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and Jin-sil Choi*

Carbon dots (CDs) are attractive nanomaterials because of their facile synthesis, biocompatibility, superior

physicochemical properties, and low cost of their precursors. Recent advances in CDs have particularly

relied on the modulation of their properties by heteroatom doping (e.g., nitrogen). Although nitrogen-

doped CDs (N-CDs) have attracted considerable attention owing to their different properties compared

to those of the original CDs, the effects of the heteroatom content and types of bonding on the

properties of N-doped CDs remain underexplored. In this work, we prepared N-CDs with controlled

nitrogen contents, and fully examined their optical properties, enzymatic activity, and toxicity. We

demonstrate that (i) the type of carbon–heteroatom bonding (i.e., carbon–oxygen and carbon–nitrogen

bonds) can be altered by changing the ratio of carbon to heteroatom sources, and (ii) both the

heteroatom content and the heteroatom-bonding character significantly influence the properties of the

doped CDs. Notably, N-CDs exhibited higher quantum yields and peroxidase-like activities than the non-

doped CDs. Furthermore, the negatively charged N-CDs exhibited negligible cytotoxicity. Such

comprehensive investigations on the physicochemical properties of N-CDs are expected to guide the

design of N-CDs for targeted applications.
Introduction

Carbon dots (CDs) are an emerging class of nanomaterials that have
attracted immense attention owing their easy accessibility through
simple and low-cost synthetic processes, excellent optical properties,
and biocompatibility.1–4 Such newmaterials have great potential for
a variety of applications, including cell labeling,5–7medical therapy,8,9

sensing,10 catalysis,11,12 energy,1,13–16 and energy storage.14,15 In
particular, one of the most attractive advantages of CDs is that their
physicochemical properties can be tuned by controlling their size,
surface state, and intrinsic electronic structures.1–4 In this context,
much effort has been devoted to the design and fabrication of
heteroatom-doped CDs (e.g., N-, B-, and S-doped CDs) and their
application.1,17,18Among the heteroatom-dopedCDs, nitrogen-doped
CDs (N-CDs) are the most frequently utilized platform, because the
nitrogen atoms are known to alter the edge states,19,20 energy
levels,21–23physicochemical properties,6,13,17,19–22,24–31 and even catalytic
activities9,11,32–34 of the CDs. However, the effects of the heteroatom
content and chemical bonding in CDs on their properties under
subtle variation of the synthetic conditions are not fully understood.
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In this work, we prepared a series of N-CDs by reacting citric acid
with ethylenediamine at different ratios, and evaluated the optical
properties and chemical composition of the resulting N-CDs. In
addition, we also examined the enzyme-like activity of each N-CD in
the series, and the inuences of the N-doping type andN content on
the catalytic activity. Finally, we also evaluated the toxicity of the N-
CDs for assessing their potential applicability in biological studies.
Experimental section
Reagents

Citric acid (99.9%), ethylenediamine (>98%), quinine sulfate
(98.0%), H2O2, 3,30,5,50-tetramethylbenzidine (TMB, 97%), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay kit were purchased from Sigma-Aldrich, and used as received.
Synthesis of N-CDs

N-CDs were prepared by a hydrothermal method. In a typical
synthesis, citric acid (10 mmol) and ethylenediamine (2.5–15
mmol) were dissolved in deionized water (15 mL), and the
mixture was heated hydrothermally in a Teon-equipped
stainless steel autoclave at 200 �C. Aer 1 h, the mixture was
cooled to room temperature, and the residue was puried by
column chromatography (CombiFlash NextGen 100, Teledyne
ISCO) to obtain a brown N-CD sample. The molar ratios of citric
acid and ethylenediamine: N-CD_1 ¼ 1/1.5; N-CD_2 ¼ 1/1; N-
CD_3 ¼ 1/0.5; N-CD_4 ¼ 1/0.33; N-CD_5 ¼ 1/0.25.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Characterization

Themorphology and lattice distance ofN-CDs were investigated
by transmission electronmicroscopy (TEM). A Tecnai G2 F30 S-Twin
system (FEI, Netherlands) and H-7650 system (Hitachi, Japan)
installed in theCenter forUniversity-wideResearch Facilities (CURF)
at the Jeonbuk National University. X-ray diffraction (XRD) was
performed on a Miniex Benchtop X-ray diffractometer (Rigaku).
The chemical functional groups and composition of theN-CDswere
investigated by Fourier-transform infrared (FTIR) spectrometry
(Nicolet 6700, Thermo, USA) and X-ray photoelectron spectrometry
(XPS, K-Alpha+, Thermo Fisher Scientic, USA), respectively.
Absorption and uorescence spectra of theN-CDs were recorded on
a UV-Vis spectrophotometer (Lambda 1050, PerkinElmer) and
uorescence spectrometer (QM-400, HORIBA), respectively. The
uorescence lifetime was measured using a uorescence lifetime
spectrometer (FL920, Edinburgh Instruments, United Kingdom).
Quantum yield (QY) measurements

The relative quantum yield of the N-CDs was calculated as follows:

Qs ¼ Qr

ms

mr

ns

nr
(1)

where Q is the uorescence QY, m is the slope of the plot of the
integrated uorescence intensity against absorbance, and n is
the refractive index of the solvent. s and r represent the sample
and reference, respectively. A solution of quinine sulfate in
a 0.5 MH2SO4 aqueous solution was used as the reference (QY¼
54.6%). The QY was determined through an average of three
measurements under consistent experimental conditions.
Fig. 1 (a) Schematics of the synthesis of N-doped carbon dots (N-CDs
water. (b) Low- and (c) high-resolution TEM images of N-CD_2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Enzyme-mimicking activities of N-CDs

The peroxidase-like activity was measured using TMB as the
substrate. Specically, a 1 M H2O2 solution, 100 mM TMB
solution, and 500 mg mL�1 N-CD suspension were added to
a phosphate buffer (10 mM, pH 2), and the mixture was shaken
thoroughly. The absorption of the sample at 652 nm was
measured immediately using a multi-mode plate reader (Spec-
traMax M2e, Molecular Devices, LLC, USA). The Michaelis–
Menten equation provides the relationship between the initial
velocity, V, and the substrate concentration, [S].

V ¼ ½S�Vmax

½S� þ Km

(2)

Here, Vmax is the maximum velocity of the enzymatic reaction,
and Km is the Michaelis constant representing the concentra-
tion of the substrate at half the maximum velocity. The linear
regression curve describing the relationship between 1/V and 1/
[S], viz., the Lineweaver–Burk plot, can be obtained by inverting
the Michaelis–Menten equation to the following form:

1

V
¼ Km

Vmax

1

½S� þ
1

Vmax

(3)

Upon plotting 1/V against 1/[S], the ordinate intercept of the
curve represents the inverse of Vmax and the abscissa intercept
represents �1/Km. Thus, Km and Vmax were estimated.

MTT assay

The biocompatibility and cytotoxicity of the N-CDs were evalu-
ated using human lung cancer cells (A549) via the MTT assay.
) and a photograph of the as-synthesized N-CD sample suspended in

RSC Adv., 2021, 11, 18776–18782 | 18777
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Fig. 2 (a) XPS survey scans and high-resolution (b) C 1s, (c) N 1s, and (d) O 1s spectra of N-CDs and non-doped CD.
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A549 cells (2 � 105 cells per well) were cultured overnight in
a 96-well microtiter plate in 5% CO2 atmosphere at 37 �C. The
wells were charged with a cell medium containingN-CDs or CDs
(15.6, 31.3, 62.5, 125.0, 250.0, and 500.0 mg mL�1, respectively),
and incubated for 24 h. Then, 10 mL of the MTT solution was
added to each well (nal concentration: 0.5 mg mL�1). Aer
incubation for 4 h, formazan, which is generated from the
reduction of MTT by NAD(P)H-dependent oxidoreductase in
living cells, was dissolved in the solubilization solution of the
kit. The absorbance at 550 nm was obtained using a microplate
reader (SpectraMax M2e, Molecular Devices, LLC, USA).
Results and discussion

N-CDs were synthesized by a hydrothermal method (Fig. 1) by
varying the ratio of citric acid (carbon source) to ethylenediamine
(nitrogen source) from 1 : 1.5 (N-CD_1) to 1 : 1 (N-CD_2), 1 : 0.5 (N-
CD_3), 1 : 0.3 (N-CD_4), and 1 : 0.25 (N-CD_5). The so-obtained
18778 | RSC Adv., 2021, 11, 18776–18782
brown N-CDs dispersed well in water (Fig. 1a). The TEM images
in Fig. 1b and c reveal that N-CD_3 has a spherical morphology
with a diameter of 5.9 � 1.3 nm; further, it is found to be partial
crystalline with a lattice distance of 0.2 nm, which matches with
the (100) plane of graphite.20,21 However, a partial amorphous
region is also observed at the edge site. The sizes ofN-CD_1, 2, 4, 5,
and non-doped CD samples were determined to be 13.7 � 4.1, 4.9
� 0.9, 7.8 � 2.7, 4.5 � 1.1, and 6.5 � 1.8 nm, respectively (Fig. S1
and S2†). XRD patterns of the N-CD series display a broad
diffraction peak, conrming their amorphous character (Fig. S3†).

Comparison of the FT-IR spectra ofN-CDswith those of citric
acid and ethylenediamine indicated the appearance of new
peaks at 1673 and 1549–1410 cm�1, corresponding to the C]C
stretching of conjugated alkenes and C–N stretching of
aromatic amines, respectively (Fig. S4†). In addition, new peaks
corresponding to N–O and C]N appeared at 1546 and
1783 cm�1, respectively, in the spectra of the N-CD series. The
obtained N-CDs have a net negative charge owing to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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presence of abundant –COOH groups derived from citric acid
(Fig. S5†). The chemical composition of the N-CD series was
further examined by XPS (Fig. 2). The XPS survey proles of all
the N-CD samples (Fig. 2a and S6†) exhibit C1s, N1s, and O1s

signals. However, the peak intensity ratios are signicantly
different between the samples. Interestingly, N-CD_2 and N-
CD_4 show the highest peak intensities of N1s and O1s,
respectively, while N-CD_4 shows the lowest peak intensity of
C1s. To gain more information about the chemical bonding of
the different atoms, high-resolution C1s, N1s, and O1s spectra of
the samples were analyzed by spectral peak tting based on the
reported binding energies of the chemical bonds, as demon-
strated in Fig. 2b–d, respectively. First, the C1s spectra of all the
N-CD samples show a strong peak at 284 eV, corresponding to
C–C and C]C bonds, along with a peak at 285.5 eV for the C–N
bond, indicating N doping, and a peak at 288.2 eV for C]O. The
peaks of CC–C and CC]C represent the C atoms of the carbogenic
sp2 core, while the peaks of carbon–heteroatom bonds (i.e., C–N
and C]O) indicate the functional groups at the edge region of
Fig. 3 (a) Absorption and (b) emission spectra of N-CD samples and
non-doped CD.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the N-CDs. Among the N-CD samples, N-CD_2, 3, and 4 exhibit
a relatively high intensity ratio of carbon–heteroatom bonds over
carbon–carbon bonds. Non-doped CDs show strong peaks at
288.8 eV (C]O and C–O) and 284 eV (C–C and C]C). Meanwhile,
the N1s spectra (Fig. 2c) of all the N-CDs show a strong peak of
Npyrrole (399.5 eV), which is located at the edge sites of the carbo-
genic domain. The peak of Ngraphite (401 eV) located within the sp2-
carbon domain appeared in the spectra of N-CD_2, 3, 4, and 5.35–37

Furthermore, the O1s spectra consist of two peaks corresponding
to C–O and C]Obonds (532.6 and 531.1 eV, respectively), with the
OC]O peak being predominant in all N-CD samples, owing to the
polymerization of the material through amide bond formation.38,39

On the other hand, OC–O peak is dominant in the spectrum of the
non-doped CD.

Next, the optical properties of the N-CDs were investigated
(Fig. 3). A new absorption band at 340 nm (C]O, n / p*) and
a shoulder band at 240 nm (–C]C–, p / p*) appeared in all
the UV-Vis spectra of N-CD samples as compared to that of the
non-doped CD. The absorption band at 340 nm is assigned to
the n–p* transition arising from the edge transition of theN-CD
samples, while the shoulder band at 240 nm originates from the
p–p* transition at the sp2 carbogenic domain. Non-doped CDs
showed negligible absorption band at 340 nm owing to the
small quantity of C]O bonds in the particle. The photo-
luminescence (PL) spectrum of each N-CD sample (lex ¼ 350
nm) was found to be distinct. On one hand, N-CD_1 and N-
CD_2 showed two emission bands. The PL peaks of N-CD_1
appeared at 450 nm and 517 nm, while those of N-CD_2
appeared at 450 nm and 500 nm. On the other hand, N-CD_3, 4,
and 5 exhibited only one emission peak. N-CD_3 and N-CD_4
showed a peak at 450 nm, which is the rst emission peak
observed for N-CD_1, N-CD_2, and non-doped CD, while N-
CD_5 showed a red-shied emission band at 464 nm. It is
known that Ngraphite can induce red-shied emission, whereas
Npyrrole does not affect the bandgap of the p-conjugated car-
bogenic domains.20,23,26 However, in our study, red-shied
emissions were observed with N-CD_1, 2, and 5, which mostly
Fig. 4 (a) Photograph of the suspensions of the N-CD samples and
non-doped CD placed on top of a UV lamp (365 nm). (b) Quantum
yield and (c) fluorescence lifetime of the N-CDs and non-doped CD
(lex ¼ 350 nm, lem ¼ 450 nm).

RSC Adv., 2021, 11, 18776–18782 | 18779
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contain Npyrrole along with a small quantity of other functional
groups (Ngraphite). Considering that increasing the number of
edge functional groups inN-CDs results in a decrease in the size
of the p-conjugated carbogenic domains,18 it can be inferred
that N-CD_3 and 4, which have a relatively low C content, emit
high-energy light owing to the small size of their carbogenic
domain. The red-shied emissions ofN-CD_1, 2, and 5 could be
attributed to the expanded size of the p-conjugated carbogenic
domains with a relatively less amount of the dopant.18,24

Further, all the N-CDs displayed blue uorescence under the
excitation of 340 nm UV light, as shown in Fig. 4a. However,
their emission brightness at the same concentration varied
depending on the sample. To investigate the effect of the N
dopant on the optical properties of N-CDs, we measured the QY
of each N-CD (lex ¼ 350 nm; lem ¼ 450 nm; Fig. 4b). The QYs of
the ve N-CD samples (N-CD_1 to 5) were estimated to be 6.6,
15.1, 22.6, 14.9, and 9.3%, respectively; they are higher than that
of the non-doped CD (QY: �3%). To gain further insights into
the exciton recombination dynamics, the time-resolved PL
decay was recorded (lex¼ 350 nm; lem¼ 450 nm; Fig. 4c). All the
N-CDs showed a dual exponential PL decay, and the PL lifetimes
(s1/s2) of N-CD_1 to 5 were determined to be 7.4/29.8, 6.2/24.9,
5.7/23.0, 5.0/20.0, and 4.8/19.5 ns, respectively. Evidently, the
PL lifetimes of the N-CD samples are longer than that of the
non-doped CD (s1 ¼ 4.2 ns and s2 ¼ 17.05 ns) because the
surface passivation of the CD by N-doping can decrease the
nonradiative recombination and self-trapping of excitons.3,18,40

The QY of the N-CDs decreased with a decrease in the N content
(N-CD_3 to 5), and the lifetime was shortened. Interestingly, the
QYs of N-CD_1 and 2 were found to be lower than that of N-
Fig. 5 (a) Schematic illustration of the peroxidase mimetic activity of N-C
Kinetic curves of N-CD and non-doped CD for monitoring the catalytic o
presence of the N-CD or non-doped CD. (d) Comparison of the Vmax an
the Lineweaver–Burk plot.

18780 | RSC Adv., 2021, 11, 18776–18782
CD_3, although their PL lifetimes were longer. This phenom-
enon may be attributed to the large quantity of N dopant, which
can generate long-lived defect states at the surface of N-CDs.41–44

Thus, the N-dopant content in the N-CDs is a critical factor that
affects their optical properties, and according to our evaluation,
N-CD_3 is the most effective candidate as an optical probe.

Next, we explored the application of N-CDs as a nanozyme
platform. A nanozyme is a material that can catalyze enzymatic
reactions; it exhibits similar enzymatic kinetics andmechanism
to those of natural enzymes.8 As N-CDs have been reported to
mimic the peroxidase enzyme,11 we evaluated the peroxidase-
like activities of our N-CDs by monitoring the oxidation of
TMB with H2O2 in their presence at pH 2 (Fig. 5a). The addition
of N-CDs to a solution of H2O2 and TMB resulted in a color
change from pale green to blue, indicating the oxidation of TMB
(Fig. 5b). The absorbance of the TMB solution at 652 nm orig-
inates from oxidized TMB, whose quantity increases gradually
as a result of the enzymatic reaction in the presence of the N-
CDs as well as the non-doped CD. The measured absorbance
eventually saturated aer a sufficient reaction time, as in the
case of a natural enzymatic reaction (Fig. 5c). Remarkably, the
N-CDs showed a faster rate of TMB oxidation than the non-
doped CD. To acquire the kinetic parameters related to the
activity of N-CDs, the steady-state kinetics of the reaction was
studied by measuring the absorbance at 652 nm at different
H2O2 concentrations. The maximum initial velocity (Vmax) and
Michaelis constant (Km) of the reaction in the presence ofN-CDs
were calculated based on the Lineweaver–Burk equation
(Fig. 5d). All the N-CDs provided higher Vmax values than the
non-doped CD, and the Vmax of theN-CDs increased in the order
Ds and (b) images of TMB/H2O2 solutions with and without N-CDs. (c)
xidation of TMB (10 mM phosphate buffer, pH 2.0) with 1 M H2O2 in the
d Km values of N-CDs and non-doped CD; these were calculated from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Viability test of the N-CD samples and non-doped CD. Viability
of A549 cells was examined using the MTT assay, in which A549 cells
were treated with a cell medium containing the N-CD or non-doped
CD for 24 h.
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of N-CD_5, 1, 4, 3, and 2. In particular, N-CD_2, 3, and 4 showed
ca. 2.5–3 times higher Vmax values than that of the non-doped
CD. Notably, the initial reaction velocities in the presence of
N-CD_1 and 5 were relatively lower than those in the presence of
other N-CDs. The Km value, which represents the affinity
between a substrate and enzyme, was found to be similar,
regardless of the N-doping characteristic of the N-CD sample.
According to our observations, the bond character of the
heteroatom in the N-CDs affects Vmax rather than Km. The C]O
groups, which are present in abundance in N-CDs, are reported
to act as the catalytic sites.34,45 Thus, most of the N-CDs
exhibited higher Vmax than that of non-doped CD, which is rich
C–O groups than in C]O groups. In addition, the graphitic N
atoms help adsorb molecular oxygen to generate radical oxygen
species on nearby carbon atoms.9,11,32,46 Consequently, an N-CD
sample with graphitic N and abundant C]O groups showed
a relatively high peroxidase-like activity. On the other hand,
because the pyrrole moiety does not have extra electrons that
can interact with H2O2, N-CD_1 and N-CD_5, which mostly
contain Npyrrole, exhibited low catalytic activities.26 Although N-
CD_5 has graphitic N atoms, its Ngraphite content is not suffi-
cient to signicantly improve the enzymatic activity, consid-
ering the N-doping degree shown in Fig. S6.† Therefore, the
chemical composition of heteroatom-containing functional
groups in N-CDs is an important factor for optimizing their
enzymatic properties.

Finally, we investigated the toxicity of the N-CDs to assess if
the N-CD platform can be applied in biological studies by
evaluating the viability of human lung cancer cells, A549 cells,
in the presence of the N-CDs and non-doped CD. As shown in
Fig. 6, none of the N-CDs exhibited signicant toxicity to the
cells up to a concentration of 500 mg mL�1. In fact, while the
doping of N in the N-CDs could induce a local positive charge,
the negatively charged N-CDs obtained in this study, owing to
the usage of citric acid as the carbon source, may not disturb or
interact signicantly with the cell membrane, thus inducing
negligible cellular toxicity.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

The characteristics of N-CDs suitable for their optical applica-
tions or for use as nanozymes were demonstrated by rational-
izing the relationship between the dopant content (e.g., the
amount of doped N and types of chemical bonding) and phys-
icochemical properties. The negligible cellular toxicity of the
obtained N-CDs was also demonstrated, revealing their suit-
ability for biological applications. As the doping content and
bonding character are altered at the synthesis stage, an under-
standing of the correlation between the synthetic condition and
heteroatom doping in N-CDs would be useful for producing N-
CDswith desired features. Comprehensive investigations on the
physicochemical properties of the N-CDs may provide further
guidelines for the rational design of optimally performing N-
CDs.
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A. L. Rogach, M. Otyepka and R. Zbořil, ACS Nano, 2017,
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