
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

47
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Research on elec
aCollege of Chemistry and Chemical En

Neijiang, 641100, P. R. China
bSchool of Chemistry and Chemical Engineer

P.R. China
cKey Laboratory of Luminescence Analys

University), Ministry of Education, College

Southwest University, Chongqing 400715,

cn; Fax: +86-23-68253172; Tel: +86-23-6825
dHangzhou Yanqu Information Technology C

Creative Pioneering Park, No. 712 Wen'er W

Zhejiang Province, 310003, P. R. China

† Electronic supplementary informa
https://doi.org/10.1039/d5ra01303h

Cite this: RSC Adv., 2025, 15, 13951

Received 23rd February 2025
Accepted 22nd April 2025

DOI: 10.1039/d5ra01303h

rsc.li/rsc-advances

© 2025 The Author(s). Published by
trochemical chiral sensors
constructed based on the intrinsic chiral
characteristics of AuNPs†

Yuping Zhu, *a Yong Yan,b Ruo Yuan c and Haijiao Xied

Nanogold particles inherently possess chiral characteristics. As chiral selectors, they can recognize amino

acid enantiomers. Ab initio molecular dynamics (AIMD) simulations were employed to explore the

interaction mechanism between gold nanoparticles and D/L-phenylalanine. Additionally, the binding

energies of gold nanoparticles with D-phenylalanine and L-phenylalanine were calculated respectively.

On the basis of the calculation results, gold nanoparticles were combined with graphene oxide/thionine

to form a nanocomposite, which was used to modify the surface of a gold electrode for the recognition

of D/L-phenylalanine. Scanning Electron Microscopy (SEM), ultraviolet-visible spectroscopy (UV-vis), and

circular dichroism (CD) were utilized to characterize and analyze graphene oxide, thionine, gold

nanoparticles, and the graphene oxide/thionine/gold nanoparticle composite material. Electrochemical

cyclic voltammetry was used in the construction process and performance characterization of this chiral

sensor. Under the same experimental conditions, the electrode modified with the graphene oxide/

thionine/gold nanoparticle composite exhibits different current response signals for D/L-phenylalanine.

The current response of the binding reaction between nano-gold and D-phenylalanine is stronger than

that of L-phenylalanine. The experimental results are consistent with the simulation calculation results.

This electrochemical chiral recognition method provides a new strategy for the recognition of chiral

enantiomers.
Introduction

The recognition of enantiomers is of great signicance in
chemical and biological research. In the past few decades,
numerous strategies have emerged, ranging from instrumental
methods to material sources, providing a wealth of analytical
methods for the recognition of chiral enantiomers.1–10 These
methods include chromatography,11 mass spectrometry,12

colorimetry,13 spectroscopy,14 extraction,15 capillary electropho-
resis,16 and nuclear magnetic resonance,17 among others. Elec-
trochemical chiral recognition is based on the detection of
changes in current or potential caused by the interaction at the
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sensor/chiral molecule interface.18 Compared with other
methods, electrochemical methods have attracted much atten-
tion due to their high sensitivity, simple operation, rapid
detection, and low cost.8–10 The key to constructing an electro-
chemical chiral sensor lies in creating a chiral surface with
enantiomer recognition sites on the electrode, which can
generate different electrochemical responses to the two
enantiomers.

Phenylalanine (Phe) has two enantiomers, D-Phe and L-Phe
(Scheme 1). D-Phe can enhance the body's immune function and
has excellent analgesic effects. It is commonly used in the
production of medications such as buphenine and nalgeina.19 L-
Phe is one of the eight essential amino acids that cannot be
synthesized in human and animal bodies. It is also an impor-
tant component of aspartame, a new high-sweetness and low-
Scheme 1 Structure of D/L-Phe.
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calorie sweetener.20–22 Therefore, the detection of phenylalanine
enantiomers carries signicant importance.

Metal complexes, as a typical class of chiral selectors, are
commonly used for the chiral recognition of phenylalanine
tryptophan, and amino acid derivatives. In this experiment, we
utilized the inherent chiral characteristics of AuNPs to recog-
nize Phe, eliminating the need for metal complexes as chiral
selectors and bypassing the ligand exchange process between
enantiomers and chiral selector complexes. The interaction
modes and binding strengths between AuNPs and D/L-Phe were
simulated and calculated using the VASP (Vienna Ab initio
Simulation Package) soware to investigate the primary mech-
anisms underlying the chiral recognition of D/L-Phe by AuPNs.

GO is a new type of carbon material with excellent properties
such as high electrical conductivity, thermal conductivity,
stability, large specic surface area, and good biocompati-
bility.23,24 GO is rich in oxygen-containing functional groups
such as hydroxyl, carboxyl and epoxy groups.25–28 These func-
tional groups not only provide an effective sensing platform for
electrochemical sensors, but also amplify the electrical signal to
improve the detection sensitivity of the sensor.29 Thi is a redox
dye composed of two aromatic rings, one heterocycle, and two
amino groups. Both GO and Thi contain conjugated p-electron
systems, GO exhibits a synergistic effect of p–p stacking and
non covalent charge transfer effect.30,31 Thi is embedded on the
surface of GO through p–p conjugation (analogous to hydrogen
bonding). Since GO carries a negative charge, the positively
charged Thi can easily intercalate into the interlayer spaces via
electrostatic adsorption, thereby expanding the interlayer
distance. This expansion creates favorable conditions for the
loading of AuNPs.32–46 This noat only improves the dispersibility
of GO but also enables effective immobilization of Thi. The
amino groups of Thi combine with the gold atoms of AuNPs to
form Au–N bonds, preparing the GO/Thi/AuNPs composite
material (Scheme 2). This composite is modied on the
Scheme 2 Schematic illustration of preparation process of the
immunosensor.

13952 | RSC Adv., 2025, 15, 13951–13959
electrode surface to recognize D/L-Phe. Based on the above
rationale, an electrochemical chiral sensor was designed with
AuNPs as the chiral selector and GO and Thi as the electrode
immobilization materials.
Results and discussion
DFT calculations on the recognition of phenylalanine by
AuNPs

AuNPs are frequently used for chiral recognition. Typically,
chiral selection reagents are coated on the surface of AuNPs to
confer chirality to the nanoparticles.37 Ref. 38 reports, chiral
character of AuNPs, there were few reports on the specic
mechanism and deep – seated reasons for the self – recognition
of amino acids by nanogolds. In this study, the Vienna Ab initio
Simulation Package (VASP) soware39–42 was used to simulate
and calculate the interaction mode and intensity between
AuNPs and D/L-phenylalanine, and to explore the main reasons
for the recognition of D/L-phenylalanine by AuNPs. The cong-
uration optimization of the gold nanoparticle (AuNPs) surface
was performed rst. The Au-111 facet of AuNPs (shown in Fig.
S1†) was selected for binding energy calculations. The opti-
mized D/L-Phe monomers were respectively combined with the
Au-111 of AuNPs. The two optimized binding congurations
under the same calculation level are shown in Fig. 1. When
D-Phe binds to AuNPs, the benzene ring structure of D-Phe
adopts a “parallel” orientation. That is, the six carbon atoms of
the benzene ring are almost at the same distance from the
AuNPs, as shown on the Fig. 1 (le). When L-Phe binds to
AuNPs, the benzene ring structure of L-Phe adopts an “upright”
orientation. That is, the six carbon atoms of the benzene ring
are signicantly different in distance from the AuNPs, as shown
on the Fig. 1 (right).

The specic calculation methods in the VASP soware are
provided in the ESI.† For the adsorption reaction of molecules,
the energy is calculated through the following equations:

Ead = Esur+adsorbate − Esur − Eadsorbate

where Esur+adsorbate is the total energy of adsorption model, Esur
is the total energy of surface and Eadsorbate is the total energy of
adsorbate. The calculation results show that the adsorption
energy of AuNPs-111 for D-phe is −1.49 eV, the adsorption
energy of AuNPs-111 for D-phe is −1.16 eV. The more negative
Fig. 1 The interaction modes between Au-111 of AuNPs and D/L-
phenylalanine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the adsorption energy, the easier it is to adsorb, therefore, the
ability of AuNPs to adsorb D-Phe is stronger than L-Phe.
Fig. 3 (A) UV-vis absorption spectra of a nanoparticles with four
different particle sizes. (B) UV-vis spectra of Thi, AuNPs, graphene
oxide, and GO/Thi/AuNPs composites.
Morphologies of the GO and GO/Thi nanocomposites

The surface morphologies of GO and GO/Thi nanocomposites
were investigated using SEM as shown in Fig. 2. The SEM image
in Fig. 1 (le) showed that graphene oxide exhibits a twisted
sheet structure of single-layer or few-layer, with wrinkled edges.
This indicates that a large number of oxygen-containing func-
tional groups formed on the surface and edges of graphene
oxide sheets during the oxidation process, which to some extent
destroys the original p-conjugated structure of graphene and
causes lattice defects on the surface. The formation of these
wrinkles and bends is conducive to the stability of the two-
dimensional structure of GO. Aer thionine modication, it
can be seen from Fig. 1 (right) that the GO/Thi composite still
shows wrinkles, with a large-area gauze-like organizational
structure. The edge parts of the material are wrinkled, and the
boundary presents an irregular lamellar structure. This is
because Thi is positively charged, and the electrostatic repul-
sion between the functionalized GO sheets can overcome the
van der Waals forces and prevent their agglomeration, con-
rming that the GO/Thi nanocomposites are not at and
compact structures. Fig. 1 shows the cross-sectional SEM image
of the GO/Thi/AuNPs composites lm. The image reveals that
the composite lm exhibits good thickness uniformity, though
slight variations exist due to the uidity of the composite
solution during lm formation. The average thickness of the
lm is approximately 30 mm.
UV-visible spectra of various materials

The UV-vis absorption spectra (Fig. 3A, curves a–d) conrmed
the successful synthesis of AuNPs with sizes of 4 nm, 10 nm,
16 nm, and 30 nm. As shown in Fig. 3A, the localized surface
plasmon resonance absorption peak of AuNPs appeared around
520 nm.43,44 4 nm AuNPs showed a relatively weak localized
surface plasmon resonance (LSPR) peak at 515–520 nm, and the
sample appeared golden-yellow. Both 10 nm and 16 nm AuNPs
exhibited a strong LSPR peak at 520 nm, with the samples
displaying a wine-red color. For 30 nm AuNPs, the LSPR peak
underwent a blue shi, and the sample turned light purple.
According to Mie theory,45 as the diameter of AuNPs increases,
the UV-vis absorption peak of gold colloids broadens and red-
shis (moves toward longer wavelengths).
Fig. 2 SEM images of (A) GO at low magnification of 5 mm, (B) GO/
thionine nanocomposites at low magnification of 2 mm, and (C) film
thickness of the GO/thionine/AuNPs at low magnification (50 mm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 3B presents the UV-vis spectra of Thi, 16 nm AuNPs,
graphene oxide, and GO/Thi/AuNPs composites. The optical
absorption shown in the UV-vis spectrum (Fig. 3B, curve a)
revealed that the lmax of Thi were 284 and 603 nm, the lmax of
AuNPs were 523 nm (Fig. 3B, curve b), the lmax of GO were
239 nm (Fig. 3B, curve c). The results are basically consistent
with the reported data. There were basically the same l (238 nm,
283 nm and 603 nm, curve 2d) of GO/Thi/AuNPs compared to
that of Thi and GO respectively. The l (563 nm) of GO/Thi/
AuNPs had a blue shi compared to that of AuNPs respec-
tively, which could be ascribed to the p–p conjugation effect
between GO and AuNPs.This indicates that the complex has
been successfully prepared.
Chiral characterization of materials

Circular dichroism (CD) spectroscopy is an optical rotation
spectroscopy used to determine the conguration and confor-
mation of asymmetric molecules. In this experiment, CD
spectra were measured for AuNPs (with particle sizes of 4 nm,
10 nm, 16 nm and 30 nm) and L/D-Phe. The CD spectra of AuNPs
all exhibited negative signals to varying degrees. The CD spec-
trum of D-Phe showed a negative signal, while that of L-Phe
displayed a positive signal. Fig. 4A shows the CD spectrum of
16 nm AuNPs. Fig. 4B presents the CD spectra of D-Phe and L-
Phe. Aer adding D-Phe or L-Phe separately to AuNPs solutions
of different sizes, the mixtures were allowed to react completely,
followed by centrifugation. The supernatant was discarded, and
the precipitate was redispersed in deionized water to the orig-
inal volume for CD spectral measurement. The results indicate
that D-Phe interacted with AuNPs of different sizes, producing
negative chiral signals. L-Phe showed much weaker interaction
with AuNPs, exhibiting almost no chiral signal compared to D-
Fig. 4 (A) CD spectrum of 16 nm AuNPs, (B) CD spectrum of D/L-Phe,
(C) CD spectra of the precipitates after reaction of AuNPswith either D-
Phe or L-Phe, followed by centrifugation and supernatant removal, (a)
L-Phe + GO/Thi/AuNPs, (b) D-Phe + GO/Thi/AuNPs.

RSC Adv., 2025, 15, 13951–13959 | 13953

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01303h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

47
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Phe (Fig. 4C). It is speculated that this phenomenon occurs
because A and D-P share the same optical rotation direction. In
chiral recognition, homotypic interactions proceed faster, while
heterotypic interactions are slower.46 These results are consis-
tent with rst-principles DFT calculations.
Fig. 6 CV of gold electrodes modified with different modifying
materials. (a) Thi/AuNPs/Au, (b) (GO/Thi/AuNPs)/Au.
Electrochemical characterizations of the modied electrode

To illustrate the electrochemical signal intensity of the
composite material and its binding degree with L/D phenylala-
nine, cyclic voltammetry was used to characterize the electrode
modication process, the results were shown in Fig. 5. Curve 5a
was the cyclic voltammetry curve of the bare gold electrode,
there were no redox peaks in the test bottom solution, which
was because there were no electroactive substances on the
electrode surface or in the test bottom solution. Curve 5b was
the cyclic voltammetry curve of the gold electrode modied with
GO/Thi/AuNPs in the test bottom solution. At this time, a pair of
quasi-reversible redox peaks appear. It was because thionine in
the composite material was an excellent electron mediator that
can accelerate electron transfer. Two gold electrodes simulta-
neously modied with the GO/Thi/AuNPs composite were
immersed in 10.0 mL of 5 mmol per L L-Phe and D-Phe solutions
respectively for 15 minutes,the test results were shown in curve
5c and d, compared with the cyclic voltammetry curve of the
modied electrode, the shapes of curves 5c and d remain
symmetric, and the positions of the redox peaks are only slightly
shied. The redox values of curves 5c and d were both lower
than those of the CV curve of the electrode modied with the
composite material, indicating that the modied electrode has
a certain degree of binding with D/L-Phe. Notely, the redox peak
current value of the CV curve 5d aer the binding of the
modied electrode with D-Phe decreases more signicantly than
L-Phe (curve 5c), indicating that the chiral selector, gold nano-
particles, has a stronger binding ability for D-Phe.
Comparison of electrochemical properties of electrodes
modied with graphene oxide/thionine/gold nanoparticle
composites

In order to compare the electrochemical signals of the
composite materials without graphene oxide, the cyclic vol-
tammetry curve of Thi/AuNPs/Au was tested, as shown in Fig. 6.
Curve 6a was the CV curve of the gold electrode modied with
Fig. 5 Cyclic voltammogram of the electrode during the modification
process, (a) bare gold electrode, (b) (GO/thionine/AuNPs)/Au. (c) L-
Phe/(GO/thionine/AuNPs)/Au. (d) D-Phe/(GO/thionine/AuNPs)/Au.

13954 | RSC Adv., 2025, 15, 13951–13959
Thi/AuNPs/Au. The current value of redox peak was lower than
curve 6b of the gold electrode modied with GO/Thi/AuNPs.
This indicates that the presence of graphene oxide increases
the loading amount of thionine and gold nanoparticles on the
electrode. While enhancing electron transfer, more chiral
selectors were also xed per unit area.

On the other hand, galvanostatic charge–discharge (GCD)
measurements were utilized to gain a detailed understanding of
the voltammetric behaviours of the GO/thionine/AuNPs hybrids
modied electrode with D-Phe. Its electrochemical curves at
different scan rates (50, 80, 100, 150, 200, 300, and 400 mV s−1)
in the range of −0.6–0.2 V were obtained as shown in Fig. 7(A).
The electrochemical reversibility of the aforesaid electrode
remained with increasing scan rates, but the redox peak posi-
tions were just shied slightly and the redox peak current values
changed dramatically. Specially, the linear relationships
between the oxidation/reduction peak current values and the
scan rates were found Fig. 7(B), respectively. Linear relationship
for the oxidation peak was measured as Ia = 0.04221v + 1.49712.
Linear relationship for the reduction peak was measured as Ib =
−0.06371v − 4.63391. These results suggested that the GO/
thionine/AuNPs hybrids modied electrode could be used for
quantitative detection of D-Phe.
The inuence of AuNPs size on hand recognition performance

To investigate the effect of particle size AuNPs on the chiral
recognition performance of D/L-Phe, four different sizes of
AuNPs (4 nm, 10 nm, 16 nm, and 30 nm) were prepared and
Fig. 7 Cyclic voltammograms obtained from the GO/thionine/AuNPs
hybrids modified electrode with L-Phe at different scan rates in
a a testing base solution containing 0.1 mol per L NaAc-HAc (A). Linear
relationship between the oxidation (a)/reduction (b) peak current
values and the scan rates (B).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The chiral recognition of D/L-Phe by AuNPs with different
particle sizes.

Fig. 9 Effect of pH on D/L-Phe recognition (A). Dependence of DI on
pH (B).

Fig. 10 The relationship of reaction time between modified electrode
and D/L-Phe (A). Dependence of DI on incubation time (B).
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modied on electrodes for the recognition of D/L-Phe. The
recognition performance was characterized by CV, where the
difference in peak current before and aer recognition DI (DI =
IAuNPs+D/L-Phe − IAuNPs) was measured. A larger DI value indicates
stronger adsorption of D/L-Phe by AuNPs and more signicant
interaction. The experimental results are shown in the Fig. 8.
Fig. 8, shows that for all four particle sizes of AuNPs, the
interaction with D-Phe is stronger than with L-Phe. Among them,
the 16 nm AuNPs exhibits the largest DI difference between its
interactions with D-Phe or L-Phe, indicating the best chiral
recognition performance. This is primarily because the
synthesis of AuNPs is inuenced by multiple factors, leading to
diverse arrangements of metal atoms. Consequently, the chiral
properties of AuNPs vary with particle size.

The effect of the pH of the test solution on the modied
electrodes

The pH of the solution plays an important role in enantiospe-
cicity of D/L-Phe enantiomers. Two modied electrodes were
reacted with 5 mmol per L D/L-Phe solutions for 15 minutes in
sequence, their response current values were then measured in
different pH (3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 8.5) elec-
trolytes (Fig. 9A). It can be seen that the maximum difference of
peak current between two enantiomers appeared at pH 5.0
(Fig. 6B). So pH 5.0 was selected for the experiment.

The effect of electrode incubation time

The two modied electrodes were respectively placed in D-Phe
and L-Phe solutions and reacted for 5 min, 10 min, 15 min,
20 min, 25 min, 30 min, 35 min, 40 min, 45 min, 50 min,
55 min, 60 min, and 65 min. The oxidation and reduction peak
current responses of D-Phe and L-Phe increased with increasing
reaction time (Fig. 10A). It can be seen that the maximum
difference of peak current between two enantiomers occurred at
a reaction time of 45 min (Fig. 10B). Therefore, a reaction time
of 45 min was chosen for the experiment.

Electrochemical response performance of the chiral sensor

Quantitative detection of phenylalanine enantiomers by modi-
ed electrodes under optimized experimental conditions.

As shown in Fig. 11A, the difference in oxidation peak
current was linearly related to the D/L-Phe concentration within
2 to 8 mmol L−1, while the regression equation were as follows
© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively: DI = 3.72225c − 1.87039 and DI = 1.63861c −
0.27075.

As can be seen from the Fig. 11A, there were obvious differ-
ences in the current changes caused by L-Phe and D-Phe. DIL is
always greater than DID, further indicating that the GO/Thi/
AuNPs modied surface was more likely to adsorb L-Phe.
Fig. 11B and C illustrates that with increasing concentration of
D/L-Phe from 2 to 8 mmol L−1, the current signals were gradually
enhanced.
Applications of chiral sensors

To demonstrate the application value of the constructed elec-
trochemical chiral sensor, the modied electrode was used to
detect a series of solutions in which L- and D-phenylalanine were
mixed in different percentages. Fig. 12 shows the differences in
the relative peak currents aer the reaction of (GO/Thi/AuNPs)/
Au with mixed solutions of L-and D-phenylalanine in different
ratios. The change in peak current gradually increases with the
increase in the proportion of L-phenylalanine. The ratio of
enantiomers in the mixed solution of L-phenylalanine and D-
phenylalanine can be detected through a standard curve with
good linearity.
Chiral sensor recognition of other amino acid enantiomers

To investigate the recognition capability of this chiral sensor for
other amino acid enantiomers, four amino acids were selected,
including phenylalanine, tryptophan, cysteine, and serine. The
recognition performance was characterized by cyclic voltam-
metry (CV), measuring the peak current difference DI (DI = I(GO/
Thi/AuNPs+D/L-Phe) − I(GO/Thi/AuNPs)), a larger DI indicates stronger
adsorption of the amino acid by the composite, more signicant
RSC Adv., 2025, 15, 13951–13959 | 13955
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Fig. 11 Relationship diagram between peak current difference and D/
L-Phe concentration (A). CV intensity of the biosensor in gradually
enhanced D-Phe (B) and L-Phe (C) concentration (2 to 8 mmol L−1).

Fig. 12 Current changes in the reaction of (GO/Thi/AuNPs)/Au with
a series of solutions in which D- and L-Phe are mixed in different ratios.
The concentrations of Phe were: (a) 8 mmol L−1 and (b) 2 mmol L−1.
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interaction, and better enantiomeric discrimination (the greater
the DI difference between the two enantiomers, the better the
recognition performance). As shown in Fig. 13, the experi-
mental results indicate that phenylalanine exhibits the better
recognition performance, while tryptophan also shows a certain
degree of recognizability. It is hypothesized that both phenyl-
alanine and tryptophan are aromatic amino acids containing
Fig. 13 Chiral sensor recognition of four amino acids.

13956 | RSC Adv., 2025, 15, 13951–13959
benzene rings, enabling them to bind more tightly with the GO/
Thi/AuNPs composites.

Experimental
Reagents and materials

Graphite power (G, 8000 mesh) was purchased from Nano
Technology Ltd (Nanjing, China). HAuCl4 was purchased from
Sigma-Aldrich (China). D/L-phenylalanine, potassium persul-
fate, sodium acetate, anhydrous acetic acid, phosphorus pent-
oxide, concentrated sulfuric acid (H2SO4, 98%), sodium nitrate,
potassium permanganate, hydrochloric acid, and hydrogen
peroxide were purchased from Chemical Reagents Co., Ltd in
China. All chemicals and solvents used were of analytical grade.
Deionized (DI) water from a Milli-Q-MilliRho purication
system (resistivity 18MU cm) was used for the preparation of all
solutions.

Apparatus

All electrochemical experiments were conducted with an elec-
trochemical workstation (CHI660E), and utilized saturated
calomel electrode (SCE) and platinum plate as a reference
electrode and a counter electrode, respectively, in a three-
electrode system. Cyclic voltammetry and amperometric
experiments were performed with a three-electrode system
using a bare or modied bare gold electrode (4.0 mm in
diameter) as the working electrode, a platinum wire as auxiliary
electrode, and a saturated calomel electrode (SCE) as reference
electrode. All potentials were measured and reported versus the
saturated Ag–AgCl electrode as reference electrode, the test
solutions were 5 mL of PBS. The morphologies of the lms were
investigated with scanning electron microscopy (SEM,
VEGA38BH Czech Republic). All experiments were carried out at
room temperature.

Preparation of GO

GO was prepared by the oxidation of graphite powder according
to Hummers' method.47 Concentrated H2SO4 (30 mL) was added
to a mixture of graphite powder (5 g) and NaNO3 (2.5 g) in
a three-necked ask, the mixture was stirred and cooled to 0 °C.
Then, KMnO4 (5 g) was added slowly in portions to keep the
reaction temperature below 5 °C for 30 min. The mixture was
heated to 40 °C for 10 h. Next, H2O2 (30% aqueous solution) was
added to the mixture and stirred for 2 h until a brown-colored
slurry was formed. Under ultrasonication, the GO suspension
was washed by repeated ltration with 5% HCl aqueous solu-
tion and water until the pH of the solution became neutral.
Finally, aer vacuum drying, the GO nanosheets were obtained.
The circular dichroism (CD) spectrometer was obtained from
Applied Photophysics (Chirascan V100, UK).

Preparation of citrate-capped AuNPs

AuNPs were prepared according to previous reference by
reducing HAuCl4$4H2O with citrate.48 Briey, 48 mL of water
was mixed with 2 mL of 1% (w/w) HAuCl4 solution to make the
nal concentration of HAuCl4$4H2O about 1 mM. Then, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixture was heated with stirring until it began to boil, and 1 mL
(or 2 mL, 3 mL, 4 mL) of 5% trisodium citrate was added. Under
continuous stirring and boiling, the mixture gradually changes
to deep red, indicating the formation of AuNPs. Based on the
absorbance value at position 524 on the UV-absorption spec-
trum and the molar extinction coefficient of AuNPs (2.7 ×

108 M−1 cm−1), the concentration of the synthesized AuNPs
nanoparticles (with a diameter of 16 nm) was calculated to be
0.58 nM. Aer boiling for another 5 min, the solution was
cooled to room temperature under vigorous stirring. The AuNPs
were centrifuged by 12 000 rpm for 15 min, the precipitate was
removed while the supernatant solution was collected for
further use.

Preparation of GO/thionine nanocomposites

Ultrasonic agitation (for 1 h) was used to disperse the solid GO
(5 mg) and thionine (5 mg) into DI water (5 mL). The mixture
was stirred with a magnetic bar for 2 h. Then, the resulting
suspension was centrifuged (3000 rpm, 5 min) to remove
incompletely exfoliated GO and then centrifuged again (10
000 rpm, 15 min) to remove the dissociative thionine which
undecorated on the GO sheets. The suspension of the GO/
thionine nanocomposites was kept in a refrigerator at 4 °C for
further use.

Preparation of GO/thionine/AuNPs hybrids

A composite of the GO/thionine nanocomposites and AuNPs
(1 : 1/v/v) was vigorously stirred for 2 h. The GO/thionine/AuNPs
hybrids were resuspended with DI water and kept in a refriger-
ator at 4 °C for further use.

Preparation of the modied electrodes

Initially, two gold electrodes (4.0 mm in diameter) were care-
fully polished on a microcloth pad using sequentially 0.3 mm
and 1 mm alumina (Al2O3) slurries until a mirror-like shiny
surface was obtained. Subsequently, the electrodes were ultra-
sonically cleaned with ultrapure water, absolute ethanol, and
ultrapure water for 5 minutes each to remove alumina particles
and other potential contaminants. The polished electrodes were
then air-dried at room temperature.

Aer completing the polishing, cleaning, and drying proce-
dures, 5 mL of the prepared GO/thionine/AuNPs nanocomposite
suspension was drop-coated into the surfaces of the two treated
electrodes and allowed to react at 25 °C for 4 hours. The
prepared electrodes were stored in a refrigerator at 4 °C for
subsequent use.

Conclusions

In this study, the VASP soware was used to optimize the
structures of AuNPs and D/L-Phe monomers, and the models of
Au-111 of AuNPs binding to D/L-Phe were simulated. Specically,
when Au-111 of AuNPs binds to D-Phe, the benzene ring struc-
ture of D-Phe, adopts a “parallel” conguration; when Au-111 of
AuNPs binds to L-Phe, the benzene ring structure of L-Phe
adopts an “upright” conguration. Through calculations, it was
© 2025 The Author(s). Published by the Royal Society of Chemistry
found that the interaction mode between Au-111 of AuNPs and
D/L-Phe is mainly of the adsorption type, and the adsorption
intensity of AuNPs for D-Phe is greater than that for L-Phe. The
different binding modes of Au-111 of AuNPs with D/L-Phe stem
from the fact that AuNPs has a chiral nuclear center. On this
basis,GO/Thi/AuNPs composites was prepared and used to
modify a gold electrode, thereby constructing a novel current-
based chiral sensor. Notably, the oxygen-containing functional
groups on graphene oxide provide a large number of contact
sites, enabling the electrode to adsorb more chiral selector
nanogold particles per unit area and improving the detection
sensitivity of the modied electrode. By modifying the redox
probe Thi on the electrode surface, the step of adding electro-
active substances to the test bottom solution was eliminated,
simplifying the fabrication steps of the chiral sensor. Further
validation through UV-absorption spectroscopy and circular
dichroism spectra conrmed that AuNPs exhibits stronger
interactions with D-Phe than with L-Phe, with GO/thionine/
AuNPs composites solution containing nanoparticles of
16 nm in diameter showing more pronounced effects toward D-
Phe. The experimental results were consistent with the simu-
lation calculations. However, inuenced by the size of AuNPs
and the structural characteristics of amino acid enantiomers,
this chiral sensor demonstrates superior detection performance
for amino acids containing benzene ring structures. This
strategy characterizes the electrode preparation and reaction
process using cyclic voltammetry (CV), achieving the selective
recognition of D/L-phenylalanine (D/L-Phe) enantiomers. There-
fore, a novel electrochemical chiral enantiomer recognition
method has been constructed. The experimental results are
consistent with the simulation calculation results. This elec-
trochemical chiral recognition method provides a new strategy
for the recognition of chiral reagents.
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