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ABSTRACT: Because chiral carboxylic acids (CCAs) are a class of important biological molecules and common functional
moieties found in pharmaceutical molecules, the chiral analysis of CCAs has received much attention. Herein, we developed a
simple, rapid, and cost-effective method for visual and colorimetric high-throughput analysis of CCAs using chiral di-imine
structure-modified gold nanoparticles (C-AuNPs) as the probe. The C-AuNPs are positively charged in the presence of zinc ion,
and they can be enantioselectively shielded by the negatively charged CCA enantiomers. Therefore, upon the addition of
different concentrations and enantiomeric excess (ee) of CCAs, the C-AuNP-based sensor shows the different levels of
aggregation along with the visual changes in solution color, which can achieve simultaneous analysis of the concentration and ee
of CCAs. The chiral recognition mechanism based on C-AuNPs was investigated by the determination of binding constants (K)
and molecular simulation methods. Our approach is expected to have the wide-ranging applications in the developing region for
enantio-sensing of various chiral drugs and biomolecules.
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1. INTRODUCTION

Chirality plays a significant role in the activity of biological
molecules and broad classes of chemical reactions, but rapid
and convenient detecting and quantifying remains challenging.1

Chiral carboxylic acids (CCAs) that are ubiquitous in nature
have been intensively studied because of their fundamental
roles in biological processes and drug development.2,3 Thus,
developing time-efficient and cost-effective methods for
simultaneous analysis of the enantiopurity and concentration
of CCAs is valuable and fascinating. To date, chromatographic
and electrophoretic separation4,5 and spectroscopic ap-
proaches6−11 such as nuclear magnetic resonance, fluorescence,
and circular dichroism (CD) spectroscopies have been widely
used for analysis of CCAs. However, these methods usually
have some shortcomings such as being time consuming,
complicated operation, and the need for sophisticated
instrumentation. Therefore, simple and cost-effective methods
for high-throughput analysis of CCAs are useful.

At present, gold nanoparticles (AuNPs) have been widely
used to design visual and colorimetric sensors owing to their
distinctive plasmon resonance character and optical properties,
which can carry out versatile chemical and biological sensing
from small molecules to macromolecules and even cells.12−15

The key to the AuNP-based sensors is the control of colloidal
AuNP dispersion and aggregation states by using certain
molecular recognition mechanisms specified to the ana-
lyte.16−18 Meanwhile, AuNPs have also been explored for the
construction of chiral sensors. For instance, N-acetyl-L-cysteine-
modified AuNPs were used for colorimetric chiral sensing of
tyrosine,19 and the L-proline modified AuNPs were used to
determine the enantiomeric excess (ee) of histidine.20 But most
ever reported AuNP-based chiral sensors somehow lack the
insight of chiral recognition mechanism and the capability of
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high-throughput analysis. In this regard, we previously reported
a rationally designed protocol for high-throughput assay of both
concentration and ee of chiral vicinal diols based on borate
ester cross-linked AuNPs.21

Herein, we rationally designed and synthesized a chiral
metallo-supramolecular system containing chiral di-imine
structures (CDIS) and zinc ions (Zn(II)) in respect that it
has a well-known binding ability to carboxylic acids.22−24 In
addition, it was reported that the CDIS bind to mandelic acid
enantiomers with highly chiral selectivity.25 Hence, the CDIS
were modified onto the surface of AuNPs (namely, C-AuNPs)
and subsequently formed chiral metallo-supramolecular com-
plexes with Zn(II) for visual and colorimetric high-throughput
analysis of CCAs, which has not been reported yet. As shown in
Scheme 1, the AuNPs’ surface metallo-supramolecular com-

plexes could translate the chiral recognition of CCAs into visual
response based on the enantioselective charge shielding-
induced aggregation of C-AuNPs. The C-AuNPs showed
different degrees of aggregation in the presence of different
concentrations and ee of CCAs. The chiral recognition
mechanism was further explored by the determination of
binding constants (K) and molecular simulation methods. Our
work provided a distinctive way to realize chiral analysis of
CCAs with simplicity, low cost, high enantioselectivity, and
high-throughput.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Chloroauric acid (HAuCl4), and all

enantiomers of mandelic acid, tartaric acid, malic acid, and 3-
phenyllactic acid were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). (R)-2-Amino-phenylethanol was provided from
Daicel Chiral Technologies Co., Ltd. (Shanghai, China). The 2-
aminoethanethiol (MEA) was purchased from Adamas-beta Chemistry
Co., Ltd. (Shanghai, China). Other reagents were of analytical reagent
grade and were directly used without further purification. Ultrapure
water was prepared by a Millipore Milli-Q purification system and used
in all experiments.

2.2. Instrumentations. Ultraviolet visible (UV−vis) absorption
spectra were recorded on a Cary 8450 Spectrophotometer (Agilent,
American) at room temperature. The photographs were taken with a
Canon 500 digital camera. 1H and 13C nuclear magnetic resonance
spectra were recorded on an Agilent 400MR DD2 400 MHz
spectrometer. Electrospray ionization-mass spectrometry (ESI-MS)
analysis was conducted on an ACQUITY SQD single quadrupole
high-performance liquid chromatography−mass spectrometry system
(Waters, USA). An ultrasonic cleaner was used to blend the solutions.
The pH measurements were conducted by a PHS-3C instrument. The
Fourier transform infrared (FTIR) spectra were acquired on a
Shimadzu IRAffinity-1 FTIR spectrometer. Transmission electron
microscopy (TEM) measurements were performed on a Zeiss LIBRA
200 FEG instrument. The samples for TEM characterization were
prepared by placing a drop of colloidal solution on carbon-coated
copper grid and dried at room temperature. The circular dichroism
spectra were measured by Applied Photophysics Chirascan CD
spectrometer. Dynamic light scattering measurements (Malvern
Zetasizer Nano ZS instrument) were carried out at 25 °C under
corresponding solution conditions (pH = 8).

2.3. Preparation of AuNPs. AuNPs with an average diameter of
13 nm were prepared by the citrate reduction of HAuCl4 according to
the reported method.26 All glasswares used in the preparation and
storage of AuNPs were cleaned in aqua regia, rinsed with ultrapure
water, and dried prior to use. An aqueous solution of HAuCl4 (100
mL, 1 mM) was brought to a refluxing solution quickly with rapid
stirring, and then trisodium citrate solution (10 mL, 38.8 mM) was
added rapidly, which resulted in the change in solution color from light
yellow to dark red within ca. 1 min. The resulting solution was boiled
for an additional 15 min, allowed to cool to room temperature, and
further stirred, filtered through a 0.22 μm syringe filter, and stored in a
refrigerator at 4 °C before the detection experiments. The
concentration of the prepared AuNPs was about 10.59 nM according
to Beer’s law using an extinction coefficient of 2.7 × 108 M−1 cm−1 at
520 nm for 13 nm AuNPs.27

2.4. Synthesis of C-AuNPs. The C-AuNPs were prepared by the
following procedures (Scheme S1). Accordingly, the as-prepared
AuNPs were first stabilized by adding 5% TWEEN 20 to AuNP
solution under stirring for 2 h. The AuNPs were first modified with
MEA by mixing MEA solution with the AuNP solution at a molar ratio
of 1000:1 (MEA/AuNPs) by shaking gently overnight in dark at room
temperature. NaHCO3 solution (6.5 mL, 10 mM) was added to 65 mL
of MEA/AuNPs under stirring for 10 min (pH = 8.0). Then, N-
succinimidyt-3,5-diformyl-4-hydroxybenzoate (18 mL, 0.42 mM) in
ethanol was added drop by drop under stirring for 13 h. The obtained
amide-AuNPs were concentrated by several cycles of centrifugation,
decantation, and redispersion in ethanol/water (1:4). Finally, the C-
AuNPs were prepared by mixing (R)-2-amino-phenylethanol (100
μM) with the amide-AuNPs (10 nM) at pH = 8.0 with stirring for 2 h
at room temperature.28 The C-AuNPs were purified for further use
through centrifugation, decantation, and redispersion. The solution pH
was adjusted to 9.0 with NaOH to prevent hydrolysis of CN bond.
C-AuNP solution was freeze-dried for long-term storage in the
refrigerator at 4 °C.

2.5. Visual and Colorimetric High-Throughput Analysis of
CCAs. For the enantioselectivity assay of C-AuNPs, the C-AuNPs
(100 μL, 10 nM), ZnCl2 (100 μL, 100 μM), and mandelic acid
solution (100 μL) were mixed in a well of a 96-well plate. Then, the
mixed solution was incubated for 30 min at room temperature (ca. 25
°C). The total volume of the mixture was 300 μL, and the final
concentration of mandelic acid was 0.9 mM. The solution in the plate
well was used for visual investigation. The mixture in each plate well
was diluted to 2.8 mL (for 3 mL cuvette) for measurements of UV−vis
absorption spectra by the UV−vis spectrophotometer.

A standard plate was made with C-AuNPs and achiral AuNPs for
the high-throughput analysis of total concentration and ee of mandelic
acid. The C-AuNPs or achiral AuNPs (50 μL, 10 nM), ZnCl2 (50 μL,
100 μM) and mandelic acid solution (50 μL) with appropriate
concentration were successively added to each microwell of the
Corning 96-well polystyrene plates. The prepared plate was sealed to

Scheme 1. Schematic Illustration of the Mechanism Behind
Enantioselective Charge Shielding of C-AuNPs for Visual
and Colorimetric High-Throughput Analysis of CCAs
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prevent solvent evaporation and was incubated for 30 min at room
temperature (ca. 25 °C). The standard total concentration titration of
mandelic acid was carried out at seven different concentrations (0.1,
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mM) with achiral AuNPs. The standard
ee titrations of mandelic acid were carried out at seven different
concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mM) and 11
different D-mandelic acid ee values (−100, −80, −60, −40, −20, 0, 20,
40, 60, 80, and 100) % with C-AuNPs. The absorbance values at 520
and 626 nm of each microwell of the standard plate were recorded by a
plate reader.
A screening plate was designed with C-AuNPs for evaluating the

generality of C-AuNP sensing for visual and colorimetric analysis of
CCAs. The four CCAs, mandelic acid, tartaric acid, malic acid, and 3-
phenyllactic acid, were chosen for analysis. The enantiomers and
raceme of 0.9 mM mandelic acid, 0.5 mM tartaric acid, 0.4 mM malic
acid, and 1.0 mM 3-phenyllactic acid were tested to C-AuNP solution
containing ZnCl2. The color changes of the solutions were observed
and recorded using a digital camera.
The mass ratio of Zn/Au was determined to be 0.0109 by

inductively coupled plasma mass spectrometry. According to a
previously reported method, the mole ratio of CDIS/AuNPs was
calculated to be 947:1.29 In other words, the average number of CDIS
on each AuNP was about 947 in the present work. Because the
number of CDIS modified on AuNPs’ surface was about 103 times
more than the number of AuNPs, the concentration of CCA solution
was about 103 times higher than the concentration of CDIS. All
solutions were made with the mixture of aqueous solution containing
20 vol % methanol (pH = 9).
2.6. Molecular Simulation. A representative docking method was

used to further study the interaction between CDIS−Zn(II)
complexes and CCAs, namely, CDOCKER, a molecular dynamics
(MD) simulated-annealing-based algorithm.30 The CCA as a ligand
was docked into the binding site of the CDIS−Zn(II) complex.
Random ligand conformations were generated by high-temperature
MD. After the conformations were translated into the binding site, the
candidate poses were created using random rigid-body rotations
followed by simulated annealing. A final minimization was used to
refine the ligand poses.

3. RESULTS AND DISCUSSION

3.1. Characterization of C-AuNPs. The as-prepared
AuNPs were modified via a step-by-step route forming MEA-,
amide-, and C-AuNPs, consecutively (Scheme S1). In brief, the
as-prepared AuNPs were first covalently modified with MEA
through the well-known S−Au bond, and then C-AuNPs were
obtained by amidation and nucleophilic addition reactions. As
shown in Figure 1A, the maximum absorption peaks of the
UV−vis spectra of AuNPs and C-AuNPs were at 520 and 525
nm, respectively. The peak red shift and broadening of the
UV−vis spectrum of C-AuNPs should be due to the slight
aggregation resulting from weak interactions such as π−π,
hydrophobic interactions after CDIS were modified on the
surface of AuNPs. However, the color of C-AuNP solution was
still wine red, and there was no obvious difference compared
with the color of AuNP solution (inset of Figure 1A). The
monodispersion state of C-AuNPs was also proved by the TEM
image (Figure 1B). The FTIR spectra were performed to
further confirm the step-by-step modification of C-AuNPs
(Figure 1C). In the spectrum of MEA/AuNPs, the peak
characteristics of MEA were observed at 1086, 1640, and 3305
cm−1, corresponding to υ(C−N), δ(N−H), and υ(N−H),
respectively. The spectrum of amide-AuNPs showed the peaks
at 1096, 1647, 1735, and 3302 cm−1 corresponding to υ(C−O),
υ(CO) of amide group, υ(CO) of aldehyde group, and
υ(O−H), respectively. Similarly, the spectrum of C-AuNPs
exhibited its main characteristic peak at 1667 cm−1 correspond-

ing to υ(CN), indicating the formation of CDIS on
nanoparticle surface. As we all know, some nonaromatic
imine (CN) structures are not stable under aqueous
conditions. Therefore, the chemical stability of CDIS on the
surface of C-AuNPs was investigated. As shown in Figure S1,
CDIS were stable within at least 24 h in water solution at pH 9.
This result was reasonable as the CDIS were aromatic imines.
Therefore, all subsequent experiments were conducted at pH 9.

3.2. Enantioselectivity of C-AuNPs to Mandelic Acid.
To investigate the enantioselective ability of C-AuNPs in the
presence of Zn(II) for CCAs, mandelic acid was chosen as a
model. The UV−vis absorption spectra of C-AuNPs respond-
ing to the different concentration of L-mandelic acid or D-
mandelic acid were obtained (Figure S2). Under the same
concentration, D-mandelic acid induced more obvious red shift
of plasmon resonance band of C-AuNPs compared with L-
mandelic acid. A representative enantioselective assembly of C-
AuNPs with mandelic acid enantiomers is shown in Figure 2A.
As expected, in the presence of 0.9 mM D-mandelic acid, the
absorbance at 520 nm decreased, and it was noteworthy that a
new absorbance peak emerged at 626 nm in contrast to the
spectrum of original C-AuNPs, suggesting the aggregation of C-
AuNPs. However, the spectrum responding to 0.9 mM L-
mandelic acid had no significant change compared with that of
original C-AuNPs (Figure 2B). Meanwhile, the corresponding
TEM images clearly showed that D-mandelic acid could
selectively induce aggregation of C-AuNPs (Figure 2C). The
dynamic light scattering measurements were further performed
as shown in Figure S4. The average hydrodynamic diameters
(DH) of as-prepared AuNPs and C-AuNPs were 15.5 and 17.6
nm, respectively. In addition, the hydrodynamic diameter
distribution of C-AuNPs was wider than that of as-prepared
AuNPs, indicating that there was the slight aggregation
resulting from weak interactions such as π−π, hydrophobic

Figure 1. (A) UV−vis absorption spectra of the AuNPs and C-AuNPs
(13 nm). The AuNP and C-AuNP solution showed wine red in the
inset. (B) TEM image of C-AuNPs (13 nm). (C) FTIR spectra of
AuNPs (black), MEA/AuNPs (red), amide-AuNPs (blue), and C-
AuNPs (green).
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interactions after CDIS were modified on the surface of AuNPs.
Furthermore, the DH in the presence of the same concentration
D- and L-mandelic acid was 51.3 and 167.2 nm, respectively,
which confirmed that the aggregation of AuNPs caused by D-/L-
mandelic acid and showed that obvious difference in the whole
solution and D-mandelic acid could selectively induce the
aggregation of C-AuNPs. These results proved that our
designed C-AuNPs had obvious enantioselectivity for mandelic
acid.
Besides, the enantioselective ability of C-AuNPs without zinc

ions was investigated as shown in Figure S3; in the absence of
zinc ions, the response sensitivity of C-AuNP solution to
mandelic acid enantiomers was very low and had no
enantioselectivity. Therefore, zinc ions were added to the C-
AuNP solution, forming a chiral metallo-supramolecular system
for the enantioselective recognition and analysis of CCAs in
subsequent experiments.
Zeta potential (ζ) measurements were further carried out to

understand the reason of C-AuNP aggregation in the presence
of CCAs. The initial ζ of C-AuNPs in the presence of 100 μM
Zn(II) was measured to be +20 mV. Obviously, the ζ of C-
AuNPs was decreased to +0.5 and +17 mV after the addition of
0.9 mM D- or L-mandelic acid, respectively. The decrease of ζ
should be due to charge shielding of the positively charged C-
AuNPs + Zn(II) system after binding with the negatively
charged carboxylic acids. The results proved the enantiose-
lective charge shielding-induced aggregation of C-AuNPs as
shown in Scheme 1.
3.3. High-Throughput Chiral Analysis of Mandelic

Acid with C-AuNPs. After succeeding in the test of
enantioselective recognition properties of C-AuNPs, the
simultaneous analysis of total concentration ([acid]t) and ee
of mandelic acid was investigated. Herein, an achiral AuNP
(aC-AuNPs) probe was prepared for [acid]t determination
according to our previous work.21 Similar to the C-AuNPs, the

aC-AuNPs were prepared by simply replacing the chiral amine
with achiral phenylethylamine (Scheme S2). Because the aC-
AuNPs were achiral, they became unresponsive to chirality and
only responded to the concentration. As shown in Figure S5A,
the UV−vis absorption spectra of aC-AuNPs responding to the
same 0.8 mM D-mandelic acid or L-mandelic acid were identical.
Upon the addition of seven different concentrations of D-
mandelic acid, the absorption spectra of aC-AuNPs showed red
shift in varying degrees, suggesting the different levels of aC-
AuNP aggregation (Figure S5B). On the other hand, because
the C-AuNPs were chiral and had the high enantioselectivity for
CCAs, C-AuNPs were used for the quantitative analysis of ee,
and then the concentration of each enantiomer could be
acquired by calculation according to the [acid]t and ee values of
CCAs.
Next, a standard plate with aC-AuNPs and C-AuNPs was

made for the high-throughput analysis of both [acid]t and ee of
mandelic acid. Because the aggregation of AuNPs generally
resulted in a significant increase in the absorbance at 626 nm
(A626) and decrease in the absorbance at 520 nm (A520), the
ratio of A520 to A626 (A520/A626) was chosen to reflect the
assembly of C-AuNPs.31,32 A lower ratio corresponded to
assembled clusters of C-AuNPs and the color of the solution
was blue, whereas a higher ratio referred to dispersed C-AuNPs
and the color of the solution was red. The A520/A626 signals of
each microwell of the standard plate recorded by a plate reader
for the [acid]t and ee values of mandelic acid as described above
are shown in Figure 3. As commonly adopted in the previous

assays,33,34 the A520/A626 values from ee and [acid]t titrations
were linearly fitted against [acid]t and ee, respectively. The
linear fitting results were satisfying (correlation coefficients R2 >
0.99). Consequently, it was demonstrated that the C-AuNP
probe was capable of realizing high-throughput and simulta-
neous analysis of both [acid]t and ee of mandelic acid.
On the basis of the above results, our method can be used for

the determination of [acid]t and ee of unknown samples. First,
an “analysis plate” with aC-AuNPs and C-AuNPs was made,
where the unknown samples with varying [acid]t and ee were
tested. By monitoring the A520/A626 values, the [acid]t and ee
values of the unknown samples can be predicted according to
the standard equations generated from the standard plate.
Overall, the method using C-AuNPs for simultaneous

analysis of both [acid]t and ee of CCAs is rapid once a
standard plate has been developed for a particular analyte.
Among all procedures, loading of the AuNPs, ZnCl2, and

Figure 2. (A) UV−vis absorption spectra of C-AuNPs, C-AuNPs in
the presence of 0.9 mM L-mandelic acid or D-mandelic acid with 100
μM ZnCl2. (B) Corresponding TEM images of C-AuNPs/Zn(II) in
the presence of L-mandelic acid (B) and D-mandelic acid (C).

Figure 3. Analysis of the standard plate. (A) Standard [acid]t titration
of aC-AuNPs at seven different concentration (0.1, 0.2, 0.4, 0.6, 0.8,
1.0, and 1.2 mM) of mandelic acid containing ZnCl2. (B) Standard ee
titration of C-AuNPs at seven different [acid]t (0.1, 0.2, 0.4, 0.6, 0.8,
1.0, and 1.2 mM) and 11 different D-mandelic acid ee values (−100,
−80, −60, −40, −20, 0, 20, 40, 60, 80, and 100) %. All measurements
were taken at 25 °C. Error bars were obtained from three experiments.
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unknown sample solutions to the 96-well plate requires about
30 min per 96 samples. After that, the [acid]t and ee values of
96 unknown samples can be predicted within 10 min, including
about 5 min for the 96-well plate reader to record the
absorbance of 96 unknowns samples at two wavelengths (520
and 626 nm) and 5 min for data analysis with a computer
program.
3.4. Investigation of Generality. To evaluate the

generality of C-AuNP sensing for visual and colorimetric
analysis of CCAs, the four different CCAs, mandelic acid,
tartaric acid, malic acid, and 3-phenyllactic acid, were selected
as analytes. A screening plate was made for monitoring the
colorimetric responses of C-AuNPs in the presence of
enantiomers and raceme of four carboxyl acids. As shown in
Figure 4A, the C-AuNPs responding to the enantiomers and
raceme of each CCA presented visual color changes ranging
from wine red to blue, which could be directly observed by the
naked eyes. The corresponding results of UV−vis absorption
spectra (Figure 4B−E) were absolutely in accordance with the
results of colorimetric responses in Figure 4A, indicating that
the C-AuNPs sensing could commonly apply to the visual and
colorimetric analysis of diversified CCAs.

3.5. Mechanism Investigation. To figure out the
mechanism based on C-AuNPs for the chiral recognition of
carboxylic acids, the binding constants (K) between enan-
tiomers of each CCA and the chiral metallo-supramolecular
system (CDIS−Zn(II)) were determined by fluorescence
titration. Fluorescence intensity at 635 nm of CDIS−Zn(II)
with different concentrations of D-mandelic acid or L-mandelic
acid containing ZnCl2 affords data which can be effectively used
to extract K assuming 1:1 binding, in conjunction with the
modified Benesi−Hildebrand type equation,35,36 1/ΔI = 1/
ΔImax + (1/KC)(1/ΔImax), in which ΔI = Ix − I0 and ΔImax = I∞
− I0; I0, Ix, and I∞ are the fluorescence intensities of CDIS−
Zn(II) in the absence of mandelic acid, at an intermediate
mandelic acid concentration and at a concentration of complete
interaction, respectively and C is the mandelic acid concen-
tration. As shown in Figure 5A, the values of [1/(I − I0)]
showed a linear relationship with the change of 1/[C] (R2 =
0.984), which verified the 1:1 stoichiometry between CDIS−
Zn(II) complexes and CCAs on the base of the linear Benesi−
Hildebrand expression. The binding constants (K) between
CDIS−Zn(II) and D-/L-mandelic acid enantiomers were
determined as 5.16 × 107 and 1.17 × 107 M−1, respectively.

Figure 4. (A) Image of C-AuNPs responding to enantiomers and raceme of four carboxyl acids in the screening plate. The UV−vis absorption
spectra of C-AuNPs responding to the enantiomers and raceme of 0.9 mM mandelic acid (B), 0.5 mM tartaric acid (C), 0.4 mM malic acid (D), and
1.0 mM 3-phenyllactic acid (E) corresponding to the screening plate. All solutions were made in the mixture of aqueous solutions containing 20 vol
% methanol (pH 9). All measurements were taken at 25 °C. The rac-represent racemes.
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The former is 4.4 times of the latter. The result suggested that
the CDIS−Zn(II) more easily bind to D-mandelic acid because
of the stereochemical difference, which further gave rise to
more effective charge shielding of C-AuNPs by D-mandelic acid.
This was consistent with results shown in Figure 4. The K
values between CDIS−Zn(II) and the other CCAs enantiomers
were similarly determined by fluorescence titration, and they
are listed in Table 1.

To give further insights of chiral recognition mechanisms of
CCAs by CDIS−Zn(II), molecular simulations were carried by
using a molecular docking method.37 The final docking results
of CDIS−Zn(II) and the CCA enantiomers are shown in
Figures 5 and S6. The two imine bonds, one hydroxyl group,
bilateral benzene rings, and Zn(II) of CDIS−Zn(II) complex
formed an inclusion cavity. Both D-mandelic acid and L-
mandelic acid entered into the inclusion cavity. It was observed
that the chiral center of D-mandelic acid (Figure 5B) was closer
to the chiral center of CDIS compared with L-mandelic acid
(Figure 5C). Although the benzene ring of D-mandelic acid was

parallel to unilateral benzene ring of CDIS, there was no the
repulsive interaction. Because the carbon chain of mandelic acid
molecule was short, the D-mandelic acid molecule only
interacted with the one side of nonparallel imine structure of
CDIS. However, the benzene ring of L-mandelic acid was
parallel to the middle benzene ring of CDIS, resulting in the
steric hindrance and strong repulsive interaction. Besides, it is
commonly acknowledged that the smaller the CDOCKER
energy (CE) of the docking result, the better the pose of the
interaction is. As shown in Table 1, the CE of D-mandelic acid
was smaller than one of L-mandelic acid. In other words, the
interaction of CDIS−Zn(II) complex and D-mandelic acid was
stronger and the docking structure was more stable. The data of
CE between the CDIS−Zn(II) and all CCAs enantiomers were
wholly in agreement with the results of K and C-AuNPs
colorimetric responses.
Furthermore, the CD spectra of the C-AuNPs and the chiral

recognition between the C-AuNPs and CCAs were measured
to get a full understanding of the chiral recognition mechanism.
As shown in Figure S7, the spectrum of C-AuNPs exhibited two
significant CD singles at 331 and 420 nm, which revealed that
CDIS were successfully modified on the surface of AuNPs and
C-AuNPs is chiral. Upon the addition of Zn(II) ions, compared
with the spectrum of C-AuNPs, the location of peaks showed
noticeable changes and the spectrum of C-AuNPs/Zn(II)
exhibited two strong CD singles at 297 and 389 nm because the
chelation of CDIS and zinc ions forming a chiral metallo-
supramolecular complex gave rise to conformational change.
In the presence of D-mandelic acid, D-tartaric acid, L-malic

acid, or L-3-phenyllactic acid, the CD single at 389 nm
obviously decreased and two CD singles emerged at 339 and
423 nm in contrast to the spectrum of C-AuNPs/Zn(II)
complex (Figure S7), suggesting the interaction of C-AuNPs
and CCAs. In addition, the signal changes caused by D-
mandelic acid, D-tartaric acid were more obvious than that by L-
malic acid or L-3-phenyllactic acid, indicating the stronger
interaction between C-AuNPs/Zn(II) complex and D-mandelic
acid/D-tartaric acid. However, the spectra responding to L-
mandelic acid, L-tartaric acid, D-malic acid, or D-3-phenyllactic
acid had no significant change compared with that of C-
AuNPs/Zn(II) complex, which further confirmed the enantio-
selective recognition of C-AuNPs for CCAs. These results were
in accordance with the results of K, molecular simulation, and
colorimetric responses.
According to the above results, it was revealed that the

mechanism based on C-AuNPs for visual and colorimetric high-
throughput analysis of CCAs was the enantioselective charge
shielding forming the AuNPs’ surface CDIS−Zn(II) complexes
with positive charges and the CCAs with negative charges.
CDIS on the surface of AuNPs first coordinated with Zn(II)
ions at the ratio of 1:1 forming the CDIS−Zn(II) complexes
with positive charges. By this time, C-AuNPs maintained a well
monodispersed state because of sufficient positive charge
repulsion. Upon the addition of CCAs with negative charges,
positive charges of the C-AuNP surface were shielded and the
repulsive force among C-AuNPs was weakened, which led to
the aggregation of C-AuNPs along with the visual color change
of the solution. Interestingly, CDIS−Zn(II) on the surface of
AuNPs showed high enantioselectivity for CCAs enantiomers
owing to the stereochemical difference, resulting in obvious
enantioselective charge shielding and the consequent aggrega-
tion degree of C-AuNPs. Therefore, our designed method using

Figure 5. (A) Benesi−Hildebrand plot of 2 mM CDIS in the presence
of D-mandelic acid (red) and L-mandelic acid (black) containing ZnCl2
(1.0 × 10−4 M in CH3OH). (I0: fluorescence intensity of the sensor in
the absence of mandelic acid, I: fluorescence intensity of the sensor in
the presence of mandelic acid.) The docking results of CDIS−Zn(II)
complex with D-mandelic acid (B) and L-mandelic acid (C). The balls
in dark gray, red, blue, white, and purple refer to C, O, N, and H
atoms, and Zn(II) ion, respectively.

Table 1. Results of the K and CE Between CDIS−Zn(II) and
Four Pairs of CCAs Enantiomers

carboxylic acids K (×107 M−1) CE (kJ/mol)

D-mandelic acid 5.16 −24.4734
L-mandelic acid 1.17 −21.2552
D-tartaric acid 13.1 −30.5887
L-tartaric acid 8.14 −27.6778
D-malic acid 15.6 −33.7353
L-malic acid 17.8 −34.1749
D-3-phenyllactic acid 6.12 −25.1070
L-3-phenyllactic acid 6.88 −25.7754
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C-AuNPs can realize the visual and colorimetric high-
throughput analysis for CCAs.

4. CONCLUSIONS
In conclusion, a simple, cost-effective, and rapid colorimetric
method for visual high-throughput analysis of CCAs using
chiral metallo-supramolecular system functionalized AuNPs has
been exploited in this work. The C-AuNP sensing has an ability
of high enantioselective recognition for various CCAs and can
realize high-throughput and simultaneous analysis of the [acid]t
and ee of CCAs. The chiral recognition mechanism based on
C-AuNPs is the enantioselective charge shielding forming the
C-AuNPs/Zn(II) system with positive charges and CCAs with
negative charges. The improvement of sensitivity of C-AuNP
sensing is underway. The method using C-AuNP sensing shows
the potential application in the analysis of chiral drugs.
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