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HIGHLIGHTS

e An Ni-polyacrylamide(PAM)-MIP
matrix is electro-polymerized in situ.

e The MIP sensor responds simulta-
neously to dopamine (DA) and
adenine (Ade).

e The morphology of Ni-PAM-MIP
before and after template removal is
observed.

e A series of quantitative models is
established in the wide range of pH
5.0-9.0

e The dual-MIP sensor has excellent
selectivity and stability for the assay
of DA and Ade.
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ABSTRACT

Molecularly imprinted polymer (MIP) membranes prepared in situ present several advantages: they
maintain the original morphology, adhere strongly to the collector, and exhibit a controllable structure.
In this study, a Ni-polyacrylamide (PAM)-MIP matrix was fabricated in situ on glassy carbon via the one-
step electro-polymerization of AM monomers in the presence of Ni and template molecules. Ni** ions
were introduced as oxidants to promote AM polymerization and bulking agents to fabricate a three-
dimensional porous PAM-MIP matrix. The Ni-PAM-based MIP sensor exhibited a quantitative dual
response toward dopamine (DA) and adenine (Ade) in the pH range of 5.0—9.0. The linear concentration
range changed depending on the pH environment, and the concentrations of DA and Ade ranged from 0.6
to 200 pM and from 0.4 to 300 uM, respectively. The ranges of detection limits (S/N = 3) were 0.12
—0.37 uM for DA and 0.15—0.36 uM for Ade. In addition, the dual-MIP sensor exhibited high reliability in
the detection of DA and Ade in human serum owing to its excellent anti-interference ability and long-
term stability. The technique developed in this study is expected to facilitate the construction of
multi-target response electrochemical biosensors and the reliable determination of small molecules with
high selectivity and stability.
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1. Introduction

Dopamine (DA) and adenine (Ade) are nitrogen-containing
organic compounds coexisting in physiological body fluids
including blood, urine, and cytoplasm, are used as biomarkers for
diseases affecting the nervous and immune systems [1,2]. DA is a
key neurotransmitter in the human brain; however, its presence at
abnormal concentrations in the body can lead to various neuro-
logical disorders, such as Parkinson's disease, epilepsy, schizo-
phrenia, and Tourette syndrome [3—5]. Ade is a component of
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) that plays
important roles in neurotransmitter release, metabolic regulation,
and coenzyme formation; its presence at anomalous concentra-
tions is related to conditions such as AIDS, cancer, Parkinson's
disease, and epilepsy [6—9]. Therefore, the development of rapid
and accurate methods for the detection of DA and Ade in complex
physiological environments is essential for monitoring human
health and early detection of various diseases.

To date, many different techniques have been successfully
applied to detect DA and Ade, including chromatography, fluores-
cence spectrometry, chemiluminescence analysis, and electro-
chemical assays [10—15]. In particular, electrochemical methods are
the most convenient, simple, and rapid; furthermore, they are
suitable for the fabrication of inexpensive universal medical in-
struments. Both DA and Ade are electroactive compounds; how-
ever, DA has a lower oxidation potential and stronger
electrochemical activity than Ade. In terms of trace detection of DA,
electrochemical analysis has significant advantages over other
methods, which supports the development of numerous modified
electrodes, as reported in the literature [ 16—19]. In addition, various
modifiers such as graphene [14], MoS, [6,10], metal-organic
framework@carbon nanotube (CNT) [20], 1-
docosyloxylmethylpyrene/semiconducting single-walled CNTs
[21], and polyimidazole/graphene oxide [2] have been used for the
determination of Ade. The electrochemical determination of Ade is
based on the electrooxidation of purine bases at the 2- and 8-
positions [22,23]. Owing to the different electrocatalytic activities
of various modifiers, the electrochemical reaction pathways or
oxidation products of Ade are different, which alters the sensing
performance. As there are multiple reaction sites and paths of Ade,
the concentrations of DA and Ade can be measured synchronously
without mutual interference, thereby increasing the reliability of
the detection results.

However, traditional electrochemical sensors suffer from low
stability, reproducibility, and solidity. Preventing environmental
contamination and differences between samples in the
manufacturing and application processes is difficult for such sen-
sors. Molecularly imprinted polymer (MIP) sensing membranes
have attracted extensive attention in recent years as a possible
solution to these problems [24—26]. MIP technology is based on the
fabrication of polymer network matrices using various methods,
whereby a large number of highly specific binding sites are intro-
duced through template molecules [27]. Conventional methods for
preparing surface MIP structures include the polymerization of
functional monomers, cross-linkers, and templates by covalent or
noncovalent interactions, such as free-radical polymerization, sol-
gel methods, and atom-transfer radical polymerization [17,28,29].
However, the MIP membranes obtained via these methods may
contain residual surfactants and tend to precipitate out of the
electrolyte. Additionally, the operational conditions for free-radical
reactions are harsh. Furthermore, the electro-polymerization
method can be used to fabricate MIP sensing films, which exhibit
some characteristics of in-situ formation, and possess high solidity,
stability, and process-repeatability as MIP membranes [24,30—32].

Polyacrylamide (PAM) is a biodegradable polymer characterized
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by non-toxicity, biocompatibility, film-forming ability, mechanical
and chemical resistance, and high hydrophilicity. Therefore, PAM is
a common functional material used in drug delivery, cell culture,
and soil improvement [7,33,34]. The one-step synthesis of PAM-
based nanocomposites embedded with various metal nano-
particles, such as Au and Ag, has already been reported in the
literature. Inspired by such reports, we developed a novel system to
promote the electro-polymerization of AM monomers under the
typical conditions maintained during the electrochemical oxidation
of biomolecules and reduction of metal ions. In this way, the syn-
thesis of the metal nanoparticle-PAM matrix and the loading of
template molecules on the collector can occur simultaneously.

The aim of this study was to fabricate a dual-MIP electro-
chemical sensor based on an Ni-PAM matrix to achieve the selective
enrichment and reliable recognition of DA and Ade. To the best of
our knowledge, this is the first report describing the electrodepo-
sition of single- and double-response Ni-PAM-MIP sensing layers
on a glassy carbon electrode (GCE) via the in-situ electro-poly-
merization of AM monomers assisted by Ni and template mole-
cules. The valence of Ni, the morphology of Ni-PAM-MIP, and the
concentration of the template molecules were controlled by
adjusting the size and polarity of the step electrical signal. In this
study, the possible mechanism of formation is hypothesized and
discussed. Considering the pH difference between body fluids such
as cytoplasm, blood, and urine, we established a quantitative model
consisting of a series of linear regression equations over the wide
pH range of 5.0—9.0. The as-prepared dual-MIP sensing electrode
exhibited high sensitivity, excellent selectivity, and a reliable
response toward DA and Ade.

2. Experimental section
2.1. Reagents and materials

DA, Ade, and uric acid (UA) were purchased from Alfa Aesar
(China). Cytosine (Cyt), guanine (Gua), and thymine (Thy) were
supplied by Shanghai Yuanye Bio-Technology Co., Ltd. (China). L-
tyrosine (Tyr), L-serine (Ser), ascorbic acid (AA), and CuCl,e2H;0
were supplied by the Tianjin Guangfu Fine Chemical Research
Institute (China). NayHPO4, NaH;PO4, KCl, NaCl, NiCl,, ZnCl,
FeCl,e4H;0, glutamate (Glu), and AM were obtained from Tianjin
Damao Chemical Reagent Factory (China). L-Tryptophan (Trp) was
purchased from Aladdin Reagent Co., Ltd. (Shanghai). .-Lysine (Lys)
was purchased from Shanghai Macklin Biochemical Co., Ltd. Ab-
solute ethanol, NaSO4, CaCl,, and NaSO3 were purchased from
Tianjin Jiangtian Unified Technology Co., Ltd. (China). K;CO3 and
MgCl,e6H,0 were purchased from Tianjin Fortune Chemical Re-
agent Co., Ltd. (China). Human serum was purchased from Beijing
Solarbio Technology Co., Ltd. (China). Glassy carbon sheets of di-
mensions 10 mm x 20 mm x 1 mm were purchased from Beijing
Jingke Scientific Instrument Co., Ltd. Phosphate-buffered saline
(PBS) solutions of differing pH (5.0—9.0) were prepared using 0.1 M
NapHPOy4, 0.1 M NaH,P0O4, and 0.1 M NaOH. All chemical reagents
were used without further purification. Ultrapure water having a
resistivity of 18.2 MQ cm was used in all the experiments.

2.2. Preparation of molecularly imprinted sensing electrode

First, a mixed solution containing 1 mM AM, 1 mM NiClp,
0.5 mM DA, 0.5 mM Ade, and 0.05 M KCl was prepared. DA and Ade
were used as the imprinting template molecules, whereas AM was
the monomer from which the polymer matrix was derived.
Thereafter, the GCE was polished to a mirror surface using Al,0O3
polishing powder having a particle size of 0.05 pm and deerskin.
The GCE was ultrasonically cleaned in 1:1 HNOs, ultrapure water,
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absolute ethanol, and ultrapure water in order for 10 min each, and
dried using nitrogen prior to use. Subsequently, a three-electrode
system consisting of a cleaned glassy carbon sheet as the working
electrode (GCE), a Pt sheet as the counter electrode, and an Ag/AgCl
electrode as the reference was fabricated. These electrodes were
immersed in the aforementioned electrolyte at a height of 10 mm
and then connected to an electrochemical workstation. The sensing
layer was deposited using the double-potential-step method. In the
first step, the potential and time were 2 V and 1 s, respectively, and
in the second step, they were —0.6 V and 0.2 s, respectively. The
deposition proceeded through 600 cycles (Scheme 1(a), Video S1).
Finally, the three-electrode system was immersed in 0.1 M PBS
having a pH of 7.4, and ten differential pulse voltammetry (DPV)
curves were continuously scanned in the potential range
of —0.2—1.4 V (Video S2, Fig. S1). In the PBS solution, the oxidation
peaks of DA and Ade appeared in the initial DPV curve, which
confirmed that the two analytes were distributed as template
molecules in the Ni-PAM sensitive membrane. As the scanning time
increased, the oxidation peaks of the two analytes gradually dis-
appeared. This indicates that DA and Ade were removed from the
GCE surfaces, and dual-MIP sensing electrodes were obtained. As a
control, non-imprinted polymers (NIPs: Ni-PAM) were prepared
using the same procedure in the absence of DA and Ade templates.
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Supplementary video related to this article can be found at
https://doi.org/10.1016/j.aca.2022.339689

To investigate the sensing mechanism, PAM, DA-MIP, and Ade-
MIP sensing electrodes were prepared by applying the same pro-
cess at different electrolyte compositions (Scheme 1(c)).

2.3. Apparatus

The morphologies and microstructures of the samples were
characterized by field-emission scanning electron microscopy (FE-
SEM; FEL, Verios 460 L USA; MERLIN Compact, Carl Zeiss, Germany)
and atomic force microscopy (AFM; Dimension ICON, Bruker, Ger-
many). The chemical compositions and bonding states were
analyzed by X-ray photoelectron spectroscopy (XPS; Escalab 250Xi,
Thermo Scientific, USA) and Fourier-transform infrared spectros-
copy (FTIR; Tensor 27, Bruker, Germany).

Electrochemical measurements including DPV, electrochemical
impedance spectroscopy (EIS), and cyclic voltammetry (CV) were
performed using an electrochemical workstation (CHI660E,
CHI1140C, Chenhua, Shanghai, China). The three-electrode system
consisted of a modified GCE (immersion area: 1 cm?) as the
working electrode, an Ag/AgCl electrode as the reference, and a Pt-
sheet auxiliary electrode. The peak currents obtained from the DPV
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Scheme 1. (a) Assembly process of the dual-response MIP sensing membrane for dopamine (DA) and adenine (Ade). (b) Electrochemical response mechanism of DA and Ade.
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curves were calculated after deducting the background current
(Fig. S2).

3. Results and discussion
3.1. Formation mechanism of dual-MIP sensing film

We prepared the dual-MIP sensing film by applying a pulsed
electric field of 2 V for 1 s and —0.6 V for 0.2 s to accomplish the
electro-polymerization of AM (CH,—=CHCONH;) monomers, elec-
trostatic adsorption of Ade and DA, and electrodeposition of Ni
nanoparticles in a single step. Under the action of the Ni>*/DA (or
Ade) redox initiator system, AM molecules were polymerized into
PAM, a super-absorbent resin that can absorb a large amount of
electrolyte. Therefore, the DA-Ade-Ni-PAM film was electro-
deposited on the GCE surface. Scheme 1(a) describes the deposition
mechanism. First, the electric field drove the coordination between
Ni%* and AM monomers [35]. Then, DA and Ade were oxidized at a
positive potential of 2 V, whereas Ni>* ions were reduced at a
negative potential of —0.6 V (Ni>* + 2e~ — Ni). Subsequently, the
polymerization of AM into PAM was initiated by DA and Ade acting
as reducing agents and Ni?* ions acting as oxidizing agents. To
obtain the modified DA-Ade-Ni-PAM layer, the DA and Ade tem-
plate molecules were released by exploiting the combined effects of
electro-reduction and the volume expansion of PAM in the aqueous
solution. Scheme 1(b) illustrates the possible oxidation reactions of
DA and Ade on the dual-MIP electrode; Scheme 1(c) depicts pho-
tographs of GCE, PAM/GCE, Ni-PAM/GCE, and three MIP electrodes.

3.2. Characterization of the sensing electrodes

Fig.1 and S3 show FE-SEM images of various electrodes. The GCE
presented a smooth surface (Fig. S3), while the separate PAM layer
was a dense and continuous film; the Ni nanoparticles improved
the roughness of the sensitive layer (Fig. 1(a and b)). A comparison
of the morphology of the Ni-PAM-Ade (Ade-MIP) film before and
after the removal of Ade molecules highlights the formation of
numerous holes following removal (Fig. 1(c and d)). In contrast, the
Ni-PAM-DA (DA-MIP) film was significantly thicker than the Ni-
PAM-Ade layer (Fig. 1(e)); this may be explained by the fact that
DA molecules exhibit excellent polymerization and adhesion abil-
ities. Fine DA-imprinted holes were observed following the removal
of the adhering PDA layer (Fig. 1(f)). To endow the MIP sensor with
the ability to synchronously detect DA and Ade, we also deposited
an Ade-DA-Ni-PAM film on a GCE surface (Fig. 1(g)). Following the
removal of the DA and Ade templates, we observed numerous
imprinted holes (Fig. 1(h)). The filling effect of the imprinted holes
on the dual-PAM sensor was also observed after employing it to
detect a 5 mM DA solution (Fig. 1(i)). These results confirm the
formation of a dual-MIP film for the detection of DA and Ade.

Fig. 2(a—e) shows the XPS profiles of the PAM/GCE, Ni-PAM/GCE,
DA-MIP, Ade-MIP, and dual-MIP electrodes. The various sensing
layers were composed of C, N, and O atoms. The C 1s core-level XPS
profiles (Fig. 2(a)) of different sensing layers exhibited five peaks
centered at 284.7, 286.1, 288.9, 293.1, and 295.9 eV, which were
attributed to phenyl carbon (C=C/C—H), -C—CH;—0/C—N, carbonyl
carbon (C=0/0—C=0), 0=C—N, and N—C=N bonds, respectively
[36]. Comparing the C 1s spectrum of Ade-MIP with that of PAM,
the intensities of the peaks attributed to the O=C—N bond at
~292.7 eV and the N—C=N bond at ~295.5 eV appeared signifi-
cantly higher. These bonds belonged to the molecular structure of
Ade, indicating the successful loading of a large number of Ade
molecules on the sensing layer. In the spectrum of the cleaned Ade-
MIP electrode, the peaks attributed to these two bonds dis-
appeared, confirming the removal of Ade and the consequent
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formation of molecular imprints. Similarly, the formation and
disappearance of the N—C=0 peak were observed in the C 1s core-
level spectra of the DA-MIP electrode before and after removing the
template, respectively. In the spectra of the dual-MIP electrode, the
intensity of the C=0 peak increased upon loading the DA and Ade
molecules and decreased following the removal of the oxidized
templates.

According to the deconvolution of the N 1s core region
(Fig. 2(b)), the peak at a binding energy of ~400 eV belonged to the
—NH— group (C—N—C), while the one at ~401.7 eV may be attrib-
uted to the —NH, group (-C-NH;). The peaks attributed to the
—NH-(399.7 eV) and —NH; (401.2 eV) groups in the N 1s spectra of
the Ni-PAM layer shifted toward lower binding energies following
the adsorption of Ni?>*, probably because of an increase in the
electron cloud density around the N atoms (N—O bond) [37]. Upon
comparing the Ade-MIP spectra before and after template removal,
we observed that the strength ratio of the C—N—C/-C-NH; bonds
decreased, suggesting the introduction and subsequent elimination
of Ade molecules. Similar changes were more evident in the spectra
of the DA-MIP sensor before and after cleaning [38]. The O 1s
spectrum of PAM could be deconvoluted into two peaks at the
binding energies of 532.28 and 531.46 eV, which were assigned to
the C—0/O—H/O—N and C=O0 groups, respectively [37]. Following
the adsorption of Ni®* ions, the C=0 peak shifted toward higher
binding energies: this was primarily attributed to a decrease in
electron cloud density around the O atoms after bonding with Ni%*
ions [39]. Upon comparing the XPS profiles of various MIP elec-
trodes before and after cleaning, we observed that the C=0 bond
content increased for Ade-MIP and decreased for the DA-MIP and
dual-MIP layers. In addition, in the O 1s spectrum of the dual-MIP
sensing electrode, the peak at the binding energy of 535.8 eV was
attributed to the C—O moiety in ethers and esters, derived from the
grafting reaction between DA and Ade [40]. The high-resolution Ni
2p spectrum of the dual-MIP sensor exhibited one peak at 848.6 eV,
two spin-orbit splitting peaks at 855.8 (Ni 2p32) and 873.5 (Ni 2py,
2) eV, and two weak shake-up satellites at 861.8 and 879.0 eV,
corresponding to Ni—N, metallic Ni, and Ni (II), respectively
[41—43]. The peaks at 861.8 and 871.8 eV could be assigned to the
coordination between Ni?* jons and functional groups, which
agrees with the changes in the O 1s and N 1s peaks in Ni-PAM
following the metal ion adsorption. In the spectrum of the dual-
MIP sensor, the Ni° peak intensity was weakened following the
removal of DA and Ade owing to oxidation or removal of Ni.

Fig. 2(f) depicts the FTIR spectra of PAM, Ade-MIP, DA-MIP, and
dual-MIP/GCEs recorded prior to the removal of Ade and DA. In the
PAM spectrum, the absorption band observed at 3406 cm™! may be
attributed to —OH stretching vibrations of water adsorbed from the
environment; the bands at 3201.6, 2931, 1668.3, and 1421 cm !
corresponded to the stretching vibrations of N—H, —CHj3, amide
—C=0, and methylene (=CH;) groups, while the one at 1074 cm™!
pertained to the -C-N bending vibration [7,44—46]. The electro-
adsorption of Ade molecules was confirmed by the observation of
characteristic peaks at 1681 cm~! for —NH,, 1651 cm~! for C=N,
1628 cm™! for C=C, 1523 cm™! for C—N, and 1238 cm™! for C—N
[47]. Similarly, the electro-adsorption of DA was confirmed by the
appearance of novel peaks at 1718 cm~' for carboxyl C=O,
1630 cm™~! for amide I, 1587 cm™! for amide II (-N-H), 1460 cm ™! for
C=N stretching, 1380 cm~' for C—N—C, and 1180 cm~! for C—O—H
[38]. These results further confirm the successful introduction of
template molecules during the formation of the Ni-PAM matrix.

3.3. Electrochemical properties of sensing electrodes

Fig. 3(a) shows the three-dimensional AFM images of the
various electrodes. We compared the 3-D topography of the MIP
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Fig.1. FE-SEM images of (a) PAM, (b) Ni-PAM (NIP), (c, d) Ade-MIP before and after cleaning, (e, f) DA-MIP before and after cleaning, (g, h) dual-MIP before and after cleaning, and (i)
5 mA DA + dual-MIP.
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(f) FTIR spectra of PAM, DA-PAM, Ade-PAM, and DA-Ade-PAM layers.
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electrodes before and after the removal of the template molecules
and observed that the thickness of the sensing films was reduced,
indicating the successful removal of the imprinted templates.

For GCE, PAM/GCE, Ni-PAM(NIP)/GCE, DA-MIP, Ade-MIP, and
dual-MIP, a series of CV curves were recorded at different potential
scan rates ranging from 0.1 to 1V s~! (Fig. 3(b) and (c), and S4), and
their Nyquist plots are shown in Fig. 3(d). The electrolyte was a
mixture of 0.1 M KCl, 5 mM Ky[Fe'((CN)g], and 5 mM Ks[Fe'((CN)g].
For all six electrodes, the peak potential was proportional to the
logarithm of the scan rate (log v), while the peak current was
proportional to the square root (v!/?) of the scan rate (Fig. S5). The
values of the effective electroactive surface area (Aefr) were calcu-
lated using the Randles-Sevcik equation (I, = 2.69 x 10°n3?AgD}/
2cv1/2), where the number of electrons was n = 1, the concentration
of probe molecules was ¢ = 5 mM, the diffusion coefficient of
[Fe(CN)g]*/* was Dg = 7.6 x 1075 cm? s, and the scan rate was
v=0.01-1V; the IlD/vll2 value was equal to the slope in Fig. S3(b). In
addition, the surface area of the MIP electrodes was calculated
based on the results of the AFM measurements, and the ratio of the
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surface area/geometric area (As/Ac) was analyzed (Fig. 3(e)).
Following the removal of the template molecules, the value of As/Ag
increased, confirming the formation of imprinted holes (Fig. 3(e)).
The PAM layer exhibited the highest Aeff/Ag ratio because of its
strong electrolyte-adsorption capacity, while the Aef value of the
dual-MIP layer was 3.88 times that of Ag (Fig. 3(f)).

Figs. 3(d) and S6 show the Nyquist plots of the various elec-
trodes. According to the equivalent circuit
Rs(C1(Rct(Q1(R1W1))))(Q2R>) (inset in Fig. 3(d)) for GCE, PAM/GCE,
NIP (Ni-PAM/GCE), DA-MIP, Ade-MIP, and dual-MIP, the charge
transfer resistances of the electrolyte/electrode interfaces (Rct)
were ~13.73, ~1.54, ~2.31, ~3.42, ~3.63, and ~8.0 Q, respectively
(Fig. 3(g)). The Rt values of PAM/GCE and Ni-PAM/GCE were sub-
stantially smaller than those of the bare GCE, indicating that the
PAM matrix and Ni nanoparticles increased the rate of charge
transfer through the adsorption of probe ions by the former and the
improvement of conductivity of the sensitive layer by the latter.
When MIP holes formed on the surface of Ni-PAM, the R values
increased: this may be related to the repulsion between imprinted
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Fig. 3. (a) AFM images of DA-MIP, Ade-MIP, and dual-MIP electrodes before and after cleaning. (b) CV curves collected using dual-MIP/GCE at different scan rates (10-1000 mV s~1).

(c) CV curves of bare-, PAM-, Ni-PAM (NIP)-, Ade-MIP-, DA-MIP-, and dual-MIP/GCE electrod

es at a scan rate of 100 mV s~ (d) Nyquist plots from the EIS measurements and the

corresponding equivalent circuit. Electrolyte is a mixture of 0.1 M KCl, 5 mM Ks[Fe(CN)g], and 5 mM K4[Fe(CN)s]. (e) Relative surface areas. (f) Relative effective electroactive areas

(Aefr)- (8) Charge transfer resistance at electrolyte-electrode interface (Ry).
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holes and inorganic probe molecules, which increased the mass
transfer resistance [48]. This confirms the formation of a large
number of imprinted cavities.

3.4. Response analysis of sensitive components to DA and Ade

Fig. 4(a) shows the DPV responses of GCE, PAM/GCE, Ni-PAM/
GCE (NIP), DA-MIP, Ade-MIP, and dual-MIP toward the electro-
catalytic oxidation of DA and Ade. Two main oxidation peaks could
be observed at ~0.12 V for DA and ~0.91 V for Ade (pH 7.4). In
addition, the electroactive Ade oxidation products 2,8-oxoadenine
(~0.37 V) and 2-oxoadenine (~0.62 V) formed on the electrode
surface were detected [23]. Because of the large peak potential
difference between DA and Ade (~0.8 V), the GCE and the modified
electrodes were able separate them, although with different sen-
sitivities. PAM and Ni nanoparticles, as components of the sensitive
layer, did not modify the peak potentials of DA and Ade. The
response capacities of dual-MIP and NIP electrodes for DA and Ade
were compared. In the mixed solutions of DA and Ade (90 uM
DA + 150 uM Ade; 30 uM DA + 30 uM Ade), the response currents of
MIP sensor to DA were 1.7 (for 90 uM) and 2.4 (for 30 uM) times that
of NIP sensor, and the peak currents of the former to Ade were 1.7
(for 150 uM) and 1.8 (for 30 uM) times that of the latter (Fig. S7).

Further, linear proportions were formed between the analyte
concentration and the peak current at all electrodes (Fig. 4(b and
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¢)). We compared the response sensitivities of the electrodes to-
ward the two analytes in the concentration ranges of 0.1-90 puM for
DA and 0.1-150 puM for Ade (Fig. 4(d)). Compared with the NIP
responses to DA and Ade, the sensitivities of the dual-MIP sensor
were significantly higher (Fig. 4(d)). In addition, the PAM and NIP
did not exhibit higher sensitivity than the GCE toward DA and Ade.
The NIP sensing membrane mainly relies on the electrocatalytic
ability of the Ni-PAM layer to respond to DA and Ade, whereas the
molecularly imprinted cavity plays a critical role in the Dual-MIP
sensing layer. Therefore, the response of the MIP sensor to DA
and Ade is superior to that of the NIP sensor.

In contrast, the sensitivity of DA-MIP was significantly higher
than that of the three aforementioned electrodes (GCE, PAM-GCE,
and NIP), indicating the successful molecular imprinting of DA. In
addition, the DA-PAM layer exhibited a remarkably higher response
sensitivity toward Ade, whereas Ade-MIP exhibited higher
response sensitivity toward DA. Finally, the response sensitivities of
the dual-MIP electrode toward DA and Ade were simultaneously
higher.

3.5. Quantitative determination of DA and Ade using the dual-MIP
sensor

The reliability of the dual-MIP sensor for the quantitative
detection of DA and Ade was evaluated via three analysis methods:
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Fig. 4. (a) DPV curves recorded using GCE, PAM/GCE, Ni-PAM/GCE (NIP), DA-MIP, Ade-MIP, and dual-MIP electrodes in various mixed solutions of DA and Ade with pH 7.4 PBS as the
supporting electrolyte. (b, c) Peak current as a function of DA (b) and Ade (c) concentrations. (c) Sensitivities toward DA and Ade.
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separate detection, selective detection by varying the concentration
of one analyte at a time, and simultaneous detection by varying the
concentration of the two analytes simultaneously (Figs. 5(a) and
6(a)). The peak currents of DA and Ade increased gradually with
increasing concentration from 0.1 to 200 uM (Fig. 5(b)). The
sensitivity deviation between the three methods was lower than
10%, confirming the reliable quantitative response of the dual-MIP
sensor to DA and Ade (Fig. 5(c)). The low interference between the
signals from different species when using the dual-MIP sensor to
detect DA and Ade resulted from the selection of separate, selective,
and simultaneous detection methods.

Further, the adaptability of the dual-MIP sensor to different pH
environments was evaluated in the pH range 5.0—9.0 (Fig. 6). The
quantitative response to DA and Ade was achieved over the entire
pH range investigated, indicating the excellent adaptability of this
sensor (Fig. 6(a—c)). The peak potential difference between DA and
Ade on the dual-MIP electrode is large in the pH range of 5.0—-9.0,
which indicates that the dual-MIP electrode has high selectivity
and can effectively reduce the mutual interference between the
two analytes. From the linear relationship between the pH and the
peak potential (Fig. 6(d)), we calculated the response potentials for
one pH unit as ~50 mV for DA and ~55 mV for Ade. This indicated
that the transfer numbers of electrons and protons were approxi-
mately equal to those predicted by the Nernst equation (theoreti-
cally, 59 mV pH™'). The corresponding electrochemical reactions
are shown in Scheme 1(b).

In addition, a functional relationship was observed between the
concentrations of DA and Ade and their respective peak currents
(Fig. S8). Fig. 6(e and f) shows the sensitivities and limits of
detection (LODs) of the dual-MIP sensor in response to DA and Ade
at different pH values. The linear ranges, linear regression equa-
tions, and LODs are presented in Table S1. In general, the sensitivity
toward DA decreased gradually with increase in pH, while that
toward Ade increased (Fig. 6(e)). For the detection of DA, the
sensitivity varied between 3.35 and 6.64 pA uM~! in the low con-
centration range and between 0.39 and 2.48 pA pM~! in the high
concentration range. Taking pH 7.4 as example, for the ranges of DA
concentrations 1-50 uM and 50—200 pM, the linear regression
equations were | = 4.18Cpa (R2 =0.984) and I = 1.74 Cpa + 124.40
(R? = 0.953), respectively. In the pH range of 5.0—9.0, the LOD
varied from 0.12 to 0.37 uM; at pH 7.4, its value was 0.27 uM. The
LOD was calculated using the equation LOD = 3 s/b, where s is the
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standard deviation of 10 blanks (Fig. S9) and b is the slope of the
calibration curve. For the response of Ade, the linear concentration
range was different: 1-300 pM at pH 7.0 and 0.6—300 pM at pH 6.0.
The sensitivity of Ade varied between 0.45 and 2.73 pA pM~! with
pH, with LODs ranging from 0.15 to 0.36 uM. Taking pH 7.4 again as
example, for the Ade concentration range of 1-300 pM, the linear
regression equation was I = 0.8Cage (R*> = 0.997), with the LOD
being 0.28 pM.

A list of various DA and Ade electrochemical sensors, comparing
their adaptive pH values, linear concentration ranges, sensitivities,
and LODs, is provided in Table 1 [1,2,6,10,16,18,49—51]. In terms of
pH adaptation, other sensors provide a single pH value, whereas
the dual-MIP sensor has the advantage of a wide linear pH adap-
tation range of 5.0—9.0. In addition, in the range of our investiga-
tion, the lowest value of DA sensitivity was 0.023 pA pM~! [51] and
the highest value was 7.29 pA uM~! [1], while the dual-MIP has a
sensitivity of 0.39—6.64 pA pM ™. The response sensitivity of DA is
similar of superior to that of some sensors reported in the literature
[2,16,51]. Several contemporary studies report Ade sensitivities in
the range of 0.0118—10.87 pA uM~!, whereas the sensitivity of the
dual MIP sensor is 0.15—0.36 pA pM~!, which is acceptable. The
LODs of DA and Ade of previously reported sensors are in the ranges
of 0.028—0.63 uM and 0.026—2.38 uM, respectively. In contrast, the
LOD (0.12—0.37 uM) of the dual-MIP sensor for DA tends to be
moderate; however, the LOD (0.15—0.36 uM) of Ade was remark-
ably low.

3.6. Repeatability, reproducibility, long-term stability, and anti-
interference ability

A dual-MIP electrode was cleaned five times, and five DPV
curves were recorded continuously each time, which did not
exhibit large differences in peak current (Fig. S10). The DPV ex-
periments were repeated in 0.1 M PBS (pH 7.4) containing 50 pM DA
and 70 uM Ade for a total of 30 cycles (Fig. S11). The relative
standard deviations (RSDs) of the response currents were 1.0% for
DA and 1.1% for Ade (Fig. 7(a)). The batch-to-batch reproducibility
of the fabrication procedure was also investigated (Fig. S12). Eight
batches of modified sensors were constructed using the same
preparation steps, and their reproducibility was tested in a mixture
of 50 uM DA and 70 puM Ade, with RSDs of 3.37% and 3.27%,
respectively, indicating the reliability of the preparation procedure
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Fig. 5. Quantitative analysis of DA and Ade using the dual-MIP electrode. (a) DPV curves for individual and selective detection. (b) Peak current as a function of DA and Ade
concentrations. (c) Sensitivities toward DA and Ade. The supporting electrolyte was a 0.1 M PBS solution (pH 7.4).
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Table 1

Comparison of the performance indicators of different electrochemical sensors for the detection of DA and Ade.
Sensor pH range Concentration range Sensitivity Limit of detection Ref.

[uM [uA pM! [uM
DA Ade DA Ade DA Ade DA Ade

FeTe,/GP 6.0 6.0 5-120 3-100 7.29 10.87 0.028 0.026 [1]
PImox-GO/GCE 3.0 3.0 12-278 9.6—215 0.211 0.232 0.63 1.28 [2]
PAD/IL-GR/MnO,/GCE - 4.0 - 10-300 - 0.0118 - 0.15 [6]
MoS,-PGE — 7.4 — 15-120 — 0418 — 2.38 [10]
CuTRZMoO4@PPY-2/GCE 2.5 - 1-100 - 0.1988 - 0.08 - [16]
Au—ZnO NCAs/GF 7.5 0-80 - 4.36 - 0.04 - [18]
SWCNH-NC/GCE - 8.6 — 7.4-210 — — — 14 [49]
Nis_xTe,/CPE 7.0 - 4-31 - 1.12 - 0.15 - [50]
K,Fe407/GCE 7.6 - 1-140 - 0.023 - 0.22 - [51]
Dual-MIP 5.0-9.0 5.0-9.0 0.6—200 0.4—300 0.39-6.64 0.17-2.37 0.12—-0.37 0.15—-0.36 This work

(Fig. 7(b)). Moreover, in such a mixture, DA and Ade coexisted with
interfering substances, such as 1-70 pM Cyt, 1-500 pM Glu,
5-70 uM AA, 1-90 uM Lys, 1-70 uM Tyr, 7—70 uM Gua, 7—50 uM
UA, 1-10 uM Trp, 1-10 uM Ser, 0.1-50 uM Thy, 10—7000 pM K™,
10—7000 pM Na®, 10-5000 pM Ca**, 10—5000 pM Mg?*,
10—3000 pM Cu®*, 10-700 pM Zn**, 10—-1000 pM Fe?*,

10—3000 puM SO3~, 10-500 pM SO3~, and 10—700 pM CO3".
Nevertheless, the sensors maintained a high current response to DA
and Ade without apparent responses to the interfering substances;
this indicates that the dual-MIP electrode possesses an excellent
anti-interference property in the determination of DA and Ade
(Table S2; Fig. 7(c), S13, and S14). Furthermore, the long-term
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Fig. 7. (a) Peak currents of 50 M DA and 70 uM Ade from 30 continuously recorded DPV curves. (b) Peak currents of DA and Ade recorded with eight electrodes in different batches.
(c) anti-interference ability and (d) long-term stability. (e, g) DPV curves recorded in 10 vol% human serum solutions (pH 7.4) containing different concentrations of DA and Ade. (f,

h) Recoveries of DA and Ade in serum.

stability of the sensor was investigated (Fig. S15). The results
showed that the dual-MIP sensor was relatively stable for 4 w with
an initial current response of 94.56% for DA and 105.66% for Ade

(Fig. 7(d)).
3.7. Real sample assays

The applicability of the dual-MIP sensor was verified in human
serum using the standard addition method. First, the serum was
diluted 10 times with 0.1 M PBS (pH 7.4), and the concentrations of
DA and Ade were measured. The diluted samples were then spiked
with certain amounts of DA and Ade, which were determined
through the DPV method shown in Fig. 7(e and f) using the dual-
MIP sensor (Fig. S16). The corresponding analytical results and re-
coveries are presented in Table S3 and Fig. 7(g and h). The re-
coveries were in the range of 96%—108% for DA and 92%—104% for
Ade, indicating that the dual-MIP sensor can be reliably used for
detecting DA and Ade in real samples.

4. Conclusion

Dopamine (DA) and adenine (Ade) are generally detected syn-
chronously in body fluids because their levels can be used for
comprehensive early monitoring of human nervous and immune
system diseases. A dual-response Ni-PAM-based MIP electro-
chemical biosensor was constructed for the simultaneous detection
of DA and Ade. Firstly, a dual-MIP sensitive layer was assembled
through the Ni-assisted electro-polymerization of AM. This is the
first report on this type of procedure, which is suitable for depos-
iting solid molecularly imprinted polymer films on the surfaces of
various basic electrodes. Secondly, the dual-MIP sensor underwent
exhaustive characterization, which revealed its excellent electro-
catalytic activity, a high Aef/Ac ratio of 3.88, and a low charge
transfer resistance at the electrolyte/electrode interface of ~8.0 Q.
Furthermore, compared to the GCE and NIP sensors, the dual-MIP
sensing electrode exhibited significantly higher response sensitiv-
ities toward DA and Ade. Because the components of the imprinted
membrane have relatively weak electrocatalytic activities for DA
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and Ade, the imprinted cavity plays a critical role, effectively
inhibiting the interference between the two analytes. Because of
operating on the MIP detection mechanism, the sensor exhibited
high specificity for DA and Ade, which improved the reliability of
the quantitative detection model. Finally, a series of quantitative
detection models were established in a wide pH range (5.0—9.0),
highlighting the suitability of this sensor for the quantitative
analysis of DA and Ade in various body fluids such as cell fluid,
blood, and urine. Further research will explore the feasibility of this
novel strategy, based on the electrochemical molecular imprinting
of an Ni-PAM matrix, in the construction of electrochemical sensing
layers with potential application in the analysis of a wider variety of
biomolecules.
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