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ARTICLE INFO ABSTRACT

Keywords: Molecularly imprinted polymer (MIP)-based electrochemical sensors have received growing attention over past
Molecularly imprinted polymer (MIP) decades owing to its robust nature, simple electrochemical control for template removal and cavity regeneration,
Electrochemical

and go-as-you-please cavity designs into various geometries specific to target analytes. The strength of MIP

Sensor scheme, in combination with the advantages of electrochemical sensing techniques such as operation simplicity,

Health application X . R i e . . .

Clinical rapid response, and high sensitivity, provide a synergistic effort to form a highly effective sensing platform
suitable for an extremely wide range of interest. In this Review, the introduction of MIP and the comparison
between electrochemical sensing methods and other detection strategies are briefly discussed. Then, a broad
range of analytes determined using MIP-based electrochemical sensors are listed and critically reviewed, mainly
focusing on the applied electrochemical technique, presented linear range along with limit of detection (LOD),
biological fluid used in real testing, and pretreatment for real sample. Other sensor performances like selectivity
towards analyte, signal repeatability, sensor-to-sensor reproducibility, and stability, are carefully compared with
other reported papers. MIP sensors fabricated via the nanoMIP technology, and the ones integrated with portable
analyzers, are given in more details as good results are always observed in such instances. Finally, a conclusion
regarding recent advances on MIP-based electrochemical sensors is presented, followed by current issues and
future development depicted at the last section of the Review.
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MIPMs molecularly imprinted polymeric micelles
NCAM1 neural cell adhesion molecule 1

ncovSl  SARS-CoV-2 spike protein subunit S1

NIP non-imprinted polymer

NSE neuron specific enolase

PBS phosphate buffered saline

PEC photoelectrochemical

RAR redox-active nano-reporters

RSD relative standard deviation

SAC sarcosine

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SARS-CoV-2-RBD SARS-CoV-2-receptor binding domain

SCLC small cell lung cancer

SPE screen-printed electrode

SPS sample preservation solution
SWv square wave voltammetry
Trp Tryptophan

Tyr tyrosine

Val valine

WADA  World Anti-Doping Agency

1. Introduction

Scientific research on sensors is of a hot spot in recent decades. The
word of sensor can be generally interpreted as a functionalized platform
that provides signal transduction from unreadable physical or chemical
events occurring at a specific interface to understandable responses.
Sensors with a layer of polymeric molecule-suited cavities, as so-called
molecularly imprinted polymer (MIP) sensors, appeal a great deal of
attention owing to the unique capability of analyte-recognition. A large
variety of methods to analyte determination have been implemented in
combination with MIP sensors, including fluorescence [1], surface
enhanced Raman scattering [2], surface plasmon resonance [3,4], and
electrochemical schemes [5,6]. Among them, electrochemical sensing
has been increasingly reported as it is regarded as a more effective
strategy for detection of various molecules in biofluids over other
techniques [7,8,9,10,11], attributed to natures of simple manipulation,
rapid response, cost-effectiveness, and portability [12,13,14,15,16,17].

Electrochemical sensors with MIP functional component exhibit
excellent detection capability towards a wide range of target analytes,
including biomarkers, endocrine hormones, and body-related chemicals,
proteins, and drugs [18,19]. Nonetheless, most of studies elaborate great
effort on the modification of electrodes by involving less-reported sub-
stances or other unique materials as research novelties, while present
less evaluation on the sensor maturity such as the applicability in real
samples and integration with portable analyzers. Research-scaled
testing is not a destination but is a starting point of the avenue to clin-
ical use and product customization. The situation in actual sensing
environment is more complicated than the standard buffer due to the
presence of non-specific substances, which often leads to an insensitive
monitoring. Hence, functional components with extraordinary dura-
bility and analyte specificity are in urgent need to solve this issue. On the
other hand, great challenges may also appear in the process of product
transformation from laboratory-scaled ensemble to industrial scale-up,
including device miniaturization, long-term storage for transportation,
and affordability in markets.

This Review mainly focuses on the sensing performances of recently
reported MIP-based electrochemical sensors instead of the up-stream
electrode surface modification. Studies in aspect of practical use are
systematically reviewed and critically compared especially for the ones
that have been successfully achieved in real biofluids or clinical cir-
cumstances. Approaches in relation to improving sensitivity of MIP-
based sensors and the sensors coupled with smart analyzers to form an
advanced sensing system, are discussed as a highlight. This review
provides an insight understanding of sensing properties and practica-
bility regarding previously reported MIP-based electrochemical sensors,
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along with a critical discussion on current issues and the tendency of
future development, offering a comprehensive and useful guideline for
scientific groups or industries to create more intelligent MIP-based
electrochemical sensors.

2. Various analytes determined using MIP-based
electrochemical sensors

Electrochemical sensors with the functional component of MIP
exhibit powerful detection capability towards a wide range of analytes,
including biomarkers, body-produced chemicals, and hormones. Com-
parison data regarding electrochemical techniques employed, range of
detection, LOD, real samples tested, and necessary pretreatments, is
clearly listed in the following Tables 1 and 2. Further sensing perfor-
mances, like device sensitivity, analyte selectivity, signal reversibility,
electrode fabrication reproducibility, and storability, are well compared
at each part of discussion.

2.1. Biomarkers detected using MIP-based electrochemical sensors

Sarcosine (SAR) is a crucial biomarker for effective diagnosis of
prostate cancer [31]. Sensitive detection of SAR in biological fluids at
trace amount becomes in higher demand as the number of patients
suffered from prostate cancer are still growing in recent years. An
electrochemical sensor modified with imprinted polymeric nanobeads
for SAR detection in urine was reported by Sheydaei et al. [20], and the
sensor presented excellent selectivity towards SAR in the presence of
other 8 organic interferents due to the good affinity nature of MIP.
Moreover, desirable reproducibility obtained from 3 replicates with
relative standard deviation (RSD) of 4.6% and repeatability yielded by 3
different sensors with RSD of 2.7%, also confirmed the well sensing
behaviors of the sensor. In real sample testing, the proposed sensor was
allowed to test the urine samples collected from a healthy man and a
70-year-old patient and spiked with SAR in different concentrations.
Recoveries of 97.4% ~ 103.8% with RSD less than 4% showed the sensor
had a strong applicability in real biological environment [20]. Sun et al.
[21], developed a photoelectrochemical cathodic MIP sensor for sensi-
tive determination of SAR (Fig. 1a). An improved photocurrent of the
cathode was achieved due to the self-powered photoanode / photo-
cathode construction, resulting in a wider dynamic range of 0.89 ~
890.93 ng/mL and a lower LOD of 16.93 pg/mL, compared with the data
presented by Sheydaei et al. The change of photocurrent in relation to
SAR was recorded as 5 to 10 times higher than those of other 5 inter-
ferents, indicating a good selectivity of the PEC-MIP sensor towards the
target analyte. Good signal reproducibility was demonstrated by testing
SAR with identical concentration on 6 electrodes, and RSD of 5% is
obtained. Constant photocurrent was observed after ten cycles of
light-dark reaction, proving a nice stability used for sensing applica-
tions. The PEC-MIP sensor had applicability to detect SAR in real human
serum samples with recoveries of 97.7% ~ 103.2% but had no corre-
sponding RSD [13].

The level of neuron-specific enolase (NSE) in human body fluids has
a close association with neuronal damage and small cell lung cancer
(SCLC) [32,33]. A NSE level with less than 20 ng/mL is usually observed
in serum or cerebrospinal fluid collected from a healthy individual,
while specimens from patients are usually detected beyond 100 ng/mL
[34,35]. Prizada et al. [22], developed a gold nanoparticle-decorated
electrochemical sensor imprinted with two types of epitope-adapted
cavities for determination of NSE (Fig. 1b). The hybrid-MIP sensor
presented an outstanding sensitivity towards the target in comparison to
other reported MIP-sensors of which epitopes modified with single class
of amino acid [36,37,38]. An imprinting factor (IF) of 4.2 represented
acceptable selectivity of the sensor although it was not very high enough
compared with that of the NIPs. The current signal of SWV was observed
in almost 35% suppression compared with that after the template
removal when the sensor was loaded with half diluted human serum.
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Table 1
MIP-based electrochemical sensors used for determination of biomarkers.
Biomarker Electrochemical Dynamic Range LOD (pg/ Real Body Fluid Pretreatment for Real Sample Ref.
Technique (ng/mL) mL)
SAC DPV 445.47 ~ 9.8 x 10* 3.38 x 10* Urine Diluted (1:50) with phosphoric acid (pH = [20]
1.0)
SAC PEC 0.89 ~ 890.93 16.93 Human serum Diluted (1:100) with PBS [21]
NSE SWV 0.025 ~ 4 25 Human serum Half diluted with PBS (pH 7.4) [22]
NSE DPV 0.01 ~1 2.6 Human serum Diluted (1:100) with PBS (0.01 M, pH 7.4) [23]
CD56 DPV 0.001 ~ 1 0.47 Human serum Diluted (1:1000) and filtered through a [24]
cellulose membrane
CEA Power-current Density 0.1 ~ 10° 80 Human serum (Cormay® serum) Diluted with MES buffer (10 mM, pH 6.0) [25]
CEA DPV 1~ 500 320 Human serum —_— [26]
SARS-CoV-2- EIS 0.002 ~ 0.04 0.7 Saliva Diluted (1:1) with PBS (0.2 M, pH 7.4) [27]
RBD
ncovS1 SWvV 2.05 x 107° ~ 1.15 Nasopharyngeal swab specimens Diluted with a mixture (SPS: PBS 1:99) [28]
0.015 from patients
cTnl SWV 0.01 ~ 1000 3.2 Human serum Diluted (1:10) with PBS (0.1 M, pH 7.4) [29]
(NanoMIP)
¢Tnl and Mb ECL ¢Tnl: 0.05 ~ 10* 18.4 Serum Diluted [30]
Mb: 0.05 ~ 10* 49.2
Table 2
MIP-based electrochemical sensors used for determination of body-produced chemicals and hormones.
Body-produced Electrochemical Dynamic Range ~ LOD Real Body Fluid ~ Pretreatment for Real Sample Ref.
chemical and Technique (ng/mL) (pg/
hormones mL)
Glucose SWvV 0.225 ~ 57.65 225 Human serum Diluted (1:100) with PBS and Undiluted [49]
Glucose DPV 500 ~ 5 x 10* 5.9 x Saliva Heated at 100 °C for 30 min, and centrifuged at 1,500 rpm for 15 min [50]
10°
Glucose DPSV 3.6 x 10* ~ 9 x 10° Simulative 1 mM glucose, 0.08 mM ascorbic acid and 0.04 mM uric acid in an [51]
1.44 x 10° serum actual 20% serum sample
CHO DPV 387 x107°~  0.013 — — [52]
0.387
CHO DPV 3.87 x 1071° ~ 1.3 x Human serum Diluted (1:10) with perchloric acid, centrifuged, and further diluted [53]
3.87 x 10°° 1077 (1:10) with ethanol
DA (NanoMIP) DPV 7.659 x 1073 ~ 1.53 Human serum Diluted (1:100) with PBS (pH 6.5) [54]
765.9 and urine
DA and EP DPASV DA: 0.116 ~ 26 Blood serum Blood serum: diluted 2-fold [55]
6.231 17 and urine Urine: diluted 187.6-fold
EP: 0.074 ~
1.832
Insulin (NanoMIP) DPV 0.287 ~ 11.47 0.149 Human plasma Diluted (1:10) with PBS (10 mM, pH 7.2), agitated for 3 min, [56]
centrifuged for 3 min at 3,500 rpm, and the supernatant filtered using a
syringe containing a microfiltration membrane
Testosterone EIS 2.88 x 1077 ~ 1.15 x Human serum Interfering proteins removed by precipitation with trichloroacetic acid ~ [57]
288.42 1074 (10%, w/v), centrifuged for 15 min, and diluted (1:10) with PBS (pH
7.0)
Testosterone EIS 0.144 ~ 5.76 144 Human urine Filtered and diluted with EtOH [58]

and saliva

Also, weakened binding affinity of the sensor was confirmed in the
serum environment, which was not as good as the one tested in the
standard buffer. Such results were probably attributed to the complexity
of constituents in human serum that might contain various proteina-
ceous substance non-specifically bound to the imprinted cavities [22].
Another sensing platform for sensitive detection of NSE was prepared by
Wang et al. [23], where the electrode surface was modified with gold
nanoarrays, and ionic liquids (ILs) used for molecularly imprinted
polymerization. The current variation for NSE obtained from the
IL-based MIP sensor showed an apparent difference over other 7 inter-
ferents, although the signal of human serum albumin (HSA) was in half
of that of the target. The reported sensor also presented good sensing
performances in stability, sensor-to-sensor, and single electrode repro-
ducibility with RSD values less than 5% [23]. Compared with Prizada
et al., the IL-based MIP sensor offered a similar range of detection, but a
lower LOD of 2.6 pg/mL. Recoveries ranging from 96.7% to 102.9%
with RSD values less than 5% were indicated the IL-based MIP sensor
could be used for clinical diagnosis. Same as NSE, neural cell adhesion
molecule 1 (NCAM1), as so-called CD56, is regarded as another essential

biomarker in SCLC. The increase of CD56 is a more persuasive signal to
define SCLC because of its ability to significant expression in the body
[39,40]. Ma et al. [24], provided a MIP-based electrochemical sensor for
sensitive detection of CD56. A wider range of detection (i.e., 0.001 ~ 1
ng/mL) with an ultralow LOD of 0.47 pg/mL was achieved probably due
to the use of sandwich-like multi-signal amplification. However, peer
reports on detection of CD56 using MIP-based electrochemical sensor
was not reviewed in a broader range except the comparison with a
traditional probe-type sensor fabricated by the current study group [24].

The amount of carcinoembryonic antigen (CEA) is of great signifi-
cance in diagnosis of colorectal cancer. MIP-based electrochemical
sensing methods to this cancer biomarker has been received increasingly
attention in recent years. Qi et al. [26], integrated microfluidic strategy
with MIP technique to provide a paper-based electrochemical sensor for
determination of CEA (Fig. 2c). The sensor displayed good reproduc-
ibility and room-temperature stability. Selectivity test was performed by
mixing CEA with other 2 interfering substances, and acceptable results
were acquired. Such creation can be further developed into commer-
cially available homecare products, opening a promising way toward the
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Fig. 1. Schematic diagrams of: (a) the photoelectrochemical cathodic MIP sensor for sensitive photocurrent-based determination of SAR. Reprinted from Sun et al.
[21] (b) the epitope-suited MIP-based electrochemical sensor for selective detection of NSE. Reprinted from Pirzada et al. [22].

point-of-care monitoring because of low-cost, disposable, and minia-
turized natures [16]. Carneiro et al. [25], created a passive direct
methanol fuel cell (DMFC) for electrochemical sensing of CEA. The
DMFC/MIP sensor enabled to yield a broader dynamic range of 0.1 ~
100,000 ng/mL and a lower LOD of 80 pg/mL, along with high selec-
tivity and reproducibility, in comparison to other MIP-based electro-
chemical sensors reviewed in the literature and the one presented by Qi
et al. Power-current density plotting showed a satisfying discrimination
against different concentrations of CEA when the sensor was tested in
both standard buffer and serum solution. As seen in Fig. 2a, such
self-powered sensor, exhibiting strong portability, which can highly
promote the development of completely autonomous electrochemical
setup especially in a sensor combined with a fuel cell [25].

The rapid spread of coronavirus disease 2019 (COVID-19) has been
causing serious crises of public health, high medical pressure, and
tremendous economic loss worldwide. Therefore, convenient, fast, and
low-cost testing kits that can be massively produced are in an urgent
demand to reduce the pressure of hospitals and spread of the pandemic.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) related
biomolecules are the main biomarkers revealing the infection of the
coronavirus [27]. Tabrizi et al. [27] prepared an analyte-specific MIP
sensor on a macroporous gold deposited screen-printed electrode (SPE)
for direct monitoring of the SARS-CoV-2-receptor binding domain
(SARS-CoV-2-RBD) in saliva diluted with same-volume PBS solution. EIS
measurement was performed showing discriminatory linear responses
ranging from 0.002 ~ 0.04 ng/mlL, as well as a LOD of 0.7 pg/mL.
Although the sensor processed excellent sensitivity, selectivity, and
stability, some disadvantages were also mentioned: one is the EIS
monitoring always costly over other potentiostat-based methods, the
other is the current sensor made of hard substrates cannot be developed
into a wearable sensor [27]. Ayankojo et al. [28] fabricated a
gold-thin-film metal electrode (Au-TFME) with the immobilization of
imprinted caves for sensitive confirmation of the SARS-CoV-2 spike
protein subunit S1 (ncovS1) in both PBS and actual nasopharyngeal
samples from infected patients (Fig. 2b). With convinced selectivity and
reproducibility, the sensor was further tested in the presence of other
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Fig. 2. (a) Working mechanism of the DMFC/MIP sensor used for detection of CEA, along with a real image of the device. Reprinted from Carneiro et al. [25] (b) the
lab-on-chip Au-TFME/MIP sensor applied for sensitive monitoring of ncovS1. Reprinted from Ayankojo et al. [28] (c) the paper-based MIP electrochemical sensor
integrated with microfluidic strategy for determination of CEA, along with a real image of the device. Reprinted from Qi et al. [26].

mutated strains of SARS-CoV-2 to critically assess the recognition to-
wards the analyte. Results showed the sensor exhibited the highest af-
finity to ncovSl over other mutated strains, verifying strong
practicability in real specimens. Following the real testing requirement,
the proposed sensor was connected to a hand-size potentiostat analyzer
wirelessly connected to a mobile phone via Bluetooth. Apparent differ-
ences among the negative, negative spiked with ncovS1 in the lowest
detectable concentration, and positive sample were observed, where the
results were in accordance with those obtained from the research-grade
device [28].

In fact, there are only a small number of MIP-based sensors inte-
grated with handheld analyzers, while the rest of the sensors reported, at
least for the present, are only suitable for laboratorial research because
they always require to be connected to the analyzers that have not been
miniaturized yet. Hence, several research groups tend to put significant
effort on filling in the blank, by which the electrochemical MIP sensors
prepared were usually with a better handheld appearance, showing
stronger possibility of customization and commercialization.

A lab-on-chip determination of propofol in human plasma making
use of molecularly imprinted cavities was reported by Hong et al. [41] A
microfluidic system was constructed through well-patterned

double-sided stickers layering between two blank cyclic olefin copol-
ymer (COC) chips, as shown in Fig. 3b. Sample solution at microvolume
was then precisely loaded into the sensing cells by virtue of capillary
attraction, as presented in Fig. 3c and e. The as-fabricated MIP sensor
was allowed to be integrated with a portable hand-sized analyzer
(Fig. 3a), presenting voltage responses varying as a function of time to
achieve the sensitive detection of propofol, as seen in Fig. 3d and f. The
reported sensor had a rapid analyzing time of 25 s. Blood samples from
the hospital were centrifuged for 20 min to separate the plasma and used
for the real sample testing. EIS-based measurement was performed
showing the binding of propofol saturated at around 20 s. Although the
sensor reached a determination range of 100 ~ 3 x 10* ng/mL, with a
LOD of 10° pg/mL, there was no peer review on detection of propofol in
real biofluids using MIP-based electrochemical sensors. Moreover,
future development regarding this microfluidic chip-based MIP sensor
was also claimed in the paper according to the current progress. A
microfiltration component is expected to be added in the setup for
effective elimination of any bio-impurities that may interfere electrical
sensing signals especially in the event of whole blood testing. Also, it is
desirable to install a negative-pressured part for high-quality enrich-
ment of plasma, rather than the centrifugation of raw blood sample at

Fig. 3. Microfluidic chip based electro-
chemical MIP sensor for determination

of propofol: (a) real photograph of the
MIP sensor inserted into a handheld
analyzer. (b) microfluidic stickers used
for the microchannel creation. (c)
microfluidic chip with the embedded
MIP functional layer. (d) target mole-
cules rebinding to the MIP-based
sensing surface. (e) enlarged image of
the conductive MIP coverage on the
gold interdigitated array microelectrode
(IDA). (f) enlarged schematic diagram
of molecularly imprinted cavities

Conducting MIP

capuredanaiyte|  recognizing the specific target analyte
v b e
P :0 2 ;[)icl)?ofol. Reproduced from Hong et al.
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hospital laboratories [41].

As mentioned in many paper, electrochemical sensors integrated
with microfluidic strategy is regarded as a promising platform for point-
of-care sensing with merits of controllable sample volume, cost effec-
tiveness, and device portability. It cannot be denied that microfluidic
components possess overwhelming capability of autonomous sampling
through intrinsic capillary action.

Wang et al. [42], combined this advantage with a wearable sensing
patch, aiming to realize an on-site and real-time personalized health
monitoring (Fig. 4a). The sensing patch allowed various metabolites in
sweat samples to be specifically recognized through delicate imprinted
cavities and to yield electrochemical responses with the synergistic ef-
fect of redox-active nano-reporters (RARs) and laser-engraved graphene
(LEG) (Fig. 4b). Sensing outcomes were transferred through Bluetooth
into a programmed software (i.e., NutriTrek) displayed at a mobile
phone (Fig. 4c). Moreover, the research group also launched a
ready-for-market product of smartwatch incorporating the essential
wearable MIP sensing patch, which reached a more advanced technical
level over other reported MIP-based sensing devices (Fig. 4d). This work
featured the first real-time wearable sensing based on a MIP detection
mechanism as the previously reported sensing platforms mostly suffered
from vigorous washing steps to regenerate imprinted polymeric re-
ceptors [42]. This versatile microfluidic MIP sensor enabled successful
monitoring of amino acids (AAs) such as tyrosine (Tyr) and tryptophan
(Trp), as well as some branched-chain amino acids (BCAAs) like leucine
(Leu), isoleucine (Ile), and valine (Val).

The proposed sensing surface could be facilely modified: on one
hand, only LEG was deposited at the bottom of the MIP interface to
directly react with Tyr-and Trp-because of their electroactive nature
(Fig. 4e). The sensing process was measured using classic DPV tech-
nique. On the other hand, LSV-based indirect determination conducted
on the composition of MIP/RAR/LEG (layers from top to bottom) was
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applied to monitor the BCAAs since they were not electroactive but
could serve as an electron shield to avoid RARs being exposed to the
sample environment (Fig. 4g). Regeneration of cavities in this sensor
could be manually controlled by altering electrical parameters without
any washing step (Fig. 4f and h). Apart from the basic amino acids, the
wearable sensor enabled to determine an extremely wide range of
organic substances [42]. Furthermore, the sensor had the ability to
capture different types of target molecules at a single sensing area due to
the powerful multi-template MIP scheme (Fig. 4i). The combination of
those unique sensing components (i.e., MIP/RAR/LEG) made the sensor
have outstanding capability of cavity regeneration in a raw biological
specimen (i.e., human sweat) (Fig. 4j). On-site analysis based on real
sweat liquid are more complicated than the ones tested in standard
buffered solutions owing to the multiple bio-constituents. Therefore, the
presented setup was equipped with accurate electrochemical method-
ologies coupled to a timely temperature/electrolyte calibrating func-
tionality to achieve sensitive real-time sweat sensing (Fig. 4k).

To further enhance the applicability of the sensor, sweat secretion
stimulated at rest durations and the sample collection were regarded as
their next concerns. The volume of sweat at sedentary situation is nor-
mally negligible compared with the one right after physical exercise,
therefore of great difficulty in collecting the measurable amount of
sweat under calmness. To overcome this challenge, carbachol was
eventually selected as a novel muscarinic agent for continuous micro-
sampling of sweat rather than traditional pilocarpine [42]. The
research group presented a schematic contract between carbachol and
pilocarpine with their influences on sweat glands (Fig. 41), showing a
bright comparison that carbachol could provide a more efficient sweat
collection ascribed to its extra nicotinic effects [43]. In their actual
measurements, a dramatically reduced current (i.e., around 15-20 times
smaller than that was commonly applied in other studies [44]) was used
to approach the goal of safe on-body monitoring with imperceptible skin

Number of regeneration
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Fig. 4. Wearable sweat-sampling electrochemical MIP sensor used for on-site and timely health monitoring: (a) wearable sensing patch in practical use; (b) com-
ponents contributed to the sensor and its working mechanism; (c) mobile phone-based data presenting; (d) smartwatch containing the MIP sensing patch; (e)
schematic illustration of direct detection of electroactive substances based on MIP/LEG; (f) cavity regeneration through DPV-related manipulation; (g) schematic
illustration of indirect detection of non-electroactive substances based on MIP/RAR/LEG; (h) cavity regeneration through LSV-related manipulation; (i) schematic
illustration of multiple target detection based on MIP/RAR/LEG; (J) cavity regeneration realized in raw sweat samples; (k) schematic representation of the real-time
sweat sensing device equipped with a timely temperature/electrolyte calibrating functionality; (1) schematic contract between carbachol and pilocarpine with their
influences on sweat glands. Reproduced from Wang et al. [42] with permission from Nature Biomedical Engineering.
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irritation. Additionally, high levels of BCAAs usually imply the potential
risk of suffering insulin-resistant obesity and metabolic syndrome,
among which the increased level of Leu-has been confirmed that it has a
close correlation to COVID-19 infection [42].

Conclusively, this wearable MIP-based electrochemical sensor com-
piles a variety of advantages, meanwhile, it avoids repeatedly appeared
shortcomings of many other contemporaneous MIP-based sensing de-
vices. For example, the proposed sensor allows clinical trials to be per-
formed using untreated biological fluids; it also exhibits strong
reusability in multicycle analyses because the imprinted polymeric traps
can be electrochemically regenerated after each type of analyte
rebinding; micro-volume sampling can be realized on this sensor
through the capillary effect which is originated from microfluidic ac-
cessories; broad range of application with respect to the sensor from
real-time monitoring of organic nutrient, early diagnosis of disease, to
sensitive warning of virus infection. The integration of electrochemical
MIP sensor with microfluidic system is demonstrated again to be a
highly feasible sensing composition for in-situ and point-of-care
applications.

Cardiac troponin I (cTnl) plays a critical role in the contraction of
myocardial muscles [45]. This substance always can be detected in
serum when the myocardium is impaired [46], thus it always considered
as the typical biomarker representing acute myocardial infarction [47].
Zhang et al. [29], developed a CuFe;04 nanoparticle-based MIP sensor
for determination of c¢Tnl in human serum (Fig. 5a). Magnetic nano-
particles were effectively adsorbed on the electrode surface to increase
the sensitivity [48]. The dual-mode sensor could yield both
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electrochemical and colorimetric response towards the analyte, along
with favorable selectivity, signal reproducibility, and stability. He et al.
[30], reported a MIP-coated electrode for simultaneous detection of cTnl
and myoglobin (Mb) based on an electrochemiluminescence immuno-
assay (Fig. 5b). Interestingly, same sensing strategies as sandwich-type
analyte recognition and signal amplification were presented in these
two papers. The sensors exhibited similar detection ranges. However, a
lower LOD of 3.2 pg/mL was obtained from the one provided by Zhang
et al. probably due to the use of nano-scaled MIP in their work [29].
NanoMIP sensors belong to a unique derivative of MIP-based sensors,
where the analyte-recognition caves are normally created on nano-
materials (e.g., nanoparticles) instead of the traditional imprinted cav-
ities generated at bulky polymeric layers, thus offering higher surface
area, affinity, and sensitivity to target molecules in sensing applications.

2.2. Body-produced chemicals and hormones detected using MIP-based
electrochemical sensors

Glucose is a vital chemical to participate several important life ac-
tivities in living bodies. One of the activities is being as a typical indi-
cator for sugar levels in blood serum. Glucose that cannot be effectively
transformed into its metabolites by insulin is prone to resulting in an
elevation of sugar level, causing diabetes mellitus (DM) [59]. Therefore,
it is highly necessary to develop a convenient and sensitive platform for
glucose detection in body fluids.

Yang et al. [51], reported a novel method to the fabrication of
MIP-based sensors by electrodeposition of molecularly imprinted
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polymeric micelles (MIPMs) and photo-crosslinking of the amphiphilic
copolymer (Fig. 6a). The obtained sensor exhibited good selectivity,
stability, and signal reversibility toward glucose, owing to the robust
recognition cavities. However, the dynamic range and LOD were mainly
lying in high concentrations, same as those presented in Diouf et al. [50]
Also, the sensor reproducibility was imperfect from batch to batch due to
the use of homemade copolymer and MIPMs [51]. Sehit et al. [49],
provided a facile MIP-based electrochemical sensor decorated only with
gold nanoparticles (AuNPs) for sensitive detection of glucose. The sensor
yielded a lower LOD compared with those shown in Yang et al. and Diouf
et al. With acceptable selectivity, specificity, and stability, the sensor
was applied to detect glucose in both diluted human serum samples and
undiluted ones. Recoveries ranging from 93.8% to 95% with RSD < 8%
were achieved in undiluted cases, revealing a strong applicability in real
biological environment [49]. Instead of blood samples collected for
glucose detection, Diouf et al. [50], aimed to seek an alternative of
blood, such as saliva, to achieve similar results. This opens a new avenue
to the non-invasive testing, although the determination range as well as
LOD reported in the literature were not highly sensitive.

Cholesterol (CHO) is one of body products that plays as an important
precursor for synthesis of hormones as well as other vital substances,
supporting many biological functions in living creatures. However, CHO
always with a high level in blood serum can result in hypercholester-
olemia, which is considered as the primary inducement of atheroscle-
rotic cardiovascular diseases (ASCVDs) [60]. Because of good selectivity
and reproducibility, Ji et al. [52], showed a wider dynamic range and a
lower LOD in comparison to other recently reported papers. The shelf

o

(a) : 4 _g Amphiphilic

b Copolymer A . N
o _— 1) Acidification A\t .
=¥ T+ 2) Self-Assembly 3
o/\ OMM OMOM e v 3 >
Rienm Template Molecule MIPMs
MIP Film -
9
Gold Electrode MIP Sensor

(1)

[

Acid treated CB Go

GO/CB-OMNIDIP adduct

aGO/CB-OMNIDIP

(@)

Sensors and Actuators Reports 5 (2023) 100153

life of the sensor was also evaluated after 10 and 30 days, leaving no
significant change and 91.68% of the initial response, respectively.
However, there was no data regarding the applicability in actual clinical
analysis of the sensor, the study group claimed this part of work required
to be intensively studied in a long period [44]. Yang et al. [53], further
improved the sensing ability of MIP-based sensors towards CHO at the
basis of Ji et al. and received a broad detection range of 3.87 x 10710 ~
3.87 x 10~° ng/mL along with an ultralow LOD of 1.3 x 10~/ pg/mL.
Performances like selectivity, reproducibility and stability of the pro-
posed device were also highly competitive over other previously re-
ported MIP-based sensors. Real testing was performed by adding CHO
with femtomolar level in human serum, resulting in recoveries varying
from 97% to 100.4% with small RSD (i.e., 1.7%) [53].
Neurotransmitters are another class of important body-produced
chemicals, which also play significant roles in endocrine and central
nervous system. Dopamine (DA) and epinephrine (EP) are typical neu-
rotransmitters produced in mammals. The detection of these neuro-
transmitters usually presented insensitive results due to their high
structural similarity as well as the coexistence nature in real body fluids
[61,62,63]. To tackle this issue, Fetma et al. [55], constructed a special
MIP-based sensor where the SPE electrode was modified with
acryloylated-graphene oxide / carbon black (aGO/CB), forming a
cross-linking functional monomer that could be polymerized into
dual-type imprinted cavities for simultaneous determination of DA and
EP (Fig. 6b). The sensor had the capability of determining the analytes in
both aqueous and biological fluids (i.e., blood serum and urine) with
high analyte specificity. Real samples used in their work were only
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diluted in a proper volume ratio with absence of any other pretreatments
aiming to increase the accuracy at trace amount of detection [55]. Same
as Zhang et al., Qian et al. [54], achieved the sensitive monitoring of DA
relying on carbon nanotube-based MIPs (Fig. 6d). A wider detection
range of 7.659 x 1073 ~ 765.9 ng/mL, as well as a lower LOD of 1.53
pg/mL was realized on the proposed sensor compared with the results
presented by Fetma et al. and good recoveries coupled with reasonable
RSD values were also obtained from the real sample testing using the
as-prepared sensor [54].

Sensitive determination towards hormones is highly important for
early recognition of diseases and health monitoring. There are a growing
number of reports showing interest in hormone detection. Cruz et al.
[56], reported a nanoMIP electrochemical sensors where the polymeric
nanoparticles were well-designed to form imprinted chambers for spe-
cific binding to insulin (Fig. 6¢). Owing to the negligible cross-reactivity,
the sensor enabled to provide a detection limit of 0.464 pg/mL in real
human plasma, which was approximately 20 times lower the LOD (i.e.,
8.593 pg/mL in human serum) obtained from a lab-on-paper aptasensor
fabricated by Niroula et al. [64], further demonstrating the high sensing
performances of nanoMIP sensors. Moreover, the long-term stability was
also evidenced by storing 7 sensors at 4 °C place and measured them in
weekly intervals, leaving a drop of only 35% of initial response after 168
days. Peer review regarding the determination of insulin level using
MIP-based electrochemical sensors was also presented in the paper,
showing the nanoMIP strategy capable of detecting insulin with highly
competitive sensing performances in comparison to other reported de-
vices [56].

Testosterone is an essential hormone in charge of regulating many
male characteristics. Inadequate level of testosterone increases the risk
of suffering high-grade prostate cancer and cardiovascular diseases [65,
66]. On the other hand, testosterone is defined as one of common doping
chemicals, which has been prohibited by the World Anti-Doping Agency
(WADA) from using in sports events [67]. Hence, there is an urgent need
to develop a monitoring system for sensitive detection of testosterone.
Kellens et al. [58], fabricated an amount controllable MIP interface
making use of a well-patterned microfluidic template, to reach the
detection of testosterone in buffer in combination with electrochemical
impedance spectroscopy (EIS), exhibiting good linear responses from
0.144 to 5.76 ng/mL with a LOD of 144 pg/mL (Fig. 6e). The sensor was
allowed to detect the structural analogues of testosterone (i.e., estriol
and p-estradiol) to assess the selectivity. p-estradiol, to some extent,
presented affinity towards the MIP interface due to the steric similarity
to testosterone, while estriol showed the largest structural difference
from testosterone resulting in negligible responses. Furthermore, the
applicability of the sensor was evaluated by detecting testosterone in
urine and saliva samples. Sensor performances obtained from the sali-
vary solution were not good as the ones yielded from buffer and urine,
which may be ascribed to the incomplete pretreatment of saliva, leaving
residual proteins or other biomolecules that prevent testosterone from
binding to the polymeric cavities [58]. Liu et al. [57], highly improved
the sensing ability towards testosterone through a glassy carbon elec-
trode (GCE) modified with graphene oxide (GO) and MIP, receiving a
wider detection range of 2.88 x 1077 ~ 288.42 ng/mL with an ultralow
LOD of 1.15 x 10~* pg/mL, compared with the ones showed in Kellens
et al. and other recent reports. Excellent analyte selectivity was
approved by testing testosterone as well as other 3 structurally similar
interferents and 4 endogenous substances. Signal repeatability,
electrode-to-electrode reproducibility, and long-term (i.e., up to 30 days
storage) stability were also confirmed with desirable results. Moreover,
this MIP/GO electrochemical sensor also presented a strong regenera-
tion capability by washing the used sensor with ethanol solution and
reached a signal recovered by 96.2%. Real sample analysis was per-
formed in human serum and recoveries ranging from 98.6% to 104.2%
with RSD values smaller than 4.82% was obtained, indicating the
satisfying applicability of the proposed sensor, which was indeed a good
MIP-based electrochemical sensor for ultrasensitive determination of
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testosterone [57].
3. Conclusions and perspectives

Sensitive sensors that can screen health conditions in real time are of
great helpful for timely intervention of diseases, development of tele-
medicine, as well as advanced homecare. MIP-based sensors introduce
single- or dual- type of functional monomers to create analyte-preferred
polymeric receptors, with high regeneration rate through simple elec-
trochemical manipulation. Such recognition elements are sometimes
also called ‘artificial antibodies’ due to the similar binding mechanism
to the antibody-antigen conjugation. MIP-based electrochemical sensors
possess valuable properties of prolonged lifetime, capability of homo- or
hetero- shaped cavity design, and less impact by the ambient environ-
ment (e.g., temperature), which has attracted increasing attention in
comparison to traditional electrochemical immunosensors. Neverthe-
less, majority of papers elucidate the development of sensors mainly in
the following two aspects: one is to introduce a novel surface modifi-
cation for MIP-based electrodes to achieve the purpose of research
innovation, the other is to perform electrochemical determination of a
new substances replying on the MIP-based electrode produced with old-
fashioned techniques. Compared with the attention towards the
laboratory-scaled studies on electrochemical MIP sensors, the ones in
relation to the evaluation on sensing maturity of sensors are rarely re-
ported. Although the experimental works reported in papers include
sensing signal recovery tests in real biological samples, most of which
merely employ the standard analyte-spiked method or perform the assay
in synthetic biofluids that already have an initial concentration, which
still leave a long distance to reach a direct use of body-produced fluids
collected on-site for real-time application.

Sensors among which integrate the MIP technique with electro-
chemical monitoring have been developed for a few decades [68].
However, there are still many issues required to be urgently addressed in
this field according to the papers reported:

1. Body fluids such as human serum, plasma, saliva, and urine, are
required to be properly diluted prior to performing assays in actual
biological environments on electrochemical MIP sensors. Extra sci-
entific operations like vortex mixing, centrifugation, and micro-
filtration, are often needed especially for the fluids containing
numerous biomolecules, aiming to achieve a qualified sample solu-
tion before analysis. Future investigation could be focusing on the
development of the MIP-based sensors suitable for being tested in
undiluted conditions.

2. Some electrodes (e.g., SPE) used in MIP-based electrochemical sen-
sors have great potential of mass production. However, most articles
only present a summarized description on the fabrication process
and raw materials for electrode preparation but lack a detailed
manufacture workflow specific to the massive production in indus-
trial lines and batch-to-batch quality assessment.

3. At present, MIP-based electrochemical sensors with limited smart-
ness still account for a large proportion. Further attempts might
include the improvement of the device autonomous capability such
as the self-controlled ‘sample loading — sensing — electrode surface
washing’. Such cyclical monitoring could be achieved by applying a
software that is set in an automatic mode.

4. Laboratory-grade sensing devices often lack adequate exploration on
their portability according to recent advances on electrochemical
MIP sensors. Desirable portability often equips with two character-
istics, namely a miniaturized working electrode (i.e., the one modi-
fied with molecularly imprinted polymeric recognitions) and a
handheld analyzer for data presenting and processing.

Up to present, commercial products with respect to electrochemical
MIP sensors are still rarely reported. Therefore, more attention might be
paid at the later stage of laboratorial research, including success
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probability of the sensors used in real clinical applications, transfer to
large-scale industrial production, economic effectiveness after flowing
into markets, and user experience and satisfaction.
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