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Through the amide group of glutamic acid enantiomer and
oxygen-containing groups in graphene oxide, chiral
functionalized graphene nanosheets were synthesized, which
showed good enantioselective recognition of 3,4-
dihydroxyphenylalanine enantiomers. The chiral graphene
hybrids should be used as novel promising materials for
biological and pharmacological applications.

Chirality comes into our life early, and chiral phenomena have
attracted great attention. While still early in its evolution and
application, chiral materials are at the point of moving from
understanding chirality in the nanoscale, such as functional self-
assembly,' enantioselective catalysis® and optical devices.® There
has been considerable interest in introducing chirality into solid
inorganic materials by organic moieties that could impart some
functionality to the solids, for example the adsorption of cysteine
enantiomers creates a local chiral envionment on the gold
nanoparticles.* The synthesis of such chiral inorganic-organic
composite materials has been widely reported due to their unique
properties and promising potential for a wide range of
applications.>”

Graphene, emerging as the monolayer of honeycomb lattice
packed with carbon atoms, has received significant attention due
to its unique physicochemical properties (high surface area,
excellent conductivity, high mechanical strength, and ease of
functionalization and mass production).® Recently, much effort
has been made to prepare functionalized graphene
nanocomposites by incorporating organic moieties onto oxygen-
containing groups (e.g., hydroxyl, carboxyl, and epoxy) of
graphene oxide.”'® The amide-functionalized polyhedral
oligomeric silsesquioxane was covalently grafted on graphene
sheets to increase its solubility in various organic solvents.''
Poly-L-lysine functionalized graphene was conjugated with
horseradish peroxidase to construct a biosensor.'” However,
compared to previous researches, the chiral functionlization of
graphene have never been applied to the electrochemical
recognition of enantiomers. So the advantages of graphene were
perfectly presented in the novel chiral materials for
enantioselective recognition.

In this study, we have covalently grafted L-glutamic acid (L-
Glu) and D-glutamic acid (D-Glu) onto graphene sheets via the
amide formation between amino groups of glutamic acid
enantiomers and oxygen-containing groups (e.g., epoxy and

carboxyl groups) in graphene oxide. The resultant L-glutamic
acid graphene hybrid (LGO) and D-glutamic acid graphene
so hybrid (DGO) are found to be of high chiral property and
excellent electrochemical activity towards electroactive 3,4-
dihydroxyphenylalanine (DOPA) enantiomers.
For the preparation of the LGO or DGO hybrids, the 7 mg of
graphene oxides were mixed with 28 mg of L-Glu or D-Glu, and
ss 35 mg KOH in 35 ml H,O at 70 °C for 24 h, and then the mixture
was reduced with 3.5 ml NaBH, (0.2 mol L") solution at 70 °C
for 2 h. After reduction, a black dispersion was obtained, and the
excess of impurities was removed with five successive cycles that
involved centrifugation, decantation, and exsiccation to
60 ultimately yield LGO or DGO hybrids.
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Scheme 1 (A) Schematic representation of the synthesis of
multifunctional LGO nanohybrids. (B) The mechanism of the chiral
recognition strategy

65 As shown in Scheme 1A, take the case of L-Glu, the LGO
was covalently grafted to graphene through the reaction of epoxy
groups on graphene oxides and amino groups on L-Glu in the
presence of KOH." Fourier transform infrared spectroscopy
(FTIR) was used to obtain the structural information (Fig. 1A).

70 The spectrum of graphene oxide shows the presence of hydroxyl
(3444 cm™"), unsaturated C-H bands (3156 cm '), carbonyl (1632
cm ') and epoxy (910 cm ') groups.'* The FT-IR spectrum of L-
Glu and D-Glu exhibited free amino groups at 3400~3500 cm ',
the symmetric stretch of C-N at 1352 ¢cm ', and the carbonyl at
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about 1600~1700 cm'. After chemical attachment of Glu
enantiomers onto the graphene oxide, the characteristic bands of
oxide groups (vO-H, vC=0 and vC-O) shifted greatly, the FTIR
spectrum of LGO and DGO exhibited absorption features of Glu
enantiomers. Especially, the peak of the amide C-N stretch mode
in LGO and DGO appeared at 1352 cm™'. The disappearance of
epoxy (910 cm ') groups in LGO and DGO indicated that
graphene oxides such have been fully reduced to chiral graphene
nanocomposite. These results confirmed that L-Glu and D-Glu
10 have been chemically grafted onto grapheme. The reduction of
graphene oxides was also indicated from the color change of
solution before and after reaction (from brown to dark, see the
supplementary information Fig.S1). At concentrations of 0.5
mg-mL", the resulting LGO and DGO aqueous solution was very
15 stable without precipitation even after 24 h storage, which is very
favorable for the further applications of this functionalized
graphene.
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Fig.1 (A) FTIR spectra of (a) graphene oxides, (b) L-glutamic acid, (c) D-

20 glutamic acid, (d) L-glutamic acid-graphene hybrid and (d) D-glutamic
acid-graphene hybrids. (B) (a) UV-vis spectra of GO, D-Glu, L-Glu, and

LGO, DGO hybrids. SEM images of (b) LGO and (c) DGO.

In order to confirm the formation of the LGO and DGO
hybrids, the UV—vis absorption spectra of GO, L-Glu, D-Glu,
s LGO and DGO were recorded, as shown in Fig.1B a. The UV—vis
spectra of GO showed a strong absorption band at 225 nm and
300 nm, attributing to the z-7* transition of aromatic C-C bonds.
The Glu spectrum exhibited an absorption at 225 nm and 260 nm,
while the absorbance of the hybrids exhibits a broad absorption in
30 the range from 230 nm to 280 nm, and compared with GO, the
absorption in the all scanned wavelength was wide and decreased.
It was noted that the L-Glu and D-Glu nanocomposites were
covalently grafted to the graphene. The ratio of GO/L-Glu, pH
and the temperature all affect the praparation of hybrids. UV-Vis
35 absorption spectroscopy was used to monitor the effect of these
factors on the reduction process (supplementary information
Fig.S2). Take the LGO as an example, the amount of L-Glu was
investigated (Fig. S2a, pH=13.0). When the GO/L-Glu ratio was
decreased continually, Amax shifted to a higher wavelength and

40 reached 280nm. When the GO/L-Glu ratio (w/w) was lower than
1:4, Amax shifted little. Considering a sufficient reaction, the ratio
of L-Glu to GO was 1:4. The pH value has a significant influence
on the synthetic materials (Fig.S2b). The alkaline conditions were
favorable for ring-opening reaction of epoxide and amine
hydrogen. The pH effect of the solution was studied from pH 8.0
to 14.0. It showed that the absorption peak shifted to 280nm at
pH 13.0 and the increasing pH value could not cause a further
change in Amax. Hence, the solution pH of 13.0 was selected in
the synthesis experiment. The effect of the temperature on the
chiral hybird was also investigated (Fig.S2c). When the GO
reduction was carried out at 50°C and 60°C, the Amax only
shifted to 245, 261nm, respectively. When the reaction
temperature was increased from 65°C to 80°C, the Amax shifted
to 280 nm, and the further increasing temperature could not cause
obvious shift. Thus, 70°C was chosen as the optimal reaction
temperature.

The morphology and microstructure of as-prepared chiral
materials were investigated by scanning electron microscopy
(SEM), SEM image showed the almost thin gossamer shapes of
LGO and DGO hybrids (Fig.1B b and c¢). The mean dimension of
the LGO and DGO was found to be nano-size, it presented
nanosized chiral spaces as the enantioselective site.
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Fig.2 Cyclic voltammograms for L-DOPA (black) and D-DOPA (red) and
6s 0.25 M H,SO; solution in absence of DOPA (blue) on (a) bare GCE, (b)
GO/GCE, (¢) LGO/GCE, and (d) DGO/GCE, respectively. The
concentration of DOPA was 5 mM in 0.25 M H,SO,. The scan rate was
100 mV-s™.
To apply the chiral materials in a potential field, an attempt
70 was made to construct a chemically modified electrode for chiral
recognition. Fig.2 shows cyclic voltammetrys (CV) for DOPA on
different modified electrodes. As shown in Fig.2a, DOPA
displayed well-defined redox waves on bare glassy carbon
electrodes (GCE). The redox peaks appeared around 0.5001 V
75 and 0.6190 V at scan rate of 100 mV s ' due to two-electron—two-
proton oxidation and reduction of the DOPA/dopaquinone
couple.'® The electrochemical behavior of DOPA on graphene
oxide modified electrodes (denoted as GO/GCE) was similar to
that on bare GCE, and small current values for DOPA
so enantiomers were observed (Fig.2b). The interference of the 0.25
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M H,SO, on different electrodes has been investigated (Fig. 2
blue line). The peak current of DOPA is much larger than the
background current, so background interference maybe
negligible. After LGO was immobilized on GCE (LGO/GCE),
the surface pKa; and pKa, were estimated to be 6.00 + 0.01
and 8. .00 + 0.01 from the peak of the differential curve of the
experiment data (supplementary information Fig.S4)"", small AE
values were showed for L- or D-DOPA on the LGO modified
electrodes (Fig.2c), the redox currents of DOPA enantiomers on
LGO/GCE were much larger than that on bare GCE. The
oxidation and reduction peak currents of D-DOPA were 288.7 pA
and -402.9 pA, while a relative narrow voltammograms was
observed for L- DOPA and the values of peak current were 220.2
PA and -330.0 pA, respectively. For the DGO modified electrode
(DGO/GCE), the values of oxidation and reduction peak currents
of L-DOPA and D-DOPA were all different, even the redox
currents of L-DOPA were much larger than that of D-DOPA
(Fig.2d). The results exhibited that the electron transfer of L- and
D-DOPA on LGO/GCE was favored and LGO modified
electrode presented stronger electrocatalytic ability to D-DOPA
than L-DOPA. The voltammetric datas of DOPA were analyzed
more deeply (supplementary information Fig. S5), the redox peak
current increased with the scan rates in the range from 50 to 200
mV s™', the peak current density and the square root of potential

25 scan rate presented a linear relationship. It corroborated that the
electron transfer reaction was controlled by the diffusion of
DOPA.
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Fig.3 The linear response of the chiral LGO/GCE electrode with different
30 concentrations of (a) D-DOPA, (b) L-DOPA  (from a to g): 0.005, 0.1,
1.0, 2.0, 30, 4.0 and 5.0 mM. The inset shows the DNPV responses of
different concentrations of a) D-DOPA, (b) L-DOPA.

Table 1 The comparison of analytical performances of different electrochemical sensors for L-DOPA and D-DOPA determination.

DOPA linear range detection limit AP
Electrode isomer (mM) (mM) (LA) Reference
L-DOPA 2.5%x10°~0.2mM NR
SWCNTs/GCE 20 20
D-DOPA 2.5x10°~0.2 mM NR
L-DOPA NR NR
L -NIBC-Au 33.62 21
D-DOPA NR NR
L-DOPA 1.0x10° ~8.0 mM 3.3x10*mM
PLL/GCE 42.33 19
D-DOPA 5.0x10* ~8.0 mM 1.7x10"*mM
L-DOPA 5.0x10° ~5.0 mM 2.3x10%*mM
LGO/GCE 72.9 this work
D-DOPA 5.0x10°~5.0 mM 1.7x10*mM

“ Footnote. NR, not reported; SWCNTs, single-walled carbon nanotubes; NIBC, N-isobutyryl-l-cysteine ; PLL/GCE, poly-Il-lysine matrix (PLL)

modified GCE; LGO, L-glutamic acid graphene hybrid;

DNPV  techniques employed to investigate the
voltammetric behaviors of DOPA enantiomers because of its
higher sensitivity compared to CV. Fig. 3a showed the calibration
curves of the anodic peak current values of L-DOPA on the
modified electrode in the linear range from 5.0 x10°> mMto 5.0
mM with the regression equation of /p(uA) = 66.35¢ (mM) +
4.814 and D-DOPA with the regression equation /p(nA) = 86.56¢
(mM) + 12.08 (Fig.3b). The correlation coefficients of 0.9984,
and 0.9955, respectively. The detection limit (DL) of L-DOPA
and D-DOPA were 2.261x10* mM and 1.733x10* mM,
respectively, in terms of the role of signal to noise ratio of 3:1
(S/N=3). From the differences in peak potential of DNPV, the
relative energetic differences (AG) for the electron transfer of L-
DOPA and D-DOPA on LGO surface can be derived'®!’. The
Gibbs’ energy of L-DOPA (or D-DOPA) enantiomer were -4.593
KJ-mol™ and -6.252 KJ'mol™ at 25°C.

The DNPV was used to investigate the presence of AA on the
behavior of 2mM D-DOPA (supplementary information Fig.S7).

were

The AA signal was visible at about 1.41V, the presence of 5-fold
ss excess of AA did not interfere the response of DOPA at 0.552V.

Table 1 showed the comparison for the determination of DOPA

enantiomers at LGO/GCE electrode with various modified

electrodes based on literature reports. It showed that the proposed

method in this work was perferable in enantioselective
60 recognition of DOPA enantiomers.

In addition, the resultant functionalized graphene facilitate the
redox reaction of only one enantiomer of 3,4-
dihydroxyphenylalanine, and the chiral recognition was more
inclined to the heterochiral interaction between LGO (DGO) and

os D- (L-) DOPA, the oxidation peak intensity of DOPA in
heterochiral interactions was larger than that in homochiral
interactions (Scheme 1B). Take the L-glutamic acid graphene
hybrid, for example, it was suggested to block the redox reaction
of L-DOPA, but tended to cross inversion for the incongruous
70 enantiomer D-DOPA. These results were similar to the
enantioselective redox reaction of DOPA at chiral molecule

This journal is © The Royal Society of Chemistry [year]
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modified electrodes. > To gain a deep explanation of a highly
selectivity for DOPA enantiomers, achiral GO was used to detect
DOPA enantiomers in Fig.2b, L- and D-DOPA display almost the
same electrochemical response. This suggests that the
enantiomers could not be discriminated without a chiral
environment, and thus the chiral construction is critically
important for chiral recognition.

In summary, novel functionalized graphene nanocomposites
were synthesized by covalent modification with Glu enantiomers,
respectively. The graphene nanocomposite as a chiral sensor
platform not only presented suitable chiral spaces as the
enantioselective site for targets but also played a role of fast
electron-transfer kinetics and further signal amplification in
electrochemical detection of DOPA enantiomers. Therefore, the
chiral materials of graphene represent a huge step toward
technological applications of graphene, even toward -chiral
discrimination in pharmacology and biomedicine.
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