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Abstract: A new chiral molecularly imprinted polymer (MIP) sensor with dual recognition ability
was developed for the highly selective separation of enantiomers with toxic side effects in drugs.
The sensor contains double-stranded deoxyribonucleic acid (dsDNA) as the element that immobi-
lizes the chiral molecular conformation: the dsDNA enables the imprinted cavities to match the
three-dimensional structure and functional groups from the chiral molecule. By embedding the
spatial orientation of dsDNA in MIPs, one can accurately capture and immobilize the molecular
conformation, eliminating the influence of interfering analogues. Herein, L-penicillamine (L-Pen) was
selected as the chiral template molecule and embedded into dsDNA to form dsDNA-L-Pen complex,
which was then embedded into the MIPs by electropolymerization. After elution, the stereo-selective
imprinted cavities were obtained. The ATATATATATAT-TATATATATATA base sequence showed a
high affinity for the embedded L-Pen, which endowed the imprinted cavities with a larger number of
sites and improved the selectivity toward Pen enantiomers. Under the optimal working conditions,
the current response of the MIP/dsDNA sensor exhibited a positive linear relationship with the
logarithm of the L-Pen concentration in the range of 3.0 × 10−16 to 3.0 × 10−13 mol/L, and the
detection limit was 2.48 × 10−16 mol/L. After the introduction of dsDNA into the MIP, the selectivity
of the sensor toward D-Pen increased by 6.4 times, and the sensor was successfully applied in the
analysis of L-Pen in penicillamine tablets.

Keywords: molecularly imprint; sensor; dsDNA; chiral; L-Pen

1. Introduction

Many endogenous macromolecular substances, such as enzymes, carriers, receptors,
plasma proteins, and polysaccharides, have chiral characteristics [1]. The excessive bio-
chemical reactions of commonly used drugs are related to the recognition and change of
chirality. However, different enantiomers can have different pharmacological activities,
toxicity, absorption, distribution, and metabolism [2]. Generally, only one enantiomer of
a certain drug is effective against the target disease, while the other enantiomer either
has toxic side effects or is ineffective and may cause harm to human health [3]. Therefore,
the correct separation, detection, and analysis of chiral drugs are essential for protecting
human health by reducing toxicity, side effects and dosage.

Molecularly imprinted polymers (MIPs) possess specific recognition and memory
functions for specific target molecules [4,5]. Those materials exhibit not only high selec-
tivity similar to that of biological antibody-antigen recognition, but also good chemical
stability and mechanical strength, and they have been widely used in the field of chiral
separation and analysis [6–8]. To further improve the chiral recognition ability of imprinted
polymers, some studies have introduced macrocyclic compounds [9], polysaccharide [10],
modified functional monomers [11], chiral metal complexes [12], and other materials for
the preparation of polymers. However, the above methods possess certain disadvantages,
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such as limited scope of application and excessively strict molecular structure requirements;
moreover, their chiral separation and recognition efficiency is not satisfactory.

To further improve these aspects, it is necessary to endow the imprinted membranes
with the ability to induce and immobilize the molecular conformation. Studies have shown
that drug molecules can bind to duplex DNA structures through intercalation binding,
groove binding, and electrostatic binding [13–15]. Depending on the functional groups
and conformational characteristics of the molecule, as well as the size or base gaps in
the double-stranded deoxyribonucleic acid (dsDNA), an ordered spatial arrangement is
occurred [16]. Otherwise, different forms of DNA have different stereo-conformational
selectivity; for this reason, it is important to screen for DNA with a compatible chiral
molecular conformation.

Penicillamine is a metabolite of penicillin with two enantiomers, D and L [17]. D-
penicillamine (D-Pen) can treat Wilson’s disease and rheumatoid arthritis [18–20], and it
has been used as an antidote for poisoning from copper and lead, among others [21–23]. In
contrast, studies have found that L-penicillamine (L-Pen) is toxic and can cause neuritis and
marrow damage [24,25]. Currently, the methods for detection and isolation of penicillamine
involve flow injection [26], chromatography [27–29], spectrometry [30–32], colorimetric
method [33], and electrochemical method [34–37]. However, the electrochemical sensor is
miniaturized and easy to prepare, which effectively avoids the defects such as complex
sample preparation, long detection time and expensive chiral selector. Therefore, it is
significantly to establish a simple and highly selective electrochemical method for the
detection of L-Pen. Here, we propose the use of optimized dsDNA as a chiral recognition
element to induce chiral conformation and introduce it into MIPs: these are endowed with
a triple-recognition ability through dsDNA-induced immobilized conformation, functional
groups for base-assisted recognition, and recognition cavities formed by dsDNA-target
molecule complexes. As shown in Scheme 1, the selected dsDNA was self-assembled on
the surface of an Au electrode; then, L-Pen was inserted in the dsDNA for the subsequent
electropolymerization to obtain L-Pen cavities of a highly specific conformation; finally,
electrochemical methods were used to assess the sensor performance.
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2. Materials and Methods
2.1. Apparatus and Reagents

A PGSTAT128N Autolab electrochemical workstation (Metrohm Co., Ltd., Herisau,
Switzerland) with a three-electrode system was employed to study the electrochemical
performance of the modified electrode. The MIP-modified Au electrode (Φ = 2 mm) was
used as the working electrode, Ag/AgCl (saturated KCl) as the reference electrode, and
Pt wire as the auxiliary electrode. A UV–vis spectrophotometer (UV-2400PC, Beijing
Purkinje General Instrument Co., Ltd., Beijing, China), DYY-6C agarose gel electrophoresis
(AGE) apparatus (Beijing Liuyi Biotechnology Co., Ltd., Beijing, China), and CHI660D
electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China)
were also employed to study the performance of L-Pen intercalated into dsDNA. Liquid
chromatography-mass spectrometry (LC-MS) of LCMS-9030 was used to evaluate the
accuracy of the MIP/dsDNA sensor to detect L-Pen in real samples (Shimadzu, Co., Ltd.,
Suzhou, China).

L-Pen and D-Pen standards were purchased from Aladdin (Shanghai, China). The
DNA sequence was customized by Shanghai Bioengineering Engineering Company, as
shown in Table S1. Tris-EDTA buffer solution (TE) buffer, agarose, tris-(2-carboxyethyl)
phosphine (TCEP, 10 mmol/L), tris Acetate-EDTA buffer solution, ethidium bromide, and
6.0 × glycerol gel were purchased from Shanghai Biotech Engineering Co., Ltd., while
o-phenylenediamine (o-PD) was purchased from Aladdin (Shanghai, China). The probe
molecule was 0.005 mol/L K4[Fe(CN)6]/K3[Fe(CN)6] containing 0.1 mol/L KCl solution.
Methanol, ethanol, acetic acid, disodium hydrogen phosphate, sodium dihydrogen phos-
phate, and potassium chloride were purchased from Sichuan Xilong Science Company
(Chengdu, China). Ultrapure water was used in all experiments (Sichuan Dubot Technology
Co., Ltd., Sichuan, China).

2.2. Assay Procedures

The Au electrode was successively polished in chamois leather with alumina pow-
der of particle diameter 1.0, 0.5, and 0.03 µm, and the impurities on the surface of the
electrode were removed through ultrasonic cleaning with HNO3-H2O (v/v, 1/1), ethanol,
and water for 5 min. TCEP (180 µL) was added to 20 µL of thawed ssDNA (5′-SH-C6-
ATATATATATAT-3′) to activate the disulfide bond at room temperature (37 ◦C) for 2 h. The
self-assembly process by Au-SH bond combination was carried out by immersing the Au
electrode into a 1.0 × 10−6 mol/L solution of ssDNA. The modified electrode was then
transferred into a dscDNA (3′-C6-TATATATATATA-5′) solution to perform the hybridiza-
tion reaction (2 h; 37 ◦C) to form dsDNA. The dsDNA-modified electrode was transferred
to a 1.0 × 10−5 mol/L solution of L-Pen for 21 min to obtain the dsDNA-L-Pen complex.
Subsequently, the MIP/dsDNA-modified electrode was prepared by electropolymerization
in a 5.0 × 10−4 mol/L o-PD solution (cyclic voltammetry (CV) parameters was performed
for 15 cycles in a potential range from 0 V to 0.8 V at 50 mV/s). The MIP/dsDNA-modified
electrode was placed in a methanol-acetic acid (v/v, 8/1; pH 8.0) solution under slight
stirring for 20 min to elute the L-Pen template molecule, and the imprinted sensor for the
induction and recognition of L-Pen conformation was obtained.

The preparation process of the non-MIP/dsDNA sensor was the same as that of the
MIP/dsDNA sensor, but without the addition of L-Pen.

To compare the recognition capability of MIP/dsDNA, an MIP/non-dsDNA sen-
sor was prepared. A bare Au electrode was placed in 10 mL of a mixture containing
5.0 × 10−4 mol/L o-PD and 1.0 × 10−5 mol/L L-Pen to prepare conventional MIPs by
electropolymerization for 15 cycles. Then, the MIP/non-dsDNA-modified electrode was
placed in a methanol-acetic acid (v/v, 8/1) solution for 20 min to elute the L-Pen target
molecule; in this way, an MIP/non-dsDNA sensor with imprinted cavities matching L-Pen
was obtained.
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2.3. Measurement Methods

The electrochemical performance of the sensors was studied through differential
pulse voltammetry (DPV) and CV in a 0.005 mol/L K4[Fe(CN)6]/K3[Fe(CN)6] solution
(containing 0.1 mol/L KCl) with a potential ranging from +0.6 V to −0.2 V and a scanning
speed of 50 mV/s. Electrochemical impedance spectroscopy (EIS) was performed at the
frequency range from 0.1 Hz to 100 kHz, with an alternating voltage of 5 mV. TE buffer
(pH 8.0) was employed for background subtraction. UV–vis spectroscopy, with a scanning
range from 220 nm to 320 nm and a scanning interval of 0.1 nm, was used to study the
interaction mode of dsDNA and L-Pen. AGE (working voltage: 60 V) was carried out to
investigate the changes before and after the reaction of each dsDNA type with L-Pen.

3. Results and Discussion
3.1. Interaction between L-Pen and dsDNA

UV–vis spectroscopy was used to study the interaction between dsDNA and the L-Pen
molecule. A 1.0 × 10−5 mol/L L-Pen solution was added to five types of dsDNA and
stirred overnight to react completely. The change in the maximum absorption wavelength
(λmax) of dsDNA after interaction with L-Pen was recorded. The results are presented in
Figure S1 (Supplementary Materials), which shows that λmax red-shifted by approximately
5 nm following the interaction between dsDNA and L-Pen, indicating that the interaction
mechanism between the two species was intercalation binding [13].

The electrochemical method was used to study the intercalation time of five types of ds-
DNA with L-Pen. As shown in Figure S2, three structures (dsDNA1, AAAAAAAAAAAA-
TTTTTTTTTTTT, 7 min; dsDNA2, ACACACACACACACAC-TGTGTGTGTGTG, 2.5 min;
and dsDNA3, AGAGAGAGAGAG-TCTCTCTCTCTC, 7 min) were saturated with L-Pen
in a short time, which suggests that they all possessed large cavities capable of exerting a
weak steric hindrance toward L-Pen, thereby facilitating the intercalation. This implies that
the interference of analogues, in these cases, would not be eliminated effectively. The inter-
action of L-Pen with dsDNA5 (CGCGCGCGCGCG-GCGCGCGCGCGC, 35 min) reached
saturation over a long time: this suggests that the structure cavity of dsDNA5 presented
a strong steric hindrance, obstructing L-Pen entry and resulting in a low recognition and
separation efficiency. In contrast, in dsDNA4 (ATATATATATAT-TATATATATATA), the
response current of the probe decreased slowly with increasing time, but stabilized at
19 min, indicating a saturated interaction between dsDNA4 and L-Pen. Therefore, dsDNA4
was selected as the element to immobilize the L-Pen conformation and ensure ultra-high
selectivity and capture performance of the MIP/dsDNA sensor.

AGE was used to study changes in mobility and combine performance of each dsDNA
and L-Pen. The results are shown in Figure S3, where k is a DNA marker with clear levels
to indicate the molecular weight of DNA from top to bottom on the agarose gel; letters from
(a) to (e) indicate the dsDNA structures from 1 to 5 in sequence, which had approximately
the same molecular weight; and letters (f) to (j) indicate the smearing after the interaction of
each dsDNA with L-Pen. After the interaction between L-Pen and dsDNA1, dsDNA2, and
dsDNA3, the molecular sizes of the three DNA structures increased and shifted slightly
in AGE, indicating a weak steric hindrance toward L-Pen; therefore, the interference from
analogues could be effectively eliminated. Furthermore, after the separate reactions of
dsDNA4 and dsDNA5 with L-Pen, dsDNA5 moved over a longer distance due to a smaller
friction force compared to that experienced by dsDNA4 in AGE: this suggests that dsDNA5
was characterized by a more significant steric hindrance and difficult interaction with L-Pen.
However, the combination of dsDNA4 and L-Pen was relatively stable, and the internal
structure matched the conformation of L-Pen, which assisted in its recognition. Therefore,
the AGE experiment confirmed dsDNA4 as a useful element for the auxiliary recognition
of L-Pen.
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3.2. Electrochemical Characterization of MIP/dsDNA and Non-MIP/dsDNA

The properties of MIP/dsDNA in different processes were studied using DPV and CV.
As shown in Figure 1A, curve a represents the bare Au electrode; when the electrode was
modified by the self-assembly of ssDNA (curve b), hybridization (curve c), and embedding
(curve d), the current intensity gradually decreased because the modification element
impeded electron transport. After electropolymerization, a dense and weakly conductive
MIP/dsDNA film was formed on the surface of the electrode, which significantly hindered
the transfer of electrons and caused the current intensity of the probe to decrease sharply
(curve e). A mixed solution of methanol-acetic acid (v/v, 8/1) was used to elute L-Pen
from the polymer for 20 min, forming the corresponding conformational cavities, and the
current intensity of the probe rebounded (curve f). Then, when the sensor was placed in
a 5.0 × 10−14 mol/L L-Pen solution for 16 min, the size, structure, and recognition sites
of the L-Pen-imprinted MIP/dsDNA cavities were stably filled again. This resulted in the
blockage of electron transfer channels, and the peak current decreased (curve g). Therefore,
quantitative analysis of L-Pen was successfully performed. The results were consistent
with those obtained by CV (Figure 1B), further supporting the successful fabrication of the
MIP/dsDNA sensor capable of L-Pen recognition.
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The performance of non-MIP/dsDNA under different process conditions was also
studied using DPV, as shown in Figure 1C, where curve a’ represents the bare Au elec-
trode. The current intensity of the probe gradually decreased from curve a’ to d’: this
was attributed to the action of self-assembled dsDNA and non-MIP/dsDNA film, which
gradually hindered electron transport on the electrode surface. As L-Pen was not present
in the non-MIP/dsDNA, there were no imprinted cavities to recognize L-Pen after a 20 min
elution (curve e’) with a mixed solution of methanol-acetic acid (v/v, 8/1; pH 8.0). Thus,
the rebound signal of L-Pen (5.0× 10−14 mol/L, 16 min) remained substantially unchanged
(curve f’). These results, in agreement with the CV responses (Figure 1D), proved that
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the non-MIP/dsDNA sensor could not recognize L-Pen, eliminating the possibility of the
physical adsorption of L-Pen to MIP/dsDNA

EIS was used to evaluate the electrode modification process in a 0.005 mol/L
K4[Fe(CN)6]/K3[Fe(CN)6] solution as probe, as shown in Figure 2. The processes of self-
assembly (b, 201.1 Ω) and hybridization (c, 229.2 Ω) were sequentially performed on the
surface of bare Au electrode (a, 183.4 Ω), which promoted a gradual increase in resistance.
When L-Pen was embedded with dsDNA structure, the corresponding resistance value
increased again (d, 390.3 Ω). After electropolymerization, a dense and weakly conductive
MIPs/dsDNA film severely impeded the probe transfer on the electrode surface, and the
resistance value increased sharply (e, 2508.0 Ω). A methanol-acetic acid (v/v, 8/1) mixture
was used to elute some L-Pen from the polymer for 20 min; the obtained imprinted cavities
acted as transport channels of the probe, and the resistance value decreased (f, 492.2 Ω).
When the MIP/dsDNA sensor rebounded with 5.0 × 10−14 mol/L mol/L L-Pen for 16 min,
the L-Pen-imprinted cavities were stably filled again, thereby increasing the resistance
again (g, 649.7 Ω). EIS curve fitting, carried out with ZsimpWin software, showed that the
fitted curves of the equivalent circuit diagram R(C(RW)) were consistent with the measured
curves under the same conditions.
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The EIS of 5.0 × 10−14 mol/L L-Pen re-adsorbed by this sensor is fitted by software
ZsimpWin, the solution resistance Rs is 77.03 Ω, the double layer capacitance (CPE) is
2.559 × 10−6, and the actual resistance (Rct)of molecularly imprinted film is 649.7 Ω. Ac-
cording to the Nyquist equation and the following formula,(
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Z′ = Rs +
Rct

1 + ω2Cd
2Rct2 (4)

Z′′ = − ωCdRct
2

1 + ω2Cd
2Rct2 (5)

Z = Z′ − jZ′′ (6)

When the frequency is 86.8496 Hz, the real part of impedance Z′ is 376.7 Ω, the
imaginary part Z′ is 296.9 Ω, the solution resistance Rs is 71.1 Ω, the phase angle Φ is
38.2◦, the double-layer capacitance CPE is 2.4324 × 10−6, and the actual impedance Rct of
molecularly imprinted film is 594.1 Ω. This is basically consistent with the results of the
software simulation and impedance diagram.

3.3. Optimization of the MIP/dsDNA Sensor

The detection of L-Pen by MIP/dsDNA sensor was mainly affected by the following
different factors, including the binding time of dsDNA and L-Pen, the number of elec-
tropolymerization cycles, eluent, pH value, elution time and rebound time. Therefore, the
above parameters were optimized, respectively. The results show that with the combina-
tion time of dsDNA and L-Pen of 21 min (Figure S2), 15 cycles of electropolymerization
(Figure S4), methanol-acetic acid (v/v, 8/1; pH 8.0) as eluent (Figure S5), elution time of
20 min (Figure 3a), and rebound time of 16 min (Figure 3b), the MIP/dsDNA sensor has
the best detection performance for L-Pen.
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3.4. DPV Response of the MIP/dsDNA Sensor to Identify L-Pen at Different Concentrations

The recognition ability of the MIP/dsDNA sensor toward L-Pen was studied un-
der the optimized conditions. The sensor was immersed in L-Pen solutions at different
concentrations, and DPV signals were recorded to evaluate the relationship between the
concentration of L-Pen and current intensity. As shown in Figure 4, the DPV response
signals gradually decreased as the L-Pen concentration increased, indicating that more
L-Pen rebounded to the imprinted cavity. The current signal responses of the MIP/dsDNA
sensor exhibited a positive linear relationship with the L-Pen concentration logarithm in
the range from 3.0 × 10−16 to 3.0 × 10−13 mol/L. Such a relationship is described by the
linear equation ∆i (µA) = 5.48 × 10−6 lg (C, mol/L) + 8.94 × 10−5 (r = 0.993). The detection
limit (DL) was 2.48 × 10−16 mol/L (DL = 3δb/K, where DL is the detection limit at 95%
confidence level; δb is the standard for blank sample detection Quasi-deviation; K is the
slope of the working curve). Compared with the performance of other methods (Table S2),
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the MIP/dsDNA sensor was more sensitive in the separation and recognition of L-Pen
and showed a lower DL. This is because the imprinted cavity structure was improved by
dsDNA, which provided a larger number of recognition sites to meet the accuracy and
sensitivity requirements of chiral recognition and separation.
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Figure 4. The DPV response of MIPs/dsDNA sensor to L-Pen on the 0.005 mol/L
K4[Fe(CN)6]/K3[Fe(CN)6] (contain 0.1 mol/L KCl) and corresponding calibration curves (a~n: the
concentration of L-Pen were 0, 3.0 × 10−16, 5.0 × 10−16, 7.0 × 10−16, 1.0 × 10−15, 3.0 × 10−15,
5.0 × 10−15, 7.0 × 10−15, 1.0 × 10−14, 3.0 × 10−14, 5.0 × 10−14, 7.0 × 10−14, 1.0 × 10−13,
3.0 × 10−13 mol/L L-Pen) (working potential from +0.6 V to−0.2 V. Error bar represents the standard
deviation of three repetitive experiments).

3.5. Chiral Separation and Recognition Performance of the Sensors

To evaluate the performance of the MIP/dsDNA sensor in the chiral recognition and
separation of the Pen enantiomers, a MIP/non-dsDNA sensor was prepared for comparison.
A 5.0 × 10−14 mol/L solution of Pen enantiomers was selected as the detection target, and
the DPV signal of the sensor was recorded. The results are shown in Figure 5A, where the
eluted signal (curve c) was used as a blank, and the MIP/non-dsDNA sensor rebounds were
those for D-Pen (curve d), DL-Pen (curve e), and L-Pen (curve f). The probe response signal
decreased gradually: the response to D-Pen decreased by approximately 13.45%, while that
to DL-Pen decreased by approximately 22.08%, highlighting the sensor’s poorly selective
recognition ability to distinguish and separate Pen enantiomers. In the MIP/dsDNA tests
(Figure 5B), where the eluted signal (curve a’) was used as a blank, the sensor only had a
distinct response to DL-Pen (curve b’) and L-Pen (curve c’), while the signal corresponding
to D-Pen (curve d’) decreased by 2.26%, and that of DL-Pen decreased by 27.82%. The
selectivity of this sensor to D-Pen was 6.4 times higher than that of the MIP/non-dsDNA
one. This indicates that the fine structure of the imprinted recognition sites can be improved
by introducing embedded dsDNA to immobilize the spatial conformation of the chiral
molecule. This supports the possibility of improving the chiral recognition ability of the
molecularly imprinted technology. The recognition performance of the MIP/dsDNA and
MIP/non-dsDNA sensors for the Pen enantiomers is shown in Figure 5C.
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Figure 5. The DPV responses of MIPs/non-dsDNA sensor (A) and MIPs/dsDNA sensor (B) on
5.0 × 10−14 mol/L of Penicillamine enantiomers in 0.005 mol/L of K4[Fe(CN)6]/K3[Fe(CN)6] (con-
tain 0.1 mol/L KCl) solution over a potential range from +0.6 V to −0.2 V, with a scan rate of
50 mV/s and pulse amplitude of 50 mV; the recognition performance (C) of MIPs/dsDNA sensor
and MIPs/non-dsDNA sensor for Pen enantiomers.

The selectivity of the MIP/dsDNA sensor was assessed by rebounding interfering sub-
stances such as L-Valine (L-Val), D-Valine (D-Val), L-Cysteine (L-Cys), D-Cysteine (D-Cys), L-
Alanine (L-Ala), D-Alanine (D-Ala), and D-Pen at a concentration of 5.0 × 10−11 mol/L and
by recording the DPV signals to compare them with the rebounding of 5.0 × 10−14 mol/L
L-Pen. The results are shown in Figure 6, where the highest interfering signal (D-Ala)
only accounts for 2.98% of the L-Pen response signal, suggesting the high selectivity of the
sensor in the presence of analogue substances.
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of L-Pen was 5.0× 10−14 mol/L and the interference concentration was control as 5.0× 10−11 mol/L).

3.6. Stability and Reproducibility

The reproducibility of the sensor is one of the most important issues in electrochemical
sensor fabrication. Herein, the reproducibility was evaluated by recording the DPV signal
of the prepared sensor after rebinding with 5.0 × 10−14 mol/L L-Pen. The renewal of
the sensor was achieved by removing the templates in a methanol-acetic acid (v/v, 8/1;
pH = 8.0) mixture. The relative standard deviation (RSD) of the eight measurements was
1.40 %. In addition, five sensors were prepared and used to measure 5.0 × 10−14 mol/L
L-Pen under the same conditions; an RSD of 2.64% was obtained, reflecting an acceptable
sensor-to-sensor reproducibility. The stability of the sensor was also examined. When the
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prepared sensors were not in use, they were stored at 4 ◦C; we observed that 95.5% of the
initial response was retained after 14 days, indicating acceptable sensor stability.

3.7. Sample Detection

The applicability and reliability of the MIP/dsDNA sensor were evaluated through
the assay of L-Pen in drugstore penicillamine tablets (The weight of penicillamine tablets
is 345 mg, in which the labeled amount is 125 mg penicillamine, which contains about
99.95% or more D-enantiomer). After removing and finely grinding the penicillamine
tablets, 0.375 g of powder was weighed and dissolved in a 250 mL volumetric bottle. After
filtration, 10 mL of the filtrate was brought to 100 mL using ultrapure water for testing.
The sensor was immersed in the sample solution for the rebounding of L-Pen, and the
DPV current was recorded. In addition, in order to further compare the determination
results of MIP/dsDNA sensor, LC-MS was used for comparison. Because the detection
limit of LC-MS does not meet the requirements of the determination of ultra-trace L-Pen,
the pretreated samples are concentrated 1000 times before determination. Table 1 shows
that the recovery rates of the sensor range from 96.20% to 103.43%, which proves the
applicability of the sensor.

Table 1. The results of MIPs/dsDNA sensor detection of L-Pen in penicillamine tablets.

Samples Found
10−14 mol/L

RSD%
n = 7

Added
10−14 mol/L

Total Found
10−14 mol/L

RSD%
n = 7 Recoveries% LC-MS

10−14 mol/L

I 5.82 4.42 3.00 8.79 4.04 98.91 5.79
II 6.24 3.56 6.00 12.00 3.16 96.20 6.01
III 5.45 4.32 6.00 11.65 3.98 103.43 5.52

4. Conclusions

In this paper, a novel molecularly imprinted chiral sensing platform for the highly
selective ultra-trace detection of L-Pen was developed. Based on dsDNA as the functional
unit of directional recognition of L-Pen enantiomers in MIP films, the dual recognition
of L-Pen by dsDNA and MIP membranes was realized. Due to the anchoring of dsDNA
in the MIP membrane, the stereoselectivity of MIP membrane to L-Pen was significantly
improved, and the interference of D-Pen and chiral analogues was eliminated. Furthermore,
the structural diversity of dsDNA and its specific binding modes with molecules, such
as intercalation binding, groove binding, electrostatic binding, etc., greatly expand the
applicability of MIP/dsDNA sensor without being limited to the structure and functional
groups of chiral molecules. This method has excellent application prospects and can meet
the requirements of ultra-trace chiral separation and detection in the fields of biomedicine,
chiral pollution, pesticide residue analysis, medical diagnosis and so on.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14194133/s1, Figure S1: UVs of 1.0 × 10−5 mol/L of
L-Pen embedded in different dsDNA, TE buffer as solvent (pH 8.0). The dsDNA sequences were
dsDNA1 (AAAAAAAAAAAA-TTTTTTTTTTTT), dsDNA2 (ACACACACACAC-TGTGTGTGTGTG),
dsDNA3 (AGAGAGAGAGAG-TCTCTCTCTCTC), dsDNA4 (ATATATATATAT-TATATATATATA)
and dsDNA5 (CGCGCGCGCGCG-GCGCGCGCGCGC) respectively; Figure S2: The effect em-
bedding time of 1.0 × 10−5 mol/L of L-Pen embedded in different dsDNA in 0.005 mol/L of
K4[Fe(CN)6]/K3[Fe(CN)6] (contain 0.1 mol/L KCl) solution over a potential range from +0.6 V
to −0.2 V, with a scan rate of 50 mV/s and pulse amplitude of 50 mV; Figure S3: Characterization
of L-Pen treated by each double-stranded DNA by AGE (a: dsDNA1, b: dsDNA2, c: dsDNA3, d:
dsDNA4, e: dsDNA5, f: dsDNA1-L-Pen, g: dsDNA2-L-Pen, h: dsDNA3-L-Pen, i: dsDNA4-L-Pen, j:
dsDNA5-L-Pen, k: DNA marker); Figure S4: The formation of MIPs/dsDNA via electropolymer-
ization (Scan rate:50 mV/s; cycle number: 15; working potential: 0~0.8 V); Figure S5: The Effect
of eluent pH value on MIP/dsDNA sensor recognition of L-Pen; Table S1: DNA base sequences;

https://www.mdpi.com/article/10.3390/polym14194133/s1
https://www.mdpi.com/article/10.3390/polym14194133/s1
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Table S2: Comparison of performance between this method and other methods for detecting L-Pen.
References [24,30–37] are cited in the Supplementary Materials.
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