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Abstract: Carbon nanodots (CNDs) have shown good antioxidant capabilities by scavenging
oxidant free radicals such as diphenyl-1-picrylhydrazyl radical (DPPHe) and reactive oxygen species.
While some studies suggest that the antioxidation activities associate to the proton donor role of
surface active groups like carboxyl groups (-COOHR)), it is unclear how exactly the extent of oxidant
scavenging potential and its related mechanisms are influenced by functional groups on CNDs’
surfaces. In this work, carboxyl and the amino functional groups on CNDs’ surfaces are modified to
investigate the individual influence of intermolecular interactions with DPPHe free radical by UV-Vis
spectroscopy and electrochemistry. The results suggest that both the carboxyl and the amino groups
contribute to the antioxidation activity of CNDs through either a direct or indirect hydrogen atom
transfer reaction with DPPHe.

Keywords: carbon nanodots; functional groups; antioxidation; radical scavenging; electro-chemistry;
charge transfer

1. Introduction

Carbon nanodots (CNDs) have been explored for applications in biomedicine, sensors,
optoelectronics and catalysis [1-4], owing to discovered superior biocompatibility and outstanding
optoelectronic properties [5,6]. Various synthetic methods used for the preparation of CNDs have
been classified into “top-down” route and “bottom-up” route [7]. The “top-down” route includes
chemical ablation [8,9], electrochemical carbonization [10] and laser ablation [11,12]; and “bottom-up”
route has hydrothermal/solvothermal treatment [13,14], and microwave irradiation [15,16]. Amongst
these, the rapid, cost effective, scalable and eco-friendly features have made the microwave irradiation
synthesis very popular these days [17].

Recently, CNDs were reported as good antioxidant agents in free radical scavenging [18].
It is known that free radicals generated from the metabolism of oxygen in living systems are
very chemically reactive due to their unpaired valence electrons [19]. The damage caused by free
radicals, such as lipid peroxidation, DNA damage, and protein oxidation, will accelerate the ageing
process [19]. CNDs’ properties as electron donors or electron acceptors endow them with potential
applications in antioxidants or prooxidants [20], depending on the activities of the unpaired valence
electrons. Reportedly, their role of antioxidant has been attested by a series of nitrogen-centered
2-2-diphenyl-1-picrylhydrazyl radical (DPPHe) based assay [21,22]. Researchers have proposed that
the antioxidation of CNDs is mainly due to the function of surface functional groups of CNDs, such as
carboxyl groups that could act as proton donors which convert DPPHe into a stable DPPH-H complex
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through a HAT mechanism [23,24]. However, the evidence of the direct involvement of carboxyl
groups in the antioxidation of CNDs is still absent. Furthermore, the electron transfer from the
aromatic primary amines to the hydrazyl in organic chemistry suggested by Hammond, et al [25],
leads to a hypothesis that the primary amines existing on the surface of CNDs also participate in the
antioxidation process.

Understanding the antioxidation reactions in radical scavenging would benefit the design of
nanomaterials-based agents in therapies and treatment in the field of oxidative stress. In literature,
antioxidation reactions of many types of nanoparticles (NPs) have been documented and the
antioxidant mechanisms are reported with respects to the compositions of the particles or surface
functionalization [26,27]. For example, gold nanoparticles (AuNPs) functionalized with Trolox,
a water-soluble vitamin E analogue, demonstrated enhanced DPPHe scavenging activity involving
a HAT process [28]. The antioxidant activity engaged the capacity of reducing gold (III) to gold
particles [27]. The catalase-mimic activity of cerium oxide NPs and Co3O4 NPs has been reported
as antioxidants for superoxide scavenging by a direct charge exchange reaction at the surface of the
NPs [29,30]. More recently, y-Al-NPs was reported to have antioxidant activities towards scavenging
DPPHe free radicals involving the surface adsorption followed by interactions with the acidic and
basic sites at the surface of y-Al-NPs [31].

In order to test the hypothesis regarding functional groups, specifically the carboxyl groups
(-COOH) and amino groups(-NHj) of CNDs in DPPHe radical scavenging, an idea was proposed to
explore the roles of -COOH and —-NHy, respectively, in the process of antioxidation by blocking one
of them using organic chemistry methodology. Reportedly, EDC/NHS coupling has been utilized to
conjugate the polymeric nanoparticles with the specific antibody by converting the carboxyl groups
to the NHS-esters [32]. Researchers have also reported the blocking of amino groups of proteins by
citraconic anhydride [33]. Thus, citraconic anhydride was tried to block the primary amines of CNDs
for the first time in this work.

We report herein microwave irradiation assisted synthesis of CNDs using glucosamine
hydrochloride as the only precursor [34]. Further, carboxyl groups and amino groups on the CNDs
were blocked by a modified EDC/NHS reaction and citraconic anhydride method, respectively.
The prepared CNDs were characterized with various spectroscopic and microscopic techniques.
Lastly, the antioxidation capability of the CNDs before and after blocking was evaluated by UV-Vis
spectroscopic and electrochemical assays.

2. Results and Discussion

2.1. CNDs Synthesis and Characterization

In this work, a green and facile microwave synthesis was employed to generate fluorescent CNDs
using glucosamine hydrochloride as the only precursor. In order to visualize the size distribution of
CNDs and the size changes after function group modification, we selected AFM imaging to obtain size
distribution of CNDs, because the z-axis in AFM is accurate with angstrom resolution. The analysis
from the AFM images (Figure 1a and Figure S1) reveals the size distribution of the unmodified CNDs
of an average 2.0 = 0.7 nm. After modifications, the size of the -COOH-blocked (Figure Sla) and
—-NHy-blocked (Figure S1b) CNDs increases to average around 3 nm and 4 nm, respectively. This is due
to additional structures attached to the edge of CNDs. The unmodified CNDs were characterized with
a few spectroscopic techniques. XRD of the CNDs (Figure 1b) shows a diffraction peak at 21.4° with a
full width at half maximum (FWHM) of 18.75°, indicating an interlayer distance between the planar
carbon-based sheets for disordered graphite structure is about 0.41 nm [35]. Figure 1c shows the Raman
spectrum with D bands at 1340 cm ™! (sp3-hybridized) and G bands at 1562 cm~! (sp?-hybridized),
which presents an intensity ratio Ip/Ig of 0.91 [36]. The carbon 1s XPS spectrum (Figure 1d) shows the
presence of the functionalities at the surface, like C-C and C=C (68.7%, 284.8 eV), C-O and C-N (23.8%,
286.4 eV), C=0 and C=N (5.1%, 287.8 eV), and COOH (2.4%, 289.0 eV) [37]. The UV-Vis spectrum
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(Figure le) exhibits two features in the UV region (200-400 nm) with a tail extending to the visible
range. The first feature is an absorbance peak at 240 nm, attributed to 7-* transitions of the aromatic
C-C bonds, and the second feature is a shoulder at 290—300 nm, assigned to the n-n* transition
of the C=0 bonds [38]. The fluorescence emission spectra of CNDs in deionized water at various
excitation wavelengths ranging from 320 nm to 440 nm is depicted in Figure 1f. The maximum peak
of fluorescence emission at 435 nm was observed at an excitation wavelength of 360 nm. In addition,
the fluorescence spectra display a red-shift pattern with increasing excitation wavelength. These results
suggest that the unmodified CNDs have a spherical morphology, and structurally possess a graphitic
core with surface functional groups such as carboxyl and amines/amides.
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Figure 1. Characterization of unmodified CNDs. (a) AFM imaging with representative z-axis profile
(inserted); (b) XRD spectrum; (¢) Raman spectrum; and (d) XPS spectra of the CNDs; (e) UV—vis
absorption spectrum; (f) Fluorescence emission spectra of the CNDs in deionized water obtained at
different excitation wavelengths with a 20 nm increment from 320 to 440 nm.

2.2. Surface Modification of CNDs

After a variety of characterization of the unmodified CNDs, the blocking experiments of the
carboxyl groups and amino groups were carried out separately. It is known that 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, TCI) is a zero-length crosslinking agent
used to couple carboxyl groups to primary amines [39]. Due to the interaction of the carboxyl
group with carbodiimide carbon of EDC, an unstable O-acylurea adduct is formed [40]. In order
to increase the stability of this active ester and the efficiency of EDC-mediated coupling reactions,
N-hydroxysuccinimide (NHS) was added to this reaction. The presence of NHS, along with EDC,
is thought to form an amine-reactive NHS-ester that is considerably more stable and productive than
the O-acylurea intermediate [41,42]. Following an adapted protocol [37], the blockage of the carboxyl
groups on the CNDs was achieved by incubating the CNDs suspension with 0.5 mM EDC/NHS.
The -COOH-blocked CNDs shows good distribution and a slightly increased size (Figure Sla).

Previous studies have demonstrated that the addition of citraconic anhydride to primary amines
results in the citraconic amide formation. Additionally, the primary amine functionality could
be regenerated again by the hydrolyzation of the citraconic amides under acidic conditions [43].
This reaction proceeds through a nucleophilic substitution mechanism. Briefly, the electron pair
from the nucleophile(-NH;) attacks the carbonyl carbon of the citraconic anhydride, forming a new
bond namely the amide bond [44]. Because of the asymmetry of the citraconic anhydride structure,
two constitutional isomers are possible to form depending on which carbonyl carbon of citraconic
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anhydride is attacked [33,44]. The relatively large size of CNDs (Figure S1b as compared to small
organic molecules) is likely due to steric interference.

2.3. Characterization of the Functional Group Blocked CNDs

Elemental analysis was measured by energy-dispersive X-ray (EDX) spectroscopy. Figures S2-54
present the percentage of carbon, hydrogen, oxygen, and nitrogen of unmodified, -COOH-blocked,
—-NH,-blocked CNDs, respectively. As expected, N and O atom percentage increases from 1.36% to
1.83% (the N/C ratio from 0.1370 to 0.1560) and 5.63% to 5.74% (O/C atom ratio from 0.5675 to 0.4893)
in -COOH-blocked CNDs as a comparison to unmodified CNDs due to the addition of NHS-ester
groups. For -NHj;-blocked CNDs, the addition of citraconic anhydride increases the C and O elements,
which should decrease the N/C atom ratio in -NHj-blocked CNDs as a comparison to unmodified
CNDs, resulting in 0.1294 from 0.1370 in the EDX measurement. The chemical structures of the
unmodified, -COOH-blocked, and -NHj-blocked CNDs were characterized by FTIR spectroscopy
(Figure 2a,b). The broad bands at 3100-3400 cm~! in all CND samples are assigned to O-H and
N-H-functionalities, accounting for the solubility and stability of the CNDs in aqueous media. The IR
transitions at 1512 cm~! and 1613 cm ™! are assigned to aromatic C=C vibrations [45]. The bands
around 1710 cm ™! are attributed to the C=0O vibrations [45]. However, the characteristic carboxyl
stretching vibrations of simple ketones and carboxylic acids around 1710 cm ! observed in unmodified
CNDs shifts to that of imides at 1776 cm ™! after the carboxyl groups were blocked (Figure 2a) [46].
The presence of the IR transitions at 1567 cm~! of -COOH-blocked CNDs was corresponding to the
aromatic C=C vibrations [46]. In the case of -NHj-blocked CNDs, the IR transitions displayed
at 1552 cm~! and 1633 cm™! were attributed to aromatic C=C vibrations and C=0 of amides,
respectively (Figure 2b) [46]. A comparison of 13C NMR spectra of the unmodified, -COOH-blocked
and —-NHj-blocked CNDs give additional evidence for the blocking reaction (Figure 2¢,d). In the case of
the unmodified CNDs, the characteristic signal of carboxylic acid was at about 177 ppm (Figure 2c) [46].
The intensity of the carboxylic acid is not that strong as shown here, which is in agreement with
our XPS result that the ratio of carboxylic acid was about 2.4% in unmodified CNDs (Figure 1d).
The new peaks appeared at 161, 171 and 179 ppm representing the presence of esters were formed in
the -COOH-blocked CNDs (Figure 2c) [46]. The similar shift of the carbon resonance to lower field at
about 172 ppm corresponding to the amide bond was observed in the case of -NHj-blocked CNDs
(Figure 2d) [46]. With all the results taken together, it is obvious that the blocking process has taken
place at the surface of CNDs successfully.
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Figure 2. FTIR spectra comparison of the unmodified CNDs, -COOH-blocked CNDs (a),
and -NH,-blocked CNDs (b) and 13C NMR spectra comparison of the unmodified CNDs, -COOH-blocked
CND:s (c), and -NHj-blocked CNDs (d). Each NMR spectrum is the average of 10,000 scans.
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2.4. UV-Vis Study of Antioxidation Activity

The antioxidant activity measurement is used to evaluate the capability of a material to scavenge
or neutralize free radicals. Particularly, DPPHe is considered as one of the best analytes for assessing
the antioxidation activity owing to its good stability, high catalytic activity, and ease of handling.
Herein, a DPPHe reduction assay was employed to investigate the antioxidation activity of CNDs via
UV-Vis spectroscopy. The free radical in DPPHe is stable due to resonance delocalization of the spare
electron and has absorption at 517 nm in methanol solution [47]. Upon accepting a hydrogen radical
from an antioxidant, the conjugated 7 system is shrunk, resulting in a decrease in 517 nm absorption
and color change from deep violet to light yellow [22]. Therefore, the unreacted DPPHe could be
quantified by comparing absorbance at 517 nm against the blank, and the antioxidation activity can be
calculated according to the following equation:

Ao=Ac | 100% )

Antioxidation-activity = 1
0

where Ap and A¢ are corresponding to the absorbance of DPPHe at 517 nm in the absence and presence
of CNDs, respectively.

Representative absorption spectra of 0.02 mg/mL DPPHe methanol solution with different
concentrations of unmodified, -COOH-blocked, and -NH,-blocked CNDs measured after reaction for
1.5 h in the dark was shown in Figure S5. The final, averaged antioxidant activities are presented in
Figure 3. The antioxidation activities of the unmodified CNDs were calculated to be 24%, 44%, 57%,
and 66% for concentrations of 0.02, 0.04, 0.06, and 0.08 mg/mL, respectively. For the -COOH-blocked
CNDs, the antioxidation activities decreased 45%, 36%, 28%, and 27% for concentrations of 0.02, 0.04,
0.06, and 0.08 mg/mL, respectively, compared to the unmodified CNDs. Meanwhile, 58%, 54%, 46%,
and 38% decreases corresponding to concentration of 0.02, 0.04, 0.06, and 0.08 mg/mL were observed
in the case of -NHj,-blocked CNDs. A minimum three trials of each concentration were conducted.
EDC/NHS and citraconic anhydride in DPPHe were conducted as controls (Figure S6).
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Figure 3. The calculated antioxidation activity of unmodified, -COOH-blocked, and -NHj-blocked
CNDs for multiple concentrations. Each measurement at a given concentration was repeated three
times. The means and standard deviations were calculated.

2.5. Electrochemical Study of DPPHe Scavenging Activity

An electrochemical platform established in our group was also employed to evaluate the
antioxidant capacity of the three types of CNDs [23]. A pair of redox peaks were observed from
the cyclic voltammograms at —0.1-0.6 V voltage window of DPPHe (0.02 mg/mL) reacted with
different types of CNDs (0.04 mg/mL) at different scan rates (Figure 4a—c). The representative cyclic
voltammograms for the DPPHe-gold electrode system reacted with three types of CNDs at different
concentrations were shown in Figure S7. Additionally, a dramatic decrease in the intensity of the
anodic and cathodic peaks was found (Figure 4d) with an increment of the concentration of the
unmodified CNDs. However, this tendency was not as obvious in the case of the two types of blocked
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CNDs (Figure 4e,f). By comparing the intensity of the anodic and cathodic peaks resulting from the
electrochemical oxidation and reduction of DPPHe, respectively, the antioxidant capacity of the three

types of CNDs was determined.
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Figure 4. Representative cyclic voltammograms for the DPPHe-gold electrode system reacted with
0.04 mg/mL unmodified (a), -COOH-blocked (b), and -NH;-blocked CNDs (c) at scan rates of 50,
100, 150, 200, 300 and 400 mV /s, respectively; representative comparison of cyclic voltammograms
for the DPPHe-gold electrode system reacted with different concentrations of the unmodified (d),
—COOH-blocked (e), and -NHjy-blocked CNDs (f) at a scan rate of 400 mV /s; representative plots of the
linear dependence of the peak current on the voltage scan rate reacted with different concentrations of
the unmodified (g), -COOH-blocked (h), and -NHj;-blocked CNDs (i).

A linear dependence of the peak current, ip (A), with the square root of their corresponding
voltage scan rate at different concentrations of the unmodified (Figure 4g), -COOH-blocked (Figure 4h),
and -NHj-blocked CNDs (Figure 4i) was obtained. This linear dependence can then be used to calculate
the diffusion coefficient (Dy, cm?/s) of DPPHe without CNDs via Randles-Sevcik equation [48,49]:

ip = (2.69 x 105) n3/2ACD}/ %01/ @)

where 7 is the number of electrons exchanged, A is the active surface area of the gold electrode
(0.043 cmz), C is the concentration of the DPPHe (mol/mL), v is the voltage scan rate (V/s). Using the
same equation and the calculated diffusion coefficient, the concentration of unreacted DPPHe
after CNDs treatment can then be calculated for each type and concentration of CNDs (Table S1).
The scavenging activity can be calculated using Equation (3), where Cy and Cc are the concentration of
DPPHe in the absence and presence of CNDs, respectively. Applying Equation (3) gives scavenging
activities of the unmodified, -COOH-blocked CNDs, and —-NH,-blocked CNDs which were obtained
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to be 21%, 9%, and 11% at concentration of 0.04 mg/mL and 25%, 12%, and 18% at concentration of
0.08 mg/mL (Figure 5). The standard deviations are listed in Table 1.

Co=Ce 1000 )

Scavenging-activity = C
0

Table 1. The standard deviations of the averaged DPPHe scavenging activity of the three types of
CNDs with different concentrations.

Concentration of CNDs Unmodified CNDs = —-COOH-Blocked CNDs -NH,-Blocked CNDs

(mg/mL) (%) (%) (%)
0.04 +14 +7 +9
0.08 +14 +4 +4

30
SEPr
>
=
2 20 1
L
o
< 15 A
2
.a’ 10 -
ch «@= Unmodified CNDs
> 5 _COOH-blocked CNDs
8 0 | I -?-—NHZ-bIockled CNDs

0 0.02 0.04 0.06 0.08 0.1
Concentration of CNDs (mg/mL)

Figure 5. The tendency of the averaged DPPHe scavenging activity of the three types of CNDs as a
function of concentration. The standard deviation of the data points is listed in Table 1.

Comparing the antioxidation activity results of electrochemical assay and UV-Vis assay; it is
interesting to find that, in UV-vis assay, the NH;-blocked CNDs show less antioxidation activity than
that of -COOH-blocked CNDs, and the electrochemical assay presents opposite way. While elemental
and structural analysis convinced the success of surface functional group modification, quantitative
—-COOH and -NH,; groups in the CNDs are not able to obtain. It is unclear which functional group
is more effective in the antioxidation. Nevertheless, these results indicate both -COOH and -NH,
contribute significantly for the antioxidative activity.

Taking all the results together, we have proved that both carboxyl groups and amino groups
participate in the antioxidation process of CNDs based on a DPPHe reduction assay. It was reported
that DPPHe can be quenched by hydrogen atom transfer [50], electron transfer [51] or a combination
of the two [52]. In the case of CNDs, the proposed mechanisms for DPPHe scavenging are described in
Scheme 1. On one hand, DPPHe is converted into DPPH-H complex by taking up a hydrogen donated
by the carboxyl groups through a direct hydrogen atom transfer (HAT) mechanism [23,24]. On the
other hand, we proposed here an indirect HAT mechanism (the single electron transfer followed by
proton transfer) to explain the participation of amino groups in the antioxidation of CNDs. Concretely,
a fast electron transfer from the primary amines to the DPPHe could be justified by the electron-donor
character of the -NH, group, forming a complex of an aminium cation radical and DPPH anion [51,53].
After the electron transfer, the aminium cation radical undergoes deprotonation to give DPPH-H
complex [53]. Both the step of electron transfer and deprotonation are favored by the polarity of
the methanol solution which promotes the necessary solvation to stabilize the ionic species [54].
The mechanism raised here in turn explains our UV-Vis and electrochemical results well. Therefore,
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we believe that both the carboxyl groups and the amino groups contribute to the antioxidation activity
of the CNDs through either a direct or indirect HAT mechanism.
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Scheme 1. Schematic description of the DPPHe based antioxidation mechanism of CNDs.

Based on the HAT mechanism, the de/protonation of -COOH and -NH; groups would reflect
their antioxidative activities. The protonation of these groups is predicted to increase the DPPHe
radical scavenging. To test this, the UV-vis assay of DPPHe at three different pH values (3, 7, 11)
were performed using 0.02 mg/mL concentration of unmodified CNDs. The results (Figure S8)
demonstrate that the antioxidative activity increases in acidic solution and decrease in basic solution.
The -COOH-blocked or -NHj-blocked CNDs also present the similar tendency as the unmodified
CNDs. This proves that protonation of carboxyl and amine groups in the acidic solution provides
more hydrogen atoms in the antioxidation process and thus more effective in radical scavenging.

3. Experimental

3.1. Synthesis of CNDs

The synthesis of CNDs was performed using glucosamine hydrochloride (Alfa Aesar, Haverhill,
MA, USA) as a precursor in a microwave synthesizer (908005 Microwave Reactor Discovery System,
CEM Corp, Matthews, NC, USA). Briefly, glucosamine hydrochloride (0.1 g) was dissolved completely
in deionized water (1.0 mL) and then heated in the microwave reactor for 9 minutes at a power of
300 W and at temperature of 150 °C. Afterwards, the aqueous reaction mixture was purified using
a centrifuge at 3500 rpm for 5 min to separate the large aggregated particles from the dark-brown
supernatant. The homogeneous solution was then dialyzed (MWCO 1000 Da, Aldrich, St. Louis, MO,
USA) against DI water for 24 h. Finally, the purified solution was dried using a freeze dryer for 36 h to
obtain the solid sample.

3.2. Characterization of CNDs

Atomic force microscopy (5600LS AFM, Agilent Technologies, Tempe, AZ, USA) imaging on
fresh mica surfaces was used to obtain the size distribution of CNDs. Elemental composition and
chemical structure of the CNDs was assessed by Energy-dispersive X-ray (EDX) spectroscopy analysis
using the S-4800-1 FESEM w /Backscattered Detector (Carl Zeiss NTS GmbH, Oberkochen, Germany),
Fourier transform infrared spectroscopy (FTIR, Varian 670, Agilent Technologies, Santa Clara, CA,
USA), Raman spectroscopy (XploRA One Raman Confocal System, Horiba, Villeneuve, France),
carbon 1s X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Fisher, West Sussex, UK),
and X-ray powder diffraction (XRD, Agilent Technologies Oxford Gemini, The Woodlands, TX, USA).
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Solid samples were redispersed in D,O for '3C NMR (Agilent 700 MHz NMR, Agilent Technologies,
Santa Clara, CA, USA) analysis. Optical properties were measured using ultraviolet-visible
spectroscopy (UV-Vis spectroscopy, Cary 6000i, Varian, Agilent Technologies, Santa Clara, CA, USA)
and fluorescence spectroscopy (Fluoro-Max 4 fluorometer, Horiba, Kyoto, Japan), respectively.

3.3. Preparation of the Blocked CNDs

In the case of blocking the carboxyl groups on the surface of CNDs, the CNDs were first
re-dispersed in deionized water with a final concentration of 0.3 mg mL~!. The homogeneous solution
was then reacted with a solution containing 0.5 mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC, TCI)/0.5 mM N-hydroxysuccinimide (NHS, Aldrich) for 2 h to block the carboxyl
groups. To block the amino groups on the surface of the CNDs, the CNDs with a final concentration of
0.2mg mL~! was treated with citraconic anhydride (Aldrich, 0.03 mg mL~1) and the pH was adjusted
to 6.0 by adding 5N-NaOH. The system was kept at room temperature with stirring for 2 h. For both
carboxylic acid- and amine-blocked CNDs, unreacted reagents were removed by a 24 h dialysis process
(MWCO 1000 Da, Aldrich) against DI water. Both samples were then frozen and freeze dried for 36 h
to obtain solid powders.

3.4. UV-Vis study of Antioxidation Activity

The antioxidation activity of the blocked CNDs was compared to the unmodified CNDs using
the DPPHe (Alfa Aesar)-based assay according to previously reported procedure [23]. A series of
CND concentrations ranging from 0 to 0.08 mg/mL were mixed with DPPHe at a final concentration
0.02 mg/mL in absolute methanol (Fisher Scientific, Waltham, MA, USA). The reaction was kept in a
dark environment for 1.5 h, and then the absorbance at 517 nm was measured via UV-Vis spectroscopy.
Each sample was conducted for at least three trials.

3.5. Electrochemistry Study

The electrochemical experiments were performed with a three-electrode electrochemical cell
containing a gold working electrode (Fisher Scientific), an Ag/AgCl reference electrode (Fisher
Scientific), and a platinum counter electrode (Fisher Scientific). For all experiments, 10.0 mL of a
1:1 mixture of absolute methanol and phosphate buffer solution (Life Tech, Carlsbad, CA, USA)
containing 0.02 mg/mL (52 nmol/mL) DPPHe reacted with multiple concentrations of one type of
CNDs. Each system was maintained in a dark environment for 45 mins reaction. Cyclic voltammetry
of each of the samples was performed at room temperature with six different scan rates. A solution of
0.02 mg/mL of DPPHe in 10.0 mL methanolic phosphate buffer without CNDs was used as a control.

4. Conclusions

The routes to manipulation of the carboxyl groups and amino groups on the CNDs provide an
extraordinary opportunity to study the roles of the functionalities of CNDs in terms of their antioxidant
capabilities, and potentially for other properties. Apart from this, the antioxidant results of the modified
CNDs suggest that not only the carboxyl groups play an important role in antioxidation through a
HAT mechanism, but also the amino groups via an electron transfer coupled indirect HAT mechanism.
This work would promote a better understanding of this type of complicated nanomaterials and help
the design and tuning structures of the CNDs, and thus facilitate the development of its practical
application in the field of biomedicine.

Supplementary Materials: Additional supporting data of CND characterization, UV-vis spectra, control
experiments, and electrochemical characterization. Figure S1. AFM topography image of -COOH-blocked
(a) and -NHy-blocked CNDs (b); and the representative AFM height profiles. Figure S2. EDX elemental analysis
of un-modified CNDs. Figure S3. EDX elemental analysis of -COOH-blocked CNDs. Figure S4. EDX elemental
analysis of -NHj-blocked CNDs. Figure S5. Representative absorption spectra of 0.02 mg/mL DPPHe methanol
solution with different concentrations of the unmodified (a), -COOH-blocked (b), and -NH,-blocked CNDs (c)
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measured after reaction for 1.5 h in the dark. Figure S6. Control of the UV-Vis study of the antioxidation activity of
the three types of CNDs. Figure S7. Representative cyclic voltammograms for the DPPHe-gold electrode system
reacted with the unmodified CNDs at concentrations of 0.00 (a), 0.04 (b), and 0.08 mg/mL (c); -COOH-blocked
CNDs at concentrations of 0.00 (d), 0.04 (e), and 0.08 mg/mL (f); and -NHjy-blocked CNDs at concentrations of
0.00 (g), 0.04 (h), and 0.08 mg/mL (i) at scan rates of 50, 100, 150, 200, 300 and 400 mV /s, respectively. Figure S8.
The antioxidation activity of the unmodified CNDs (0.02 mg/mL) in different pH values using the UV-Vis DPPHe
assay. Table S1. Representative experimental results of cyclic voltammograms for the DPPHe-gold electrode
system reacted with three types of CNDs at different concentrations.
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