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Carbon nanodots (CNDs) have become one of the potential candidates for antioxidants due to
their excellent luminescence, biocompatibility, and lower cytotoxicity. While CNDs have
experienced some research on radical scavenging activity via UV—vis spectroscopy, the
relationship between reserved 2,2-diphenyl-1-picrylhydrazyl radical (DPPH") concentration and
CNDs’ incubation concentration remains unclear. This work describes an electrochemical study
on the changes of redox peaks of the oxidation of DPPH" at gold electrodes with addition of
different concentrations of a type of microwave-synthesized CND (U-dots). The result is
consistent with a UV—vis absorption dose-dependent study used to quantify the antioxidation
activities. Combined with standard heterogeneous electron-transfer rate constant analysis,
electrochemical study gives a coupled hydrogen atom transfer (HAT) mechanism for

DPPH’ scavenging by the U-dots. This work provides a new perspective on the antioxidative
study of the U-dots, which may aid their development for practical use in biomedicine.
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Carbon nanodots (CNDs) have been prepared in several different ways, including chemical
ablation, electrochemical carbonization, laser ablation, hydrothermal/solvothermal treatment, and
microwave irradiation, and they have found applications in biomedicine, chemical sensing, and
photoelectric devices.!'"* Their physicochemical properties of good solubility, low toxicity, and
biocompatibility and their optoelectronic properties of strong fluorescence, phosphorescence,
chemiluminescence, and photoinduced electron transfer make them particularly desirable.®®
Reportedly, CNDs could act as antioxidants and prooxidants due to their roles as electron donors
or electron acceptors.”) Xu et al. studied the antioxidative ability of CNDs at the cellular level,
which showed good potential for applying CNDs to protect cells against oxidative stress.!? Das
et al. used microwave-synthesized CNDs to scavenge reactive oxygen species like hydroxyl
radicals and superoxides in a cellular microenvironment.!V

The nitrogen-centered 2,2-diphenyl-1-picrylhydrazyl radical (DPPH")-based assay has been one
of the most commonly employed species to evaluate the antioxidant activity!!? because it can
change its color from deep violet to light yellow in a dark environment when in contact with
antioxidants due to the DPPH" being converted into a stable DPPH-H complex, which could be
calculated by comparing the absorbance at 517 nm against the blank by ultraviolet—visible (UV—
vis) spectroscopy.!® Although CNDs have experienced some research on their antioxidation
properties via the DPPH™-based assay, UV—vis spectroscopy has been the only tool to test the
absorbance change under different incubation concentrations of CNDs. A poor understanding
about the relationship between the reserved DPPH’ concentration and CND incubation
concentration and underlying antioxidation reactions limits their potential applications in biology
fields, especially in biomedicine.

Electrochemistry could be another powerful tool to determine the concentration relationship via
the cyclic voltammetry method because redox peak currents and peak potentials are related to the
parameters of bulk diffusion species, such as the bulk concentration, diffusion coefficient,
number of electrons involved, and heterogeneous electron-transfer rate constant.1416) This work
reports an electrochemical study to investigate the change of redox peaks of the DPPH—gold
electrode system incubated with different concentrations of CNDs synthesized from citric acid
and urea (named U-dots). Here, water-soluble U-dots were synthesized by a simple one-step
microwave route and were characterized by transmission electron microscopy (TEM), atomic
force microscope (AFM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy, X-ray powder diffraction (XRD), UV—vis
spectroscopy, fluorescence spectroscopy, and quantum yield measurements. An analytical model
was used to examine the reserved DPPH’ concentration and standard heterogeneous electron-
transfer rate constant changes in the DPPH —gold electrode system incubated by different
concentrations of U-dots. The results were compared with antioxidation activity changes
measured by absorbance at 517 nm via UV—vis spectroscopy, which further activates the
mechanism study of DPPH" scavenging by the U-dots.

Experimental Section
Synthesis of U-dots. Microwave-assisted synthesis of CNDs was performed using citric acid and

urea as precursors.!”) Briefly, 1.0 g of urea (99.5%, Aldrich) and 1.0 g of citric acid (99%,
ACROS Organics) were simultaneously added to 1.0 mL of deionized water to form a



homogeneous solution, and then, the solution was heated in a microwave synthesizer (CEM Corp
908005 Microwave Reactor Discovery System) at a power of 300 W for 18 min. After cooling,
the aqueous reaction mixture was purified using a centrifuge (Solvall Legend XFR Floor Model
Centrifuge) at 3500 r/min for 20 min to remove large and aggregated particles. The dark-brown
solution was further purified by deionized water using a dialysis membrane (Scientific Fisher)
with a molecular weight cutoff of 1000 Da for 24 h. To obtain the solid sample, the resultant
solution was finally dried with a freeze-dryer (Labconco Free Zone 6 Freeze-Dryer) for 24 h. We
named this type of CNDs U-dots.

U-dots Characterization. Transmission electron microscopy (TEM, Carl Zeiss Libra 120 Plus)
of U-dots on a grid substrate and atomic force microscope (AFM, Agilent Technologies 5600 LS
Series) of U-dots on a mica substrate in contact mode were used to study the size of the CNDs.
XRD (Agilent Technologies Oxford Gemini), FTIR (Varian 670), XPS (Thermo Fisher
ESCALAB 250 Xi), and Raman spectroscopy (Horiba XploRA One Raman Confocal
Microscope System) were employed to analyze the elemental composition and chemical
structure of the U-dots. UV—vis spectroscopy (Varian Cary 60001) of different concentrations of
U-dots and fluorescence spectroscopy (Varian Cary Eclipse) (at 0.05 mg/mL of U-dots) were
used to investigate the absorbance and fluorescence properties of U-dots, respectively.

UV-Vis Study of Antioxidation Activity. The antioxidation activity of U-dots for DPPH" (95%,
Alfa Aesar) was evaluated by monitoring the absorbance change at 517 nm via UV—vis
spectroscopy.'® For each measurement, the DPPH' was prepared with a final concentration of
0.02 mg/mL (52 nmol/mL) in absolute methanol incubated in different concentrations of U-dots
in a dark environment for 1.5 h.

Electrochemistry Study. Electrochemical measurements were performed using a three-
electrode electrochemical cell with a gold working electrode (Fisher Scientific), a Ag/AgCl
reference electrode (Fisher Scientific), and a platinum counter electrode (Fisher Scientific) in a
5.0 mL methanolic phosphate buffer with pH 7.2 (Fisher Scientific pH 2100), a 1:1 mixture of
absolute methanol (Fisher Scientific) and a phosphate buffer (pH 7.0, Life Tech) solution
containing 0.02 mg/mL (52 nmol/mL) DPPH" incubated by different concentrations of U-dots for
1.5 h under a dark environment. Cyclic voltammetry of the samples was run at different scan
rates at room temperature.

Results and Discussion

U-dots Synthesis and Characterization. An easy, economic, one-step microwave route was
used to synthesize U-dots from citric acid and urea.!'” TEM (Figures 1A and S1) and AFM
(Figures 1B and S2) studies indicate that the U-dots are well dispersed and have an average size
of 2.4 £ 0.3 nm. The main diffraction peak in the XRD spectrum (Figure 1C) appears at 22.9°
with a full width at half-maximum (fwhm) of about 3.7°, corresponding to an interlayer distance
of 0.39 nm between the planar carbon-based sheets for the disordered graphite structure
region,'” which is further supported by the Raman spectra of the U-dots (Figure 1C inset). The
D bands at 1338 cm™! (sp*-hybridized) and G bands at 1568 cm™! (sp>-hybridized) present an
intensity ratio Ip/Ig of about 1.04.2% 2D FTIR spectra of the U-dots (Figure 1D) display broad
bands at 31003400 cm™! that are assigned to v(O—H) and v(N-H). The IR transitions at 754,



1183, 1397, and 1576 cm™! are assigned to v(C—C), v(C-0O), v(C=C), and v(C=0),
respectively,*? which are also supported by XPS data (Figure 1E) of the U-dots. The XPS data
demonstrate four components: C=C (39.9%, 284.2 ¢V), C—C (8.7%, 284.7 eV), C=0 (42.1%,
287.6 eV), and C-O (7.9%, 286.2 eV). The presence of functionalities (—COOH and —NH3)
(Figures 1E, S3, and S4) helps explain the hydrophilicity and stability of the CNDs in aqueous
media.?*?> From the characterization results, the structures of the as-prepared U-dots are
spherical with an average size of 2.4 £+ 0.3 nm, and they are composed of a disorder graphite
structure with surrounding amorphous carbon frames and different functional groups on the
surfaces.®
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Figure 1. U-dots are characterized using different techniques: transmission electron microscopy
(A), atomic force microscope (B), X-ray diffraction data with the Raman spectrum inset (C),
Fourier transform infrared spectrum (D), and an X-ray photoelectron spectrum (C signal) (E).

Figure 2A shows that there is no obvious absorption feature found above 600 nm. The main peak
at 337 nm comes from the n—n* transition of the C=0 bond. Figure 2B shows the fluorescence
emission spectra of U-dots in deionized water at seven different excitation wavelengths (Aex =
330, 360, 390, 420, 450, 480, and 510 nm). The maximum emission intensity occurs with 360
nm excitation and has a peak emission at 447 nm. The apparent red shift in the
photoluminescence spectra with changing excitation wavelength indicates that U-dots can act as
blue/green fluorophores in imaging applications, which is in agreement with other reports.’-2%
Furthermore, the quantum yield of U-dots was investigated according to established methods.
Quinine sulfate (quantum yield of 0.54 at 360 nm) dissolved in 0.1 M H2SOg4 (refractive index =
1.33) was chosen as the reference. The absorbance and photoluminescence intensity

(30)



measurements via the UV—vis spectrometer and photoluminescence spectrometer give a quantum
yield of about 0.091 for the as-prepared U-dots.
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Figure 2. (A) UV—vis absorption spectrum of U-dots. (B) Fluorescence emission spectra of U-
dots in deionized water.

UV-Vis Study of Antioxidation Activity of U-dots. The antioxidation activity was evaluated
by using the DPPH’-based array via UV—vis spectroscopy. DPPH" is known as a stable free
radical that resulted from delocalization of the spare electron, which shows a deep violet color in
methanol solution.®Y However, upon addition of different concentrations of U-dots, the
absorbance of DPPH’ methanol solutions at 517 nm decreases, as shown in Figure 3A, and its
color changes from deep violet to pale yellow. According to the following equation

A
antioxidation activity (%) = % X 100 (D
0

where Ao and 4. are the absorbance of DPPH" at 517 nm in the absence and presence of U-dots,
respectively, the antioxidation activity is obtained to be about 23.3, 52.4, 73.0, 82.4, and 87.3%
at U-dot concentrations of 0.02, 0.04, 0.05, 0.07, and 0.09 mg/mL, respectively. A minimum of



three trials of each concentration were measured, and the DPPH™-U-dots incubation reached its
steady state after 1.5 h and was highly reproducible. The error bars are too minimal to see

in Figure 3B. A subsequent increase in the antioxidant activity presents a dose-dependent
manner, and the antioxidant activity is observed to have a plateau region at higher concentrations
of U-dots (Figure 3B).
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Figure 3. (A) Absorption spectra of 0.02 mg/mL DPPH" methanol solutions with increasing U-
dots concentration from 0 to 0.09 mg/mL measured after incubation for 1.5 h under a dark
environment. (B) Calculated antioxidation activity versus U-dots concentration (very
reproducible, and the error bar is very small, as Table 1 shows).

Electrochemical Study of DPPH’ Scavenging Activity of U-dots. The electrode reactions of
DPPH’ are of interest due to free radicals frequently being intermediates and products of
electrode reactions, following reversible, one-electron reactions®?

Oxidation: DPPH* — e - DPPH™ ()

Reduction: DPPH® + e - DPPH™ 3)



In general, the peaks of both redox couples (oxidation: o/a’ couple; reduction: B/’ couple) could
be observed in most of the solutions during the cyclic voltammetry. However, in a 5.0 mL
methanolic phosphate buffer solution using a gold working electrode, the B/B’ couple was found
to be irreversible (Figure S5), suggesting that the reduction product is particularly unstable in
this solution.®® Hence, for the purpose of the electrochemical electron-transfer study in this
work, we focus on the o/a’ redox reaction. The cyclic voltammograms of DPPH" incubated by
different concentrations of U-dots at different scan rates show a pair of redox peaks (Figure 4).
The cathodic peak resulted from the electrochemical reduction of DPPH" and the decrease in the
intensity of the anodic and cathodic peaks present (Figures 4 and 5A) with increasing
concentration of U-dots. Because no measurable redox peaks are shown for 0.05 mg/mL U-dots
in a 5.0 mL methanolic phosphate buffer (Figure S6) or the stable cyclic voltammograms of 0.01
mg/mL DPPH" in a 5.0 mL methanolic phosphate buffer (but lower peak currents compared to
0.02 mg/mL DPPH") without U-dot incubation as a control (Figure S7), the decrease in the
intensity of the anodic and cathodic peaks for DPPH" incubated by different concentrations of U-
dots is due to the decrease in the concentration of DPPH". A similar method and results have
been reported for the scavenging of DPPH" by using Trolox in ethanolic phosphate buffer and
flavonoids in an aprotic medium.®* 35 The fwhm of the reduction peak gives a value of about
116 mV, corresponding to a one-electron-transfer redox reaction (Figure 5A). In addition, the
peak current, ip (A), is measured as a function of the square root of the voltage scan rate at
different concentrations of U-dots and is found to exhibit a linear dependence (Figure 5B). The
dependence of the peak current position on the square root of the voltage scan rate for the
DPPH" without U-dot incubation can be first used to characterize the diffusion coefficient (Do,
cm?/s) of DPPH’ through the Randles—Sevcik equation®% 37

i, = (2.69 x 10%)n3/2ACDy *v1/? )

where 7 is the number of electrons exchanged, A is the active surface area of the gold electrode
(0.043 cm?), C is the concentration of the DPPH" (mol/mL), and v is the voltage scan rate (V/s).
The diffusion coefficient of DPPH" is found to be about 1.24 x 107> cm?/s. By using eq 4, this
value can then be coupled with plots of the dependence at different concentrations of U-dots
(Figure 5B) to extract the concentration of the DPPH" values for different systems (Figure 5C).
The reserved DPPH’ concentration is obtained to be about 32.3, 26.1, 24.5, 20.4, and 18.5
nmol/mL at U-dot concentrations of 0.02, 0.04, 0.05, 0.07, and 0.09 mg/mL (Table 1) with
radical scavenging activity of about 38.1, 49.9, 53.1, 60.8, and 64.6%, respectively (Figure 5C
inset) according to eq 5.

CO - Cc
Co

Scavenging activity (%) = x 100 (5)

where Co and C. are the concentration of DPPH" in the absence and presence of U-dots,
respectively. The data are then best fitted by the following equation

0.0277 (6)
Coppu = 05738 — 0.0071

1+ (Ssss)




where Cpppr” (mg/mL) and Cu.dots (mg/mL) are the concentrations of reserved DPPH’ and U-dot
addition, respectively, which have the same trend as the antioxidation activity shown in Figure 3.
Furthermore, the ratio of the anodic peak current to the cathodic one closes to 1 for each scan
rate, suggesting that a heterogeneous electron transfer is present. Also, the slope of the
linearization decreases with the increase of U-dot concentrations, indicating that U-dots weaken
the electron transfer in the DPPH'-gold electrode system.
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Figure 4. Cyclic voltammograms for the DPPH™—gold electrode system incubated by 0.00 (A),
0.02 (B), 0.04 (C), 0.05 (D), 0.07 (E), and 0.09 mg/mL (F) U-dots for 1.5 h under a dark
environment at 20, 50, 100, 150, 200, 300, and 400 mV/s scan rates.
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Figure 5. (A) Cyclic voltammograms for the DPPH'—gold electrode system incubated by
different concentrations of U-dots at a scan rate of 400 mV/s. (B) Representative plot of the
linear dependence of the peak current on the voltage scan rate incubated by different
concentrations of U-dots (using the data of Figure 4). (C) Reserved DPPH’ concentration
estimation with the best fit after incubation with different concentrations of U-dots for 1.5 h
under a dark environment (error bars indicate the standard deviation for three trials, as Table
1 shows). (Inset) Calculated scavenging activity versus U-dot concentration.



Table 1. Antioxidation Activities of Different Concentrations of U-dots and the Reserved
DPPH’ Concentration and Standard Heterogeneous Electron-Transfer Rate Constant Data for
The DPPH'—Gold Electrode System Incubated by U-dots

U-dots concentration (mg/mL) antioxidation activity (%) DPPH'concentration (nmol/mL) £° (cm/s)

0.00 0 522+14 0.0093 £0.0015
0.02 23.30+0.08 323+1.7 0.0061 + 0.0009
0.04 52.38+£0.01 26.1+1.8 0.0058 = 0.0007
0.05 72.98 £ 0.02 245+ 14 0.0055 £ 0.0005
0.07 82.42 +0.05 204+ 1.7 0.0049 £ 0.0003
0.09 87.26 +0.02 18.5+1.7 0.0046 £ 0.0002

The dependence of the redox peak’s position on the voltage scan rate can be used to characterize
the electron-transfer rate constant. The electron-transfer reaction can be written as eq 7 with the
oxidation electron-transfer rate of kox from DPPH" to DPPH" and the reversed reduction electron-
transfer rate of krea from DPPH' to DPPH’

—

kOX
Red — e Kred Ox (7
F

where Red and Ox represent DPPH" and DPPH", respectively. The Gibbs free energy of this
reaction can be easily changed by the applied external potential; therefore, the electron-transfer
rate kox Or kied 18 also subjected to the potential. In the case of the equilibrium

state, kox = krea = k° is the standard heterogeneous rate constant given by©®
aDonFv\? —a’nF(E,, — E (8)
k° =2.18 (0—) exp (Epa — Fpc)
RT RT

where a is the transfer coefficient, Dy is the diffusion coefficient (cm?/s), F is Faraday’s
constant, R is the gas constant, 7 is temperature in Kelvin, and Ep. and Epc are the anodic and
cathodic peak potentials, respectively. These calculations can then be compared to plots of the
experimental Faradaic peak potential shift from apparent formal potential versus voltage scan
rates (Figure 6A) to extract the k° values for different systems (Figure 6B). In the absence of U-
dots, the standard heterogeneous electron-transfer rate constant (k) for the DPPH'—gold
electrode system is calculated to be ~0.0093 cm/s. After DPPH’ incubation by U-dots for 1.5 h
under a dark environment, £° is found to be about 0.0061, 0.0058, 0.0055, 0.0049, and 0.0046
cm/s at U-dot concentrations of 0.02, 0.04, 0.05, 0.07, and 0.09 mg/mL (Table 1), which
decreased by about 34.9, 37.5, 40.6, 47.0, and 50.5%, respectively (Figure 6B inset), compared
to that without U-dot incubation. The standard heterogeneous electron-transfer rate constant
decrease could be the result of two phenomena; the first is a decrease in the mass transfer due to
a low concentration gradient according to Fick’s law that resulted from DPPH" converted into a
stable DPPH-H complex, as mentioned above (Figure 5 and ~0.0063 cm/s for 0.01 mg/mL
DPPH’ in Figure S7),%% and the second is an increase of the diffusive mass and friction in the
solution due to the DPPH™-U-dots complex formation along the DPPH" diffusion direction; this
suggests a lower reserved concentration of DPPH" due to the U-dot incubation, which indirectly
proves the DPPH" scavenging activity of U-dots.
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The entire picture described above leads to an understanding of how different concentrations of
U-dot incubation affect the reserved concentration of DPPH" and electron transfer of the DPPH'—
gold electrode system. As shown in Figure 7, in the absence of U-dot incubation, this general
electrochemical process shows that the observed redox peak currents (o/a’ couple as highlighted)
are dependent upon mass transport of DPPH’ with a diffusion coefficient of about 1.24 x 10~

5 cm?/s, which occurs in series with a standard heterogeneous electron-transfer rate constant of
0.0093 £0.0015 cm/s. However, in the presence of U-dot incubation, a proton is taken up from
the U-dots and the DPPH" is changed into DPPH—H (a neutral species) via a hydrogen atom
transfer (HAT) mechanism because U-dots have surface-active groups like the carboxyl group
(—COOH) acting as proton donors.“*? Note that the electron cloud density between the hydrogen
and oxygen in the carboxyl group is small due to the carboxyl group having an electron-
withdrawing “carbonyl”, and —COO- is highly stable after deprotonation of the carboxyl group.
Therefore, together with standard heterogeneous electron-transfer rate constant analysis, higher



concentrations of U-dot incubation result in lower reserved concentrations of DPPH’ to conduct
redox reaction, as shown in eq 6 for the relationship between reserved DPPH" concentration and
U-dot incubation concentration, which highly supports the antioxidation activity test by UV—vis
spectroscopy.
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Figure 7. Mechanistic insight for the electrochemical studies of the oxidation of DPPH" during
radical scavenging by the U-dot incubation.

Conclusions

This work demonstrates a new strategy for exploring the antioxidation activity of microwave-
synthesized CNDs (U-dots) by investigating the reserved DPPH’ concentration and standard
heterogeneous electron-transfer rate constant changes in the DPPH-gold electrode system with
U-dots incubation. The relationship between the reserved DPPH’ concentration and CND
incubation concentration obtained from the electrochemical studies supports the UV—vis
absorption dose-dependent results via a HAT mechanism, which should aid the development of
this type of CNDs for practical use in biomedicine.
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