nanoparticles giving
indefinitely stable suspensions in saline solution. One-step
purification method that allows the separation of N-GOQDs
from other carbonaceous residuals was also developed.

2 Materials and methods

2.1. Chemicals and equipment

Potassium permanganate (99%), Triton X-100,
methylthiazolyldiphenyl-tetrazolium bromide (MTT), M199
media, dimethyl sulfoxide (DMSO), hydrogen peroxide (30%),
and ammonia (33%) solutions were purchased from Sigma-
Aldrich. Phosphoric acid (85%), sulfuric acid (95-98%), hydro-
chloric acid (37%), and sodium hydroxide (97%) were
purchased from Vetec (Brazil), while graphite powder came
from https://Synth.com.br (Brazil). Dialysis membrane (CE
MWCO 8000-10 000) from Spectra/Por® Biotech (USA), PTFE
filters (0.45 pm) from Sartorius Stedim Biotech (Germany),
and filters for syringes (PTFE-hydrophilic with polypropylene
pre-filter, 0.22 um) from Analitica (Brazil) were used for GO and
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N-GOQDs purification together with Amicon® stirred cell 50 mL
(Sigma-Aldrich) and ultracentrifuge NT800 from Novatecnica
(Brazil).

All aqueous solutions were prepared using ultra-pure water
obtained on PURELAB Classic, (Elga, UK). Values of pH were
measured using a PHS-3E pH-meter with a BioTrode (Hamilton,
USA) ion-selective electrode. The electrical conductivities of the
suspensions were measured using an HI 8633 conductivity
meter (Hanna Instruments, UK). The concentrations of
manganese ions in the solution were determined by an Optima
7300 DV inductively coupled plasma optical emission spec-
trometer (PerkinElmer, USA). Photoluminescence measure-
ments of water suspensions were performed using an LS 55
luminescence spectrometer (PerkinElmer, USA). UV-VIS
absorption spectra were measured on a Cary 100 spectropho-
tometer (Agilent, USA).

The cytotoxicity tests were performed on Vero cell line from
the kidney tissue of African green monkey purchased from
ATCC (Vero CCL-81™) for pre-sterilized in an autoclave (t =
121 °C, 20 min) suspensions of nanoparticles. The cytotoxicity
test was carried out by the MTT method, as described by Mos-
mann,* and the reading was performed using EZ Read 400
ELISA microplate reader (Biochrom, UK).

2.2. Characterization techniques

Atomic force microscopy (AFM) images were obtained using
a Bruker MultiMode 8 microscope. A Si tip with a force constant
of 0.4 N m™ " and a resonance frequency of 70 kHz was used in
the tapping peak force method. The samples were diluted in
deionized water, ultrasonicated, and dripped on a clean mica
surface which then was dried in a nitrogen flux for 2 h. Statis-
tical analysis of the thickness distribution was performed using
Gwyddion 2.53 software. The chemical composition of the
nanomaterials was investigated from the samples supported on
a silicon wafer using X-ray photoelectron spectroscopic (XPS)
measurements on high vacuum ESCAplus P System from Omi-
cron Nanotechnology (Germany) with a non-monochromatic Al
X-ray source (Ko = 1486.7 eV). The scan-type spectra (survey)
were acquired in the range of 1100-0 eV with a step of 1.0 eV, the
acquisition time of 0.3 eV, and an analyzer power step of 160 eV.
High-resolution spectra were collected for the carbon line,
using the analyzer's energy step of 30 eV. The peak fitting was
performed using Casa XPS software.

The morphological characteristics of the nanoscale objects
were studied by scanning electron microscopy (SEM) in an FEI
Magellan 400 microscope applying 20 kV and 100 pA. For these
analyses, the sample was sonicated for 30 min and then 1 drop
was placed on the silicon wafer and dried under ambient
conditions. Transmission electron microscopy (TEM) analysis
was performed in a probe-corrected FEI Titan 80-300 apparatus.
An X-ray energy dispersive spectroscopy (EDS) detector was used
in elemental analysis. The tip-enhanced Raman spectroscopy
(TERS) analyses of this work were performed in a bottom illu-
mination TERS system.®*®* The system is composed of an
inverted microscope, a homemade shear-force AFM scan head
and a spectrometer (Andor, Shamrock 303i) equipped with
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a 600 L mm ' grating blazed at 500 nm and a CCD camera
(iDUS —70 °C). A radially polarized HeNe laser beam (A = 632.8
nm) is focused on the bottom of a glass coverslip substrate
using an oil immersion 1.4 NA objective. On the other side of
the substrate, an optical nanoantenna is positioned around
5 nm from the sample. The nanoantenna used is a plasmon-
tunable tip pyramid (PTTP), which shows high optically effi-
ciency and is fabricated by a fully reproducible method.***® The
scattered field is collected by the same objective passes
throughout a low-pass filter that removes the Rayleigh compo-
nent and is finally detected at the spectrometer. For the TERS
hyperspectral image acquisition of Fig. 9, the laser power at the
sample was set to 170 pW, and the image pixel size was 20 nm,
with an integration time of 1.0 s.

Dynamic light scattering analyses of 0.6 mg mL ™" aqueous
N-GOQDs solutions were performed on a nanoparticle analyzer
(Horiba SZ-100), equipped with a diode-pumped frequency
double laser (532 nm, 10 mW). All measurements were per-
formed by triplicate in standard square optical-glass cells at
a scattering angle of 173° (backscattering) and 25 °C.

2.3. Synthesis of graphene oxide (GO)

GO samples were prepared according to the previously reported
procedure.®” In brief, 200 mL of a mixture of concentrated
H,S0, and H3PO, (9 : 1 v/v) was added to graphite powder (1.5
2) in a 500 mL round-bottom flask equipped with a mechanical
stir bar. Then KMnO, (9 g) was added slowly at room temper-
ature under stirring and after the flask was heated to 50 °C and
kept at this temperature for 12 h. The obtained light-pink
mixture was cooled down and poured slowly onto ice (400 mL)
with 30% H,0, (20 mL) giving an orange suspension. To remove
manganese impurities, the precipitate was separated by
centrifugation and washed with HCI (2%). The procedure was
repeated until the negative result on Mn impurity in solution
was confirmed by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). Finally, the aqueous suspension of
graphene oxide was purified from water-soluble components by
dialysis (48 h, membrane 8000-10 000 Da), concentrated on
Amicon stirred cell using 0.45 um PTFE filter, washed with
ethanol (3 times) and ether, and dried in vacuum, giving 1.3 g
(87%) of fine semi-transparent dark-brown flakes.

2.4. Synthesis of N-GOQDs

To a dispersion of GO (60 mg) in deionized water (20 mL) 1.5 mL
of ammonia solution (25%) and 3.0 mL of H,O, (30% solution)
were added. The dispersion volume was equalized to 80 mL. The
sample was processed under hydrothermal conditions at 180 °C
for 2-8 hours (corresponding nanoparticles were denoted as N-
GOQDs-n, where n = 2, 4, or 8) in a Teflon cylinder reactor,
cooled naturally, and centrifuged at 15 000 rpm (37 000g) for
10 min collecting supernatant. To remove residual non-reacted
ammonia and hydrogen peroxide, the green-luminescent water
suspension of raw N-GOQDs was lyophilized in vacuum at room
temperature resulting in 60 mg of dark-brown non-fluorescent
fine powder.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.5. Purification of N-GOQDs

40 mg of lyophilized powder has been re-dispersed in 50 mL of
deionized water and the suspension was filtrated using Millipore
Amicon ultrafiltration system employing a hydrophilic 0.22 pm
membrane resulting in the preparation of a brawn-yellow
suspension containing 40 mg (100% yield) of raw N-GOQDs with
green photoluminescence. The aqueous suspension of N-GOQDs
was purified from water-soluble components by dialysis (48 h,
membrane 8000-10 000 Da). Finally, 0.045 g of NaCl was added to
5 mL of the suspension and stirred on vortex until complete NaCl
dissolution. After about 12 h of storage at 4 °C yellow supernatant
containing N-GOQDs was separated from a small amount of black
precipitate by centrifugation (5 min, 3600 rpm).

2.6. The cytotoxicity tests on the GOQDs

The cytotoxicity effect of N-GOQDs was studied for Vero cell line
cultivated in the M199 media. The stock suspension of N-GOQDs
(0.57 mg mL™") was used after gradual dilution (1 : 10, 1 : 100,
1:10%. The MTT salt was reconstituted in sterile phosphate-
buffered saline (PBS) at pH 7.2 at a concentration of 5 mg
mL ™. For the kinetics studies, the incubation of the cells with N-
GOQDs was performed for 3, 6, 24, and 72 hours at 37 °C and 5%
CO,. Additionally, positive control, PC (the cultivated cells only),
and negative control, NC (the cells in the presence of Triton X-100)
were prepared as references. After incubation, MTT solution was
added, and incubation was performed for 2 h. Next, the MTT
excess was washed out with 100 uL. DMSO and the absorbance of
the cell treated with MTT was measured at A = 570 nm. To assess
the viability of the cells and possible significant differences from
the controls, statistical treatment was performed. The normality
of the variances was analyzed with the Shapiro-Wilk method to
test H, (normal distribution at p > « = 0.05).

3 Results

3.1. GO preparation

GO nanosheets were prepared in a one-step ultrasonic synthesis
by oxidation of graphite flakes with KMnO, in a mixture of
concentrated H,SO, and H3;PO,. It is important to obtain
a metal-free GO since even traces of electrocatalytically active
metal ions such as Mn>" can essentially alter the procedure of N-
GOQDs preparation. To ensure the Mn-free composition of GO

Fig. 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples, the concentration of Mn ions in supernatant solution
was monitored using ICP-OES. It is also important to obtain GO
with a minimum number of graphitic layers. Contrary to gra-
phene, GO has various polar groups that firmly bind water
molecules. To remove water adsorbed between GO layers it was
gradually replaced with less polar and more volatile solvents.
Following this approach, water suspension of GO was conse-
quently treated with ethanol and diethyl ether and finally dried
in a vacuum at room temperature. Obtained under such
procedure samples of GO come out in a form of very light
translucent brown flakes that can be seen in optical microscopy
as transparent sheets, Fig. 1a. Scanning electron microscopy
verifies non-porous morphology of the resulted product while
AFM microscopy demonstrates 2D morphology of the flakes
with thickness below 6 nm, confirming the preparation of few-
layer GO, Fig. 1b and c.

3.2. N-GOQDs preparation

The purpose of this research was to develop the procedure of
preparation and purification of N-GOQDs suitable for biomed-
ical applications and thus to avoid the utilization of metal-
containing oxidative agents due to difficulties related to their
separation from the resulted nanoparticles. Therefore, water
solution of H,O, and ammonia has been used in the current as
shredding agents for the preparation of N-GOQDs from GO
under hydrothermal conditions. Shredding efficiency and thus
yield of N-GOQDs depends both on the redox potential of the
oxidant and the stability of GO. It was assumed that -7
stacking between graphitic layers in GO decreases the internal
energy of multilayered GO. Thus shredding of multilayer GO
requires utilization of strong metal-containing oxidative agents
while few-layer GO can be etched even with H,0,.%*> Indeed, by
hydrothermal treatment of few-layer GO having only 2-5 nm of
the flake thickness (Fig. 1¢) N-GOQDs were obtained by hydro-
thermal treatment of H,O, and ammonia with about 100%
yield. The brown-yellow suspension obtained after such treat-
ment did not contain visible amounts of precursor (GO) or other
large particles that could be separated by micro-filtration or by
high-speed centrifugation.

UV-VIS spectrum of raw N-GOQDs in water demonstrates
typical for GOQDs profile - gradually decrease strong absorp-
tion in UV-range with shoulders at 340 nm and 480 nm. In
addition to the mentioned bands, the spectrum shows very

Images of GO samples in (a) optical (x400), (b) scanning electron, and (c) atomic force microscopies.
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Fig. 2 UV-VIS spectra of as-prepared N-GOQDs in water (black line)
and 0.9 wt% NaCl solution (red line), and differential absorption
spectrum (inset).

broad absorption below 550 nm, Fig. 2 (inset). This absorption,
which contributes to the brown color of the suspension, did not
discuss in the literature, but can be attributed to contamination
of N-GOQDs by other particles (for example, reduced GOQDs).

It was demonstrated that N-GOQDs can be separated from
such impurities by their coagulation in NaCl solution. The
addition of solid NaCl to the suspension of raw N-GOQDs
precipitates a small amount of black non-luminescent
powder, that can be easily separated from yellow supernatant
by centrifugation. Suspension of N-GOQDs demonstrates
indefinite colloidal stability in physiological solution: no
notable changes in UV-VIS spectra were detected during four
months of the suspension storage at 4 °C. This enables the
biomedical application of N-GOQDs.

3.3. The particles characterization

3.3.1. X-ray photoelectron spectroscopy. The chemical
composition of N-GOQDs was determined from energy-
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1000 800 600 400 200 0
Binding Energy (eV)
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dispersive X-ray spectroscopy (EDX), X-ray photoelectron spec-
troscopy (XPS), and tip-enhanced Raman spectroscopy (TERS).
EDX, as well as XPS data, confirms the metal-free nature of the
nanoparticles. The full-range XPS spectrum of N-GOQDs shows
peaks of N 1s at 401 eV, C 1s at 285 eV, and O 1s at 532 eV
confirming obtaining nitrogen doping carbonaceous nano-
particles, Fig. 3a.

According to XPS data, the nanoparticles have a higher
content of electronegative atoms (O and N) than parent GO. An
increase in the synthesis time amplifies the content of hetero-
atoms in N-GOQDs from 39.9% (for two-hour synthesis) to
49.1% (for eight-hour synthesis), Table 1. While the content of
oxygen increases proportionally with the time of the synthesis,
nitrogen doping has a superior limit of 7.2% reached within
four hours of synthesis, Table 1.

To understand these phenomena, the high-resolution XPS of
N-GOQDs has been studied. The C 1s spectra of N-GOQDs-2
show a peak with essential asymmetry, which allows its convo-
lution to Gaussian peaks at 284.5, 286.2, and 288.1 eV, Fig. 3b.
These results suggest that N-GOQDs obtained in two hours of
synthesis mainly consist of graphene core with sp® carbon
atoms and C-N/C-0, and >C=O0 fragments.®* For N-GOQDs-4
peak intensity at 286.2 eV augments, indicating the formation
of more defects C-N or C-O defects on graphene sp> core.
Together with this, widening of the peak at 284.5 eV can be
observed, indicating the possible formation of C sp® moieties.
Also, the peak with a maximum at 288.1 eV receives a high
energy tail, signifying the formation of some carboxylic (O-C=

Table 1 The atomic composition of graphene oxide (GO) and gra-
phene oxide quantum dots (N-GOQDs), calculated from XPS spectra
of the nanoparticles obtained from GO in 2, 4, and 8 hours of synthesis

Atomic composition (at%)

Sample C o N
GO 66.4 33.6 <0.1
N-GOQDs-2 60.1 34.6 5.3
N-GOQDs-4 53.1 39.8 7.2
N-GOQDs-8 50.9 45.3 3.8

Count/sec

294 292 290 288 286 284 282 280
Binding energy (eV)

Fig. 3 XPS spectra of N-GOQDs: (a) full-range XPS spectrum, (b) C 1s XPS spectrum of N-GOQDs obtained after two (1), four (2), and eight (3)
hours of hydrothermal synthesis. Deconvoluted peaks are indicated by the dash lines.
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Fig. 4 N 1s XPS spectra of N-GOQDs obtained after two (a), four (b), and eight (c) hours of hydrothermal synthesis. Deconvoluted peaks are

indicated by the dash lines.

0O) moieties.®® XPS C 1s spectrum of the nanoparticles obtained
in 8 h synthesis exhibits an essentially larger high-energy tail for
the peak with a maximum at 288.1 eV and essentially less
intensive peak at 286.2 eV, suggesting the further formation of
0O-C=0 fragments for N-GOQDs-8 nanoparticles with simulta-
neous decreasing of C-N or C-O moieties, Fig. 3b. The only XPS
of GOQDs-8 shows a peak at 291 eV that can be attributed to
shakeup satellites, indicating w — 7* type transitions in gra-
phene core.*®®

The N 1s XPS spectra of N-GOQDs have different appear-
ances depending on the time of the nanoparticle synthesis,
Fig. 4. XPS for N-GOQDs-2 shows a symmetrical peak at 399.8 eV
being attributed to (C),-NH (denoted as N-5, Fig. 5) bonding,
and a very weak peak at 406.7 eV. The spectrum of N-GOQDs-4
particles is deconvoluted into four peaks named N-5, N-6, N-Q,
and N-X and their binding energy was constrained at 399.8,
400.6, 401.5, and 406.7 eV respectively.”” The N-6 peak is
attributed to pyridinic nitrogen where a nitrogen atom substi-
tutes for a carbon atom in an aromatic ring. The N-5 peak is
related to organic nitrogen in pyrrolic derivatives and the
nitrogen atom is just bonded to one hydrogen atom and two
carbon atoms, amine, and amide. The N-Q peak is associated
with quaternary nitrogen where the nitrogen atom substitutes
the carbon atom in a condensed aromatic ring system and each

H ¢°
| : |
N / /@
& j AN N |
N-5 N-6 N-Q N-X

Fig. 5 Schematic nitrogen-containing molecular structures.

© 2022 The Author(s). Published by the Royal Society of Chemistry

nitrogen is bonded to three carbon atoms. The N-X peak is
usually assigned to the pyridinic N-oxide (Fig. 4).”°

The functional composition of N-GOQDs estimated from the
results of C 1s and N 1s XPS spectra is presented in Table 2.

From C 1s XPS data of N-GOQDs, it can be concluded that the
nanoparticles obtained in two hours of synthesis consist of
graphene core (62%) modified with C-N/C-0 (18%) and >C=0
(20%) moieties. With increasing the synthesis time graphene
fraction is slightly reduced, while loading of lateral carboxylic
groups rises to 9% of the total carbon content, Table 2. The
XPS N 1s data demonstrate essential changes in the speciation
of nitrogen for different N-GOQDs. The particles obtained in
two hours of synthesis contain only N-5 moieties, while those

Table 2 The relative area of the peaks obtained by deconvolution of C
1s and N 1s high-resolution XPS of N-GOQDs

Relative peak area (%)

Carbon
C-N
Sample C=C and C-O C=0 0-C=0 T-1t*
N-GOQDs-2 62 18 20 0 0
N-GOQDs-4 57 26 13 5 0
N-GOQDs-8% 58 18 15 9 9
Nitrogen
Sample N-5 N-6 N-Q N-X
N-GOQDs-2 100 0 0 0
N-GOQDs-4 41.2 15.2 36.2 7.4
N-GOQDs-8 47.2 33 12.3 7.5

“ Calculated without considering —m* band.
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prepared for a longer time have above 50% of other nitrogen-
containing functional fragments, Table 2. Pyridine derivatives
are much more stable to H,O, treatment than N-5 and N-Q sites,
therefore a fraction of N-6 moieties grows with the time of
synthesis, while N-Q declines. Also, only N-6 fragments can
react with H,O, giving pyridine N-oxide derivatives. Thus,
according to XPS quantitative analysis, N-GOQDs-8 can have up
to 40.5% of the total nitrogen loading in form of pyridine

100%

90%
mC=C

80% ECO+CN
®
4 70% BC=0
=3
E o
® 0% WO-C=0
=
S EN-5
g 50%
E’ EN-6 + N-X
S 40%
5 EN-Q
2
5 30% oo
&

20%
10%

0%

GO N-GOQDs-2 N-GOQDs-4 N-GOQDs-8

Fig. 6 Relative functional composition of N-GOQDs obtained in two
(N-GOQDs-2), four (N-GOQDs-2), and eight (N-GOQDs-2) hours of
the hydrothermal synthesis.
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derivatives, part of which (7.5%) can be in form of N-oxide (N-X
sites), Table 2.

Taking to account the atomic content of N-GOQDs (Table 1)
and the results of C 1s and N 1s XPS quantification (Table 2), the
overall functional composition of the nanoparticles obtained in
different experimental conditions has been determined. From
the results presented in Fig. 6, it can be seen that increasing the
time of N-GOQDs synthesis leads to gradual oxidation of the
graphene layer and partial elimination of nitrogen moieties. In
contrast, the fraction of lateral carboxylic groups increases with
time.

3.3.2. Tip-enhanced Raman spectroscopy. Raman spec-
troscopy is one of the most powerful techniques to study
graphite and graphene systems, although its spatial resolution
is diffraction-limited to around 300 nm. On the other hand,
TERS can overcome the diffraction limit by applying an optical
nanoantenna to make use of the near-field information.** In
Fig. 7, we applied TERS analyses using a high optically efficient
PTTP nanoantenna to locally investigate the Raman response of
the N-GOQDs with a resolution up to 20 nm.**”* Fig. 7a shows
a hyperspectral image where the blue-to-white color scale
renders the Raman G band intensity. This optical image can be
compared to the topography image (Fig. 7b) simultaneously
acquired with the nano-Raman image, from which five big
nanoparticles within 50 nm to 150 nm of lateral size, and 10 nm
to 25 nm of height, can be observed surrounded by a lot of small
nanoparticles with a lateral size smaller than 30 nm and around
1 nm of height. The bigger ones are possibly clusters of N-
GOQDs and their spectra are plotted in greyscale in the graph
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Fig. 7 TERS analysis of N-GOQDs nanoparticles at glass coverslip substrate. (a) TERS hyperspectral image with a pixel size of 20 nm, blueish
color rendering the G band. (b) Topography image simultaneously collected with the nano-Raman imaging, showing nanoparticles with a lateral
size smaller than 50 nm well dispersed over the substrate and a few bigger nanoparticles agglomeration of around 100 nm. (c) TERS spectra were
collected at pixel positions indicated by the arrows on image (a), where the grey color arrows with five distinct brightness are from the biggest
nanoparticles, whereas the green and blue were collected elsewhere, indicating the optical information from the substrate (blue) and at a single
N-GOQDs nanoparticle (green). All spectra were shifted, and the green spectrum was multiplied 5 times to clarity. (d) Scatter plot of the (Ap/Ag) x
Eser” as function of the G band's linewidth (I'c) from the data over the five biggest agglomerated nanoparticles. The black dashed and solid
curves were adapted from the study of the influence of defects on the Raman spectra of graphene.” The dashed curve was calculated for varying
the average distance between nearest defects (Lp) and considering a fixed value of the graphene average crystallite size L, = 500 nm. This solid
curve was calculated for different values of L, with Lp fixed at 500 nm.
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(Fig. 7c), showing in all plots the same defect-like graphene
behavior for the disorder-induced D band (~1340 cm™ ') and the
first order allowed bond-stretching G band (~1600 cm™%).
Another less intense peak at around ~1520 cm™* (D” band) was
observed with D”/G ~ 0.3, as conventionally reported for gra-
phene oxide samples.” In addition, two spectra were plotted in
the graph in color (Fig. 7c): the green spectrum was collected
out from a very small nanoparticle (probably a single N-GOQD),
and the blue one, was obtained from the substrate with low-
intensity of D and G peaks can be assigned to the far-field
contribution. Interestingly, the spectra collected on a single N-
GOQD (green) shows five narrow peaks at 1291 cm !,
1380 cm ™, 1448 cm ™%, 1548 cm ™ * and 1600 cm ™. This can be
evidence of molecular size GO nanoparticle, for which its
Raman peaks are expected to be shifted and narrowed, as well
as new peaks, that can be observed as a result of electron and
phonon lateral confinement.”

Also, the intensity of the D and G bands and the width of the G
band can be used to estimate the density of defects and the

A
= R

Fig. 8 Schematical presentation of N-GOQDs-4.
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graphene crystallite size.”> To do so, we plotted in the graph
(Fig. 9d) the data from the spectra acquired on the bigger
nanoparticles. The graph shows the calculated (Ap/Ag) X Ejaser
as function of the G band linewidth I'g, where E,¢, is the energy
of the laser used, which in our case is 1.96 eV, A, and Ag are the
area of the D and G peaks, calculated by fitting on the data three
Lorentzian curves for the D (1336 cm™ '), G (1605 cm ') and D/
(1620 cm™ ') peaks, and one Gaussian curve for the D”
(1523 cm™ ") peak. In the same graph, we included two curves
adapted from the work of ref. 74. As better described in this
referenced work, the dashed curve was calculated for varying the
average distance between nearest defects (L) and considering
a fixed value of the graphene average crystallite size L, = 500 nm,
whereas the black solid curve was calculated for different values
of L, with fixed Lp = 500 nm. By comparing our data, with mean
values of (Ap/Ag) X Ejaser: = 50 €V* and I' = 66 cm ™, to the data
from ref. 74 we can assume that the N-GOQDs show graphene
crystallite size of around 9 nm and Ly, smaller than 3 nm. These
values found corroborates with the expected for a disorder
carbon of N-GOQDs, even when considering the TERS effect on
this methodology made for micro-Raman, which leads to
a correction factor that would reduce the contribution of (Ap/Ag)
X Ejaser, and thus improving the Ly, value for a few nanometers,
as shown in the work of ref. 75.

Considering GO model proposed by Rourke” and further
developed by Hassenkam,”” the functional structure of N-
GOQDs was proposed. The structure matches the results of
the chemical analysis of the corresponding particles. Nitrogen
dopants are mainly allocated in the graphene basal plane, while
oxygen ones are on the particle edges, Fig. 8. It can be seen that
different nitrogen sites of N-GOQDs generate different kinds of
defects. Because the fractions of the sites depend on the parti-
cles' preparation conditions (Fig. 6), variation of such condi-
tions can result in changing of optical and biomedical
properties of the N-GOQDs. Also, the structure demonstrates
heavy carboxylation of the particle edges, which explains
experimentally observed high stability of the particle in water
suspension and physiological solution. These observations can
be useful to design N-GOQDs with specific functionality.

10 pm
Inmetro/Dimat/Nular

Fig. 9 SEM images of the precipitate obtained by treatment of water suspension of raw N-GOQDs with 0.9 mL NaCl solution (a) and remaining

supernatant (b).
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Fig. 10 TEM image of N-GOQDs-8 obtained by hydrothermal treatment of GO with H,O, and NH.

3.3.3. Electron microscopy. As it was mentioned in Section
3.2, raw N-GOQDs are contaminated by other carbonaceous
residuals that coagulate in physiological solution. SEM image of
this coagulate presented in Fig. 9a demonstrates that this
precipitate forms the network, which possibly represents the
remains of GO after chemical etching of N-GOQDs. N-GOQDs
demonstrate stability in physiological solution and thus can
be easily separated from the impurities. SEM image of N-
GOQDs on silicon wafer presented in Fig. 9b.

Section 1

0 — 71— - v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Position (1m)

Fig. 11 AFM images of the GOQDs (a) with their height profile along
the line marked in the AFM image (b).
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According to the result of TEM, N-GOQDs obtained in the
current research have an irregular shape with an average lateral
size of about 35 + 10 nm, Fig. 10.

3.3.4. Atomic force microscopy. AFM image of N-GOQDs
nanoparticle adsorbed on mica substrate demonstrates that
the height of the nanoparticles does not exceed 1.0-1.5 nm,
Fig. 11. Variations in lateral size and topology of the N-GOQDs
can also be seen from the AFM image. The investigation
demonstrates that the N-GOQDs have an irregular shape, they
are significantly larger but essentially thinner than CNDs.*®
Irregular shape of N-GOQDs particles also logically follows from
the mechanism of their formation by chemical shredding of
GO. Such difference can be very important in the biomedical
application of N-GOQDs, particularly in their cytotoxicity and
cell essential changes.

3.3.5. Dynamic light scattering. Suspension of N-GOQDs in
water is very stable and thus allows investigation by dynamic
light scattering (DLS) method, for determination of the hydro-
dynamic diameter of the particles. This parameter is more
important for biomedical applications of the N-GOQDs than the
particle size determined by TEM. As it can be seen from the data
presented, raw N-GOQDs demonstrate the large asymmetric
distribution of their hydrated size in the frame of 40-500 nm
(Fig. 12a), while purified by coagulation of impurities in NaCl
show much narrow particle size distribution between 50 and
120 nm (Fig. 12b). These results indicate the need for nano-
particles purification before their biomedical utilization.

3.4. Spectroscopic and photoluminescent properties of N-
GOQDs

As-prepared N-GOQDs can be dried in a vacuum and then re-
dispersed in water by vortex shaking or under ultrasound treat-
ment. This action does not affect the UV-VIS spectra of N-GOQDs
suspensions in water, reducing insignificantly (10-15%) the
absorption intensity of the suspensions in a wide range of the
nanoparticle concentration (from 2 x 10! g L"), Fig. 13.

Due to essential variation in the particle size and chemical
composition, samples of N-GOQDs demonstrate excitation-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Dynamic light scattering of raw N-GOQDs-4 (a) and the same particles after purification with NaCl (b).
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Fig. 13 UV-VIS absorption spectra of water suspensions obtained at
different concentrations of as-prepared (black lines) and re-dispersed
(red lines) N-GOQDs.

dependent photoluminescence, Fig. 14a. Photoemission at 460—
520 nm can be successfully exited by visible light from 390 to
480 nm. When the N-GOQDs suspension is excited by light with
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a wavelength less than 430 nm, their photoemission band is
wide and asymmetric. With the increase of the exited wave-
length, the emission bandwidth decreases from its high-energy
wing. At 430 nm of excitation, the emission band reaches its
maximum intensity at 500 nm, Fig. 14b.

Unlike UV-Vis spectroscopy, linear correlation between the
concentration of N-GOQDs and photoluminescence emission is
observed for diluted water suspension of the nanoparticles only,
up to 100 mg L~ " (Fig. 15) due to the inner filter effect.

3.5. Cytotoxicity of N-GOQDs

First, it was shown that the suspension of N-GOQDs-4 in the
M199 culture medium is stable. For this, the suspension
luminescence was monitored periodically for 74 h, and no
tendency of decrease was detected. Cytotoxicity results
demonstrated that the viability of Vero cell line in the presence
of N-GOQDs was not significantly lower than for positive control
at all experimental conditions for 3, 6, 24, or 72 h of incubation.
The significant difference in the comparison of the mean was
revealed by negative control (NC) over the full kinetics profile.
The saline as a reference was slightly different from the 1 : 100
dilution at 6 h of incubation (p = 0.0287, Fig. 16b) and to 1 : 10,
1:100 and PC at 24 h of incubation (p = 0.0074, 0.0127 and
0.0172, respectively Fig. 16c). In terms of decision-making,
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Fig. 14 Normalized (a) and absolute (b) photoluminescence spectra of diluted N-GOQDs water suspension at different excitation wavelengths.
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(d) hours of treatment.

these values speak that p is not low enough to reject the null
hypothesis for the equality of the means.

Because of nomenclature perplexity, the data available on
CDs cytotoxicity is very confused. Even in the latest reviews
various CDs having different topology, composition and sizes
are commonly considered as GQDs,”*®" which is wrong. It
seems small spherical CNDs are less cytotoxic than plane large
GQDs, probably due to different permeability and transport
mechanisms.®® For example it was demonstrated that the
viability of cancer cells (cervical cancer cells HeLa, lung carci-
noma cells A549, etc.) decreases from 97% to 75% with
increasing of CNDs particles size.** For GOQDs having a lateral
size above 50 nm, the viability of human glioma cells U251 is
about 75% at the concentration of nanoparticles 0.1 mg mL "
and incubation period of 24 hours.** Other aspect of confusion
is perplexity in doping (substation of carbon atoms of the

14352 | RSC Adv, 2022, 12, 14342-14355

graphene layer by heteroatoms) and functionalization (immo-
bilization of various functional groups on the lateral sides of the
particle) of CDs. It was demonstrated that nitrogen-
functionalized CNDs are more cytotoxic than carboxylated or
oxygenated ones, probably due to differences in surface
charge.®® Contrary to CNDs, nitrogen-doped GQDs demonstrate
even higher (over 90%) viability than pristine ones.*® This
research shows that N-GOQDs can demonstrate even smaller
cytotoxicity than N-GQDs with the viability of Vera cells up to
98% after 72 hours of incubation in 60 mg L™ of N-GOQDs
suspension, Fig. 16. Such effect can be explained by the func-
tional structure of N-GOQDs (Fig. 8): the N-GOQDs are more
oxygenated than N-GQDs, and they are heavily carboxylated on
the edges. These two factors are in favor to reduce the cytotox-
icity of N-GOQDs.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

It is demonstrated that N-GOQDs can be obtained from few-
layer GO under hydrothermal treatment with H,O, and
ammonia with a yield of about 100%. The brown-yellow
suspension obtained after such treatment did not contain
visible amounts of precursor or other large particles that can be
separated by micro-filtration or by high-speed centrifugation.
Nevertheless, UV-Vis spectra of raw N-GOQDs show a very broad
absorption band below 550 nm suggesting high molecular
weight impurities that can be removed by coagulation with NaCl
solution. Resulted re-dispersible N-GOQDs demonstrate indef-
inite stability of their suspensions in water and physiological
solution. The chemical composition of N-GOQDs determined
for XPS and TERS that the procedure proposed allows obtaining
nitrogen-doped GOQDs with up to 7.2% of nitrogen. Deconvo-
lution of C 1s peaks in high-resolution XPS allows to demon-
strate that N-GOQDs obtained in two hours of synthesis mainly
consist of graphene core with 18% of C-N or C-O defects, and
about 20% of C=0 fragments located on the particle edges. The
N-GOQDs obtained in 4-8 hours of hydrothermal treatment
show heavy carboxylation of the particle edges. Analysis of high-
resolution N 1s XPS allowed proving nitrogen doping of gra-
phene core with formation of N-5, N-Q, N-6, and N-X defects.
The fractional composition of nitrogen defects depends on the
synthesis time. TEM, AFM, and TERS prove the planar topology
of N-GOQDs with about 1.0-1.5 nm of height and 35 £ 10 nm of
lateral size. The functional structure of N-GOQDs proposed
demonstrates that nitrogen dopants are mainly allocated in the
graphene basal plane, while oxygen ones are on the particle
edges in form of carboxylic groups that ensure the particle
solubility in water and physiological solutions. Due to essential
variation in the particle size and chemical composition,
samples of N-GOQDs demonstrate excitation-dependent pho-
toluminescence with emission at 460-520 nm that can be
excited by visible light. The N-GOQDs have exhibited
outstanding compatibility with the monkey epithelial kidney
cells (Vero), which are used in COVID-19 research, resulting in
almost 100% viability. This fact proves the effectiveness of the
applied techniques to prepare stable luminescent dispersions
of GOQDs for further relevant uses.
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