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ABSTRACT: Chiral carbon dots (CDs) integrated the advantages of achiral CDs i

and the unique chiral property, which expand the prospect of the biological TASY, 7 120°CChiral transtor h
applications of CDs. However, the structure control and the origin of chirality for 2= [ Lmyr > [180°C Chiralinverse L
chiral CDs remain unclear. Herein, chiral CDs were obtained by thermal _Jifi™

polymerization of chiral amino acids and citric acid, and their handedness of ..., Dyr {20C{Chiralltransar
chirality could be controlled by adjusting the reaction temperature, which leads to “—"180 °C Chiral inverse
different kinds of surface modifications. With aliphatic amino acids as a chiral :L\m!;‘ i t
source, all of the CDs that reacted at different temperatures (90—200 °C) have the  carpon core
same handedness of the chiral source. But with aromatic amino acids as a chiral

source, CDs with maintained or inversed handedness compared with the chiral

source could be obtained by adjusting the reaction temperature. Below a temperature of 120 °C, the chiral source was modified with
CD:s by esterification and transferred the handedness of chirality; at high temperatures (above 150 °C), which mainly connected by
amidation accompanying with the formation of rigid structure generated by the 7 conjugation between the aromatic nucleus of chiral
source and the carbon core of CDs, caused the inversing of the chiral signal. Further, we investigated the chiral effects of CDs on the
glucose oxidase activity for a highly sensitive electrochemical biosensor.

Chiral modification Chiral carbon dots

KEYWORDS: carbon dots, handedness, chiral control, enzymatic activity, glucose oxidase

1. INTRODUCTION tion, and good biocompatibility.”*™>* Notably, chirality will
give CDs more unique properties to enhance the prospect of
their biological applications. Recently it has been demonstrated
that the chirality of CDs had an impact on cytotoxicity,”®
cellular energy metabolism,”” Golgi apparatus imaging,
antibiosis,”” regulating plant growth, and tuning enzymatic
activity.”*~** The chiral CDs, reported so far, were obtained by
pyrolysis,”” microwave-assisted synthesis,”® electrochemical
method,*"*? hydrothermal method, and chemical oxida-
tion.””***> However, the origin of chirality and the structure
control still remain unclear.

Herein, we reported that chiral CDs were prepared by
thermal polymerization from citric acid and chiral amino acids,
and the handedness of CDs can be regulated by adjusting the
reaction temperature. With chiral tyrosine (Tyr) as a reagent,
the chiral CDs could inherit the same circular dichroism
absorption of the chiral material at 120 °C, whereas the chiral
CDs with the inverted chiral signal could be obtained at higher
temperature (above 150 °C). Further, for aliphatic amino acids

Chirality plays a crucial effect in chemical recognition and
interactions between chemical and biological species, relating
to many application fields including chiral recognition, chiral
catalysis, and chiral bio-nanoscience.' ™ Chiral nanostructures
have shown great potential and a promising future for sensing,4
cytotoxicity mediation and cell imaging,>° asymmetric catalysis
and enantiomeric separation,””® circularly polarized light
sources, and spintronics.g_11 In 1998, Schaaff et al. first
reported the chiral nanoparticles, stabilizing chiral glutathione
to gold nanoclusters.'” However, the study on the fabrication
and properties of chiral nanostructures is still in its infancy.
Four fabrication categories of chiral nanomaterials have been
developed according to their origin of chirality: (1) the
induced chirality by integrating chiral molecules (absorption or
covalent conjugation) into a nanoparticle;ls’14 (2) the
geometrical chirality by a template method;'>'® (3) nano-
particles with the intrinsically chiral crystal lattice such as
selenium and tellurium nanocrystals;'”'® and (4) chiral
nanomaterials fabricated by chiral driving force (such as
circularly polarized light, electric field, and magnetic Received:  December 10, 2020
field).'"”>* A better and deep understanding on the structure Accepted: January 11, 2021
and properties of the chiral nanostructures needs further Published: January 22, 2021
systematic experimental and theoretical studies.

Carbon dots (CDs) stimulated great interests in many fields
due to their unique fluorescent property, easy functionaliza-
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(serine, glutamic acid, and so on), the handedness of CDs was
transferred by a chiral source via surface modification. For
aromatic amino acids (tyrosine, phenylalanine, and trypto-
phan), the chiral CDs could inherit the same circular dichroism
signal of the chiral material at 120 °C, whereas the chiral CDs
with the inverted circular dichroism signal could be obtained at
180 °C because of the rigid structure generated by an amide
bond and the conjugation of 7 electron between the aromatic
nucleus of amino acid and the carbon core. We further
demonstrated that these chiral CDs are efficient substrate to
enhance the glucose oxidase (GOx) activity for the design of a
highly sensitive GOx-based direct electrochemical biosensor.

2. EXPERIMENTAL SECTION

2.1. Materials. The GOx and amino acids used in this work were
purchased from Shanghai Aladdin Bio-Chem Technology Co. Ltd.
Citric acid and a cellulose dialysis bag (500—1000 Da) were
purchased from Shanghai Yuanye Biotechnology Co. Ltd. (S)-3-
Amino-2-benzylpropanoic acid ((S)-ABPA) was purchased from
WuXi AppTec Co. Ltd. A glucose oxidase enzyme-linked
immunosorbent assay (ELISA) test kit was provided by Kejing
Biological Technology Co. Ltd. All chemicals were used without any
further purification.

2.2. Synthesis of Chiral CDs. Chiral CDs were obtained by a
two-step method. Briefly, the citric acid powder (2.00 g) in a round-
bottom flask was carbonized in an oil bath of 200 °C for 30 min, and
the carbon core was obtained. Then, 1.20 g of the L-/D-Tyr powder
was added into the round-bottom flask. The substances were mixed
by a glass rod and treated with different temperatures (120/180 °C)
for 30 min, respectively. During the reaction, the mixture turned
orange and viscous, as a result of the connection of a carbon core and
L-/D-Tyr. After 30 min, 20 mL of ultrapure water was added for
dissolving the product. Finally, the crude product was subjected to
filtration and dialysis (500—1000 Da) for further purification, and the
orange colored chiral CDs were obtained. To study the effects of
reaction parameters on the handedness of products, different reaction
temperatures (90, 120, 150, 180, and 200 °C) and reaction times (15,
30, 60, and 90 min) were used in step 2.

2.3. Preparation of GOx-CDs Hybrids. The GOx powder
(30.00 mg) was dissolved in 2 mL of 0.1 mol/L phosphate-buffered
saline (PBS, pH = 7.2) first, and then an equal amount (2 mL) of 4.00
mg/mL chiral CDs (120-LTyr-CDs, 120-pTyr-CDs, 180-LTyr-CDs,
and 180-pTyr-CDs) was added and these mixtures were incubated at
35 °C for 4 h. Finally, the GOx-CDs-1, GOx-CDs-2, GOx-CDs-3, and
GOx-CDs-4 hybrids were obtained. These hybrids were stored at 4
°C before use.

2.4. Activity Assays of GOx-CDs Hybrids. The enzymatic
activity of GOx and GOx-CDs hybrids were measured by a glucose
oxidase ELISA test kit. In the preparation of GOx-CDs hybrids, the
same concentration (7.5 mg/mL) of free GOx was used and
incubated at 35 °C for 4 h. To ensure the enzymatic activity of
samples was in the range of the standard curve of the test kit, the GOx
and GOx-CDs hybrids were diluted 20 times before detection.

2.5. Glucose Detection with a GOx-CDs Enzyme Electrode.
A glassy carbon electrode (GCE) was polished by S0 nm alumina
slurry and washed by deionized water. Then, the pretreatment, cyclic
voltammetric (CV) scanning in 0.5 mol/L H,SO, for 30 min (—1 to 1
V with a scan rate of 10 mV/s), was performed to activate the surface
of GCE. After washing with deionized water and drying, the GCE was
cast by 10 uL of a GOx-CDs hybrid, and the GOx-CDs-modified
GCE was dried in the shade at 4 °C. For avoiding the spilling of the
sample, 10 yL of a 0.5% Nafion water solution was cast on a GOx-
CDs membrane and the electrode was dried at 4 °C before use. In the
detection of glucose, the GOx-CDs enzyme electrode was used as a
working electrode, a carbon electrode as a counter electrode, and a
saturated calomel electrode (SCE) as a reference electrode. CV
measurement was performed using a three-electrode cell in different
concentrations of O,-saturated glucose solutions (0, 0.25, 0.5, 1, 2,
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and 3 mmol/L). For comparison, a GOx enzyme electrode was
prepared by the same method.

2.6. Interference Test. The interference tests were carried out by
CV measurement in 2 mmol/L O,-saturated glucose (Glc) and the
same concentrations of interfering substances, dopamine (DA), uric
acid (UA), ascorbic acid (Vc), L-cysteine (Cys), and L-tyrosine (Tyr).
The interference of these substances was assessed from the change of
the reductive peak current compared with the GOx-CDs enzyme
electrode in O,-saturated 0.1 mol/L PBS (pH = 7.2).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structure of Chiral CDs. In this
work, the chiral CDs were synthesized by two-step pyrolysis of
organic molecules. As illustrated in Figure 1, first, citric acid
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Figure 1. Schematic for controlled chiral transfer and inversion of
CDs via a temperature-induced surface modification. At a low reaction
temperature of 120 °C, due to the chiral transfer, the CDs have the
same handedness of chirality as the chiral source, whereas, at 180 °C,
the CDs have reversed handedness compared to the chiral source.

was carbonized at 200 °C for 30 min, and then 1-/D-Try, as a
chiral source, was added into the reaction system and reacted
with the carbon core formed by carbonized citric acid at 120/
180 °C for 30 min. After the surface modification, the chiral
CDs (120-LTyr-CDs, 120-pTyr-CDs, 180-LTyr-CDs, and 180-
pTyr-CDs) were finally obtained. The detailed synthetic
process and purification steps are shown in Section 2. Notably,
with this method, the controlled chiral transfer and inversion of
CDs can be realized by adjusting the reaction temperature.
When L-Tyr served as the chiral source, the 120-LTyr-CDs
inherited the same handedness as the precursor at 120 °C, but
180-LTyr-CDs with the inverted chiral signal were obtained at
a higher reaction temperature of 180 °C. Similarly, with p-Tyr
as the chiral precursor, the symmetric enantiomers (120-pTyr-
CDs and 180-DTyr-CDs) of 120-LTyr-CDs and 180-LTyr-CDs
could be obtained at 120 and 180 °C, respectively.

In the following study, the morphological and structural
characterizations of chiral CDs were analyzed. The chiral CDs
(120-LTyr-CDs, 120-0Tyr-CDs, 180-LTyr-CDs, and 180-pTyr-
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Figure 2. Characterization of chiral CDs. (a) TEM image and size distribution (inset) of 180-pTyr-CDs; (b) the FT-IR spectra of 180-0Tyr-CDs
(red line) and p-Tyr (black line); (c) the C 1s and (d) N 1s high-resolution XPS spectra of 120-0Tyr-CDs and 180-pTyr-CDs; (e) the UV—vis
absorption spectra of p-Tyr, 120-pTyr-CDs, and 180-pTyr-CDs; and (f) the circular dichroism spectra of L-Tyr (left, black line), 120-LTyr-CDs
(left, red line), 180-LTyr-CDs (left, blue line), -Tyr (right, black line), 120-pTyr-CDs (right, red line), and 180-pTyr-CDs (right, blue line).

CDs) had similar morphologies and structures, hence 180-
DTyr-CDs are mainly discussed in the main text. First, the
morphological characterization of CDs was studied by a
transmission electron microscope (TEM). As shown in Figure
Slab, the size distribution of carbonated citric acid ranged
from 2 to S nm. When the carbon core was modified with Tyr,
the chiral CDs had similar morphological features and their
diameters increased to 3—7 nm (shown in Figures 2a and Slc—
h). In addition, Fourier transform infrared (FT-IR) spectros-
copy (Figures 2b and S2) was adopted for analyzing the
composition of chiral CDs as well. The vibrational absorption
signals of 180-DTyr-CDs were less than p-Tyr. With regard to
the FT-IR spectrum of 180-pTyr-CDs, the stretching vibration
signals of O—H/N—H at 3427 cm™!, C—H at 2922 cm™}, and
C=0/C=C at 1710 cm™' are shown, respectively.’*’’
Besides, the peaks located at 1519, 1398, and 1232 cm™!
could be assigned to the bending vibrations of N—H and the
stretching vibration of C—N and C—-0-C, respectively.****
The FT-IR spectrum of 180-DTyr-CDs demonstrated that the
amino acid L-/p-Tyr was successfully modified on the carbon
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core and the surface of CDs mainly possessed some
hydrophilic functional groups, such as carboxyl, oxhydryl,
and amidogen.

X-ray photoelectron spectroscopy (XPS) was adopted for
further analyzing the structure and the composition character-
ization of the chiral CDs. The full-scan XPS spectrum (Figure
S3d) shows that the 180-nTyr-CDs consisted of carbon,
oxygen, and nitrogen elements and the atomic percentages for
the above elements were 60.47, 34.26, and 5.27%, respectively.
The C 1s spectrum of 180-DTyr-CDs, shown in the bottom of
Figure 2¢, could be divided into three surface components.
The peaks located at 284.6, 285.8, and 289.4 eV corresponded
to C—C, C—0/C—N, and C=0O0, respectively.””** The N 1s
spectrum of 180-DTyr-CDs, shown at the bottom of Figure 2d,
could be divided into two peaks located at 400.8 and 402.6 eV.
The first peak was assigned to —NH,, whereas the last peak
belonged to C—N-C.* However, in the N 1s high-resolution
XPS spectra of these four chiral CDs, C=N—C could be found
in the 180-LTyr-CDs (Figure S3d) and 180-pTyr-CDs
(bottom of Figure 2e), whereas C—N—C was not present in
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Figure 3. Handedness control and the stability of chiral CDs. (a) Circular dichroism spectra of CDs synthesized at different temperatures (90, 120,
150, 180, and 200 °C); (b) the circular dichroism spectra of CDs recorded at different ratios of citric acid and L-Tyr (25:1, 50:1, 100:1, and 200:1)
at 120 and 180 °C; and the chiral stability of 180-LTyr-CDs and 180-pTyr-CDs at (c) different pH values (3.0—11.0), (d) different ionic strengths
(0—1.5 mol/L NaCl), (e) different temperatures (25—95 °C), and (f) different storage times (0—90 days).

120-LTyr-CDs (Figure S4b) and 120-pTyr-CDs (top of Figure
2d). Hence, the new chemical bond of C—N—C at 402.6 eV
may be due to the response for the change of the chiral CDs
signal (180-LTyr-CDs and 180-pTyr-CDs). More information
about TEM images, XPS, and FT-IR spectra of 120-LTyr-CDs,
120-pTyr-CDs, and 180-LTyr-CDs is provided and shown in
Figures S1—S4. All those chiral CDs possessed similar size
distribution, structure, and composition but different chiral
optical properties and the bonding structure of nitrogen.
Next, the UV—vis absorption spectra and circular dichroism
spectra of chiral CDs and Tyr in a water solution are shown in
Figure 2e,f. The UV—vis absorption spectrum of p-Tyr (Figure
2e, black line) displayed two obvious peaks located at 240 and
292 nm, which corresponded to the B band and R band due to
the electron transition of 7—z* and n—z*, respectively. For
120-pTyr-CDs and 180-pTyr-CDs (Figure 2e, red and blue
lines), three absorption peaks at 220, 276, and 337 nm were
observed. The first peak at 220 nm could be assigned to the
m—n* electron transitions of the sp>-hybridized carbon
network.”” The second peak at 276 nm could be attributed
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to the n—x*electron transitions of C=0 or C—N.”"*’ The
trapping of excited-state energy by the surface states at 337 nm
led to the emission at 451 nm (Figure 56).%7

Then, we used circular dichroism spectra for characterizing
the chirality of CDs. The difference in the absorption of left
and right circularly polarized light could quantitatively analyze
the handedness of CDs chirality." The circular dichroism
spectra of 120-LTyr-CDs (the left of Figure 2f, red line) and
120-0Tyr-CDs (the right of Figure 2f red line) revealed
symmetric positive and positive/negative cotton effects at 227
nm, which inherited the same circular dichroism signal of L-Tyr
(left of Figure 2f, black line) and p-Tyr (the right of Figure 2f,
black line), respectively. In addition, the circular dichroism
signals of 120-pTyr-CDs (the right of Figure 2f, red line) were
in line with the UV absorption band (Figure 2e, red line). For
180-pTyr-CDs (right of Figure 2f, blue line), the handedness
of chirality was opposite to D-Tyr, and they displayed two
positive cotton effects at 220 and 252 nm and revealed a
symmetric curve with 180-LTyr-CDs (the left of Figure 2f, blue
line), displaying two negative cotton effects at 221 and 252 nm.
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The chiroptical asymmetry parameter (g-factor) was adopted
as a fair standard for characterizing the chiroptical effects of
CDs as well. As shown in Figure S7, the g-factor of the
obtained chiral CDs is approximately 1 X 1073, which is higher
than that of chiral CDs previously reported but still lower than
that of many chiroplasmonic assemblies.”">*" All of the above
results suggested that the inversion of handedness was
successfully retained from Tyr to CDs via temperature-induced
surface modification.

3.2. Handedness Control of Chiral CDs. To investigate
the reasons for the chiral formation of CDs, a series of contrast
experiments were performed. In the first place, different
temperatures (90, 120, 150, 180, and 200 °C) were used for
the connection of carbonated citric acid and L-Tyr. Figure 3a
shows that the circular dichroism spectra of CDs reacted at
different temperatures. Compared with the chiral source (L-
Tyr), when the connection temperature reached 150 °C, the
chiral signals of CDs were inverse. Only the CDs that reacted
below 120 °C inherited the same chiral signal as L-Tyr. Then,
two temperatures (120 and 180 °C) were chosen for
investigating the influence of the reactant ratio, and different
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reactant proportions (citric acid/L-Tyr, 25:1, 50:1, 100:1, and
200:1) were used. As shown in Figure 3b, even though few L-
Tyr were added, the obtained CDs still possessed the inverse
chiral signal to the chiral source at a temperature of 180 °C,
whereas the handedness of the CDs maintains the circular
dichroism absorption as the chiral source at 120 °C. In
addition, the stability of the CDs handedness of circular
dichroism was analyzed. The chiral signals of the characteristic
peaks of chiral CDs (Figure S7, for 120-LTyr-CDs and 120-
DTyr-CDs: 227 nm; 180-LTyr-CDs and 180-pTyr-CDs: 220
nm) at different pH values (3.0—11.0), different ionic strengths
(0—1.5 mol/L NaCl), and different temperatures (25—95 °C),
and different stabilization times (0—90 days) were monitored.
As shown in Figures 3c—f and S8, the circular dichroism signal
of the chiral CDs (120-LTyr-CDs, 120-pTyr-CDs, 180-LTyr-
CDs, and 180-DTyr-CDs) was stable in the case of strong
acidity, strong alkalinity, high ionic strength, and high
temperature conditions, as well as at long-term storage (over
90 days).

It still remains a doubt that whether the high temperature
would allow the transformation of the chiral signal of the raw
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materials. Therefore, the independent carbon source (citric
acid) and chiral source (Tyr) were treated by an oil bath of
200 and 180 °C for 30 min, respectively. As shown in Figure
S9, the carbonated citric acid did not possess the chiral signal,
while the chiral signal of L-Tyr was maintained, demonstrating
that the inverse of the chiral signal of CDs was not derived
from the carbonated citric acid or the chiral source but derived
from their interaction. A hypothesis was proposed that the
change of the handedness of CDs was due to the connection of
carbonated citric acid and monomolecular L-Tyr. In the N 1s
high-resolution XPS spectra of 180-DTyr-CDs (bottom of
Figure 2d), a new chemical bond of C—N—C was found,
demonstrating that L-Tyr may be linked to the carbonated
citric acid via an amido bond. Thereafter, representative amino
acids were chosen, such as simple aliphatic amino (Ser, Glu,
Asp, and Cys) and aromatic amino acids (Phe and Trp),
similar to Tyr. These amino acids reacted with carbonated
citric acid at 120 and 180 °C for 30 min and their chiral signals
were monitored, respectively. As shown in Figure 4a—f, when
the reaction temperature was 120 °C, the chiral signals of all of
the CDs (red line) were transferred by the chiral source (black
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line). However, at a reaction temperature of 180 °C, the
circular dichroism signals of the CDs prepared from aromatic
amino acids (Figure 4a—c, blue line) were opposite to the raw
materials, whereas the chiral CDs derived from aliphatic amino
acids (Figures S10 and 4d,e, blue line) maintained the cotton
effects of the raw materials. It is worth noting that, compared
with the chiral source, the disappearance of circular dichroism
signals were due to the change of functional groups attached to
the chiral center with the connection of amino acids (chiral
source) and carbonized citric acid. The appearance of the new
circular dichroism signals may likely be due to the formation of
a new chiral center.”® The handedness of the CDs discussed in
this work, chiral transfer or reverse, is only for the inheritance
of chiral raw materials. The newly generated chiral signal of
CDs is not discussed specifically in this paper. For verifying
that the inverse of the chiral signal was due to the connection
between the amidogen of amino acid and the carboxyl of a
carbon core, (S)-ABPA was used. Compared with the chemical
structure of L-Phe, (S)-ABPA has one additional methylene
(Figure S11). If the inverse of the CDs handedness was
because of the esterification of aromatic amino acids and
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carbon core rather than that of amidation, the addition of
methylene in (S)-ABPA would not influence the inverse of
handedness and the chiral signal of CDs synthesized from (S)-
ABPA would inverse the handedness similar to the CDs
obtained from L-Phe. As shown in Figure 4f, the (S)-ABPA-
CDs had the same chiral signal as (S)-ABPA, demonstrating
that the amidogen of the chiral source was the key factor in the
formation of chiral CDs with an inverse chiral signal, and the
connection of a carbon core and a chiral source was mainly via
amidation at 180 °C.

Based on the above discussion, a possible synthesis
mechanism for the formation of chiral CDs was suggested as
follows. The carbon core with carboxyl groups was formed by
carbonizing the citric acid in the first step of the synthesis.
Then, as shown in Figure S12, the carbon core could be
modified by a chiral source via amidation (type I) or
esterification (type II and type III). For simple aliphatic
amino acids, such as L-Ser, the chiral CDs with the same chiral
signal compared with the chiral source were obtained for all of
the three connective types. However, for an aromatic amino
acid, L-Pen as an example, when the amido bond (type I) was
formed, a rigid structure generated from the amide linkage to
the aromatic nucleus of amino acid due to the conjugation of a
7 electron between the aromatic nucleus of amino acid and the
carbon core, resulting in the warp of the configuration of -
Pen; and the CDs chiral signal was inverse compared with the
chiral source. When the 1-Pen is connected with the carbon
core by esterification (type 1I), the rotatable ether bond
between the surface of the carbon core and the 1-Pen impeded
the formation of a rigid structure and that connective type did
not influence the chiral signal of CDs. Then, the chiral CDs
with the transfer chiral signal obtained from (S)-(—)-ABPA
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verified the key factor of the amidogen of the chiral source and
the effects of the rotatable single bone. The rigid structure
could not be formed when the chain, from the carbon core to
the chiral center of amino acid, existed as a rotatable bone. In
the previous discussion, the chiral CDs derived from amino
acids would maintain the handedness of the precursor at 120
°C. Furthermore, for making the reaction more complete at
this temperature, the reaction time in the connection was
prolonged and the reaction temperature was kept at 120 °C. As
shown in Figure S13, although the reaction time extended to
90 min, the handedness of CDs remained the same as that of .-
Tyr. This may be because amidation could not be carried out
at 120 °C. The decomposition of ammonium carboxylate to
amide is a reversible reaction. Higher temperature is beneficial
for dehydration to form amide and move the equilibrium
forward. Hence, the reaction at 120 °C could not connect the
chiral source with the carbon core by the amido bond (type I)
and the chiral CDs maintained the chiral signal of the raw
material. To sum up, the handedness of CDs derived from
amino acid could be inherited (transfer or reverse) via the
amido bond between the amino acid and the carbonized citric
acid at 180 °C. As shown in Figure 4g, for aliphatic amino
acids (such as Ser and Glu), the handedness of CDs was
transferred by the chiral source at a reaction temperature of
180 °C; for aromatic amino acids (such as Tyr, Phe, and Trp),
the chiral CDs with the opposite chiral signal as the chiral
source were obtained because of the warp of the configuration
of the chiral source by the rigid structure generated by the
amide bond and the conjugation of the 7 electron between the
aromatic nucleus of the amino acid.

3.3. Effects of Chiral CDs on GOx Activity. Glucose

oxidase (GOx) is an oxidase for specifically catalyzing glucose

https://dx.doi.org/10.1021/acsami.0c21949
ACS Appl. Mater. Interfaces 2021, 13, 5877—5886


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c21949/suppl_file/am0c21949_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c21949/suppl_file/am0c21949_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c21949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c21949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c21949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c21949?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c21949?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

to gluconic acid and it has been widely applied to biofuels and
glucose biosensors.””** In the following experiments, chiral
CDs were used for tuning the GOx catalytic activity, and the
chiral effects of CDs on GOx activity were investigated. As
shown in Figure Sa, the chiral CDs could impact the enzymatic
activity of GOx. The 120-LTyr-CDs, 120-DTyr-CDs, and 180-
LTyr-CDs (hereinafter called CDs-1, CDs-2, and CDs-3 for
short) caused only a slight increase in the GOx activity,
whereas the 180-pTyr-CDs (CDs-4) significantly increased
GOx activity (+34.8%). Further, the combination of chiral
CDs with GOx was studied by a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) test. As
shown in Figure Sb, the SDS-PAGE test demonstrated that
the chiral CDs were combined with GOx successfully, and the
shorter displacement distance of GOx-CDs-4 proved that the
GOx-CDs-4 combined more effectively with GOx than GOx-
CDs-1, GOx-CDs-2, and GOx-CDs-3. Figure Sc—f shows the
change of the secondary structure of GOx-CDs-1, GOx-CDs-2,
GOx-CDs-3, and GOx-CDs-4 compared with free GOx. The
circular dichroism spectrum of GOx had the highest peak
intensity at 208 nm (a-helix) and 218 nm (f-helices), while
the spectra of chiral CDs-treated GOx possessed lower
intensity of a-helix and f-helices. The GOx-180-pTyr-CDs
with the lowest peak intensity suggested that the 180-pDTyr-
CDs strongly loose the GOx structure and expose the active
sites, leading to the high catalytic activity of GOx-180-pTyr-
CDs. For analyzing the combination pattern of GOx and chiral
CDs, the PL spectrum was adopted. Figure S14 shows the PL
spectra of GOx, 180-pTyr-CDs, and GOx-180-pTyr-CDs. The
location of the fluorescence peak of GOx-CDs did not change
compared with the GOx and CDs, so that the chiral CDs could
likely be combined with GOx by adsorption. They would be
adsorbed on the surface or the inside of the GOx.

Further, the GOx enzyme sensor was used for further
verifying the enzyme regulation ability of chiral CDs and the
chiral effects of CDs on the performance of the biosensor. A
GOx-based direct electrochemical biosensor was designed and
a GOx-CDs-modified GCE electrode was fabricated. One free
GOx GCE electrode and four GOx-chiral CDs-modified GCE
electrodes were fabricated, namely, free GOx, GOx-CDs-1,
GOx-CDs-2, GOx-CDs-3, and GOx-CDs-4 electrodes. Cyclic
voltammetry (CV) measurement was used for evaluating the
electrochemical performances of these GOx-based enzyme
biosensors. Figure 6a shows the CVs of GOx (black line),
GOx-CDs-1 (red line), GOx-CDs-2 (blue line), GOx-CDs-3
(green line), and GOx-CDs-4 (purple line) in a N,-saturated
0.1 mol/L PBS solution (pH = 7.2). No redox peaks were
observed at the free GOx, whereas a pair of quasi-reversible
redox peaks were detected at GOx-CDs-1, GOx-CDs-2, GOx-
CDs-3, and GOx-CDs-4; GOx-CDs-4 had the superior peak
current with the reduction peak potential of —0.47 V and peak-
to-peak separation (AE,) of 58 mV. The redox reaction of a
flavin adenine dinucleotide (FAD, the redox-active center of
GOx) could not be carried out in the free GOx electrode,
which demonstrated that the free GOx casted in GCE could
not conduct electricity directly due to the spatial position of
the redox active center wrapped by a peptide chain polymer
and carbohydlrate.%45 However, the chiral CDs could be used
as a substrate attached with GOx and conduct the electron
transfer of GOx directly. Then, the CVs of the GOx-CDs-4 in a
N,-saturated 0.1 mol/L PBS solution (pH = 7.2) at different
scan rates (50—S00 mV/s) were detected. As shown in Figure
S15, the intensity of redox peaks increased with the increasing
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scan rate. In addition, the peak currents of a cathode and an
anode were similar (i,,/i,c ~ 1) and the potential of redox
peaks only shifted slightly (AE, = 58—62 mV), indicating that
the GOx-180-pTyr-CDs had the typical property of a surface
electrochemical behavior with the quasi-reversible reaction.

Due to the better electrochemical performances of GOx-
CDs-4, its electrocatalytic activity was also measured as a
glucose biosensor. Figure 6b shows the CVs of GOx-CDs-4 in
a N,-saturated 0.1 mol/L PBS solution (pH = 7.2, black line),
O,-saturated 0.1 mol/L PBS solution (pH = 7.2, red line), and
O,-saturated 2 mmol/L glucose solution (blue line). In a N,-
saturated 0.1 mol/L PBS solution, the GOx-CDs-4 displayed a
pair of symmetrical redox peaks, demonstrating that a
reversible process (FAD,,/FAD,.) was carried out on the
surface of a GOx-CDs-4 electrode. In an oxygen atmosphere,
the reduced FAD of GOx-CDs-4 would be oxidized by O, with
an increase in i, and decrease in i, With the addition of 2
mmol/L glucose, the GOx-CDs-4 catalyzed the formation of
glucose into gluconic acid and the oxydic FAD would be
reduced with a decrease in i,.compared with the condition of
an O,-saturated 0.1 mol/L PBS solution. Then, the response of
a GOx-CDs-4 glucose sensor toward different concentrations
of glucose was studied as well. As shown in Figure 6c, i,. was
proportional to the glucose concentration. The relation curve
of i, of GOx-CDs-4 and the glucose concentration is shown in
the inset of Figure 6¢. They had a linear relation in the range of
0.25—3 mmol/L glucose, indicating that the GOx-CDs-4-
modified GCE could serve as a sensitive glucose biosensor.
Anti-interference ability is an important factor for a biosensor.
Next, the interference tests were carried out by CV
measurement in the presence of 2 mmol/L glucose (Glc)
and the same concentration of an interfering substances, such
as DA, UA, V¢, Cys, and Tyr. As shown in Figure S16, the
GOx-CDs-4-modified GCE could only recognize that the
glucose, and the interfering substances (DA, UA, V¢, Cys, and
Tyr) did not influence the response of GOx-CDs-4.

The schematic catalytic mechanism of a GOx-chiral CDs
glucose sensor is shown in Figure 6d. On the surface of an
electrode, the addition of chiral CDs loses the GOx structure
and the redox center (FAD) wrapped by a peptide chain was
exposed so that the FAD was close to the surface of the
electrode and realized the direct electron transfer. Besides, the
CDs could also play the role of electron conduction. The CDs
attached to GOx could convey the electron of FAD, which was
far away from the surface of the electrode. In the enzyme layer,
GOx with high specificity could identify glucose and catalyze
the formation of glucose into gluconic acid and a proton. Thus,
the chiral CDs could serve as a new substrate for enzyme
regulation and direct electrochemistry of GOx, and the GOx-
CDs-4 have a superior electrocatalytic activity.

4. CONCLUSIONS

In summary, we regulated the handedness of CDs by adjusting
the temperature of thermal polymerization from citric acid and
chiral amino acids. For aliphatic amino acids (such as Ser, Glu,
Asp, and Cys), the handedness of CDs was transferred by a
chiral source. For aromatic amino acids (such as Tyr, Phe, and
Trp), the chiral CDs could inherit the same chiral signal as the
chiral raw material at 120 °C, whereas the chiral CDs with the
inverted signal could be obtained at higher temperatures
(above 150 °C). At a high reaction temperature, the chiral
source was beneficial for modifying the carbon core via
amidation. Then, a rigid structure was generated due to the
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conjugation of a 7 electron between an aromatic nucleus of
amino acid and a carbon core, resulting in the warp of the
configuration of aromatic amino acids and the inverse circular
dichroism absorption of CDs compared with the chiral source.
The obtained chiral CDs were further used to design and
fabricate a sensitive GOx-chiral CDs glucose sensor by tuning
the GOx catalytic activity. This work provides a new way of
regulating the handedness of CDs and develops diverse chiral
carbon nanomaterials for biological applications.
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