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ABSTRACT: The development of in vivo, longitudinal, real-
time monitoring devices is an essential step toward continuous,
precision health monitoring. Molecularly imprinted polymers
(MIPs) are popular sensor capture agents that are more robust
than antibodies and have been used for sensors, drug delivery,
affinity separations, assays, and solid-phase extraction. How-
ever, MIP sensors are typically limited to one-time use due to
their high binding affinity (>107 M−1) and slow-release kinetics
(<10−4 μM/sec). To overcome this challenge, current research
has focused on stimuli-responsive MIPs (SR-MIPs), which
undergo a conformational change induced by external stimuli to
reverse molecular binding, requiring additional chemicals or outside stimuli. Here, we demonstrate fully reversible MIP
sensors based on electrostatic repulsion. Once the target analyte is bound within a thin film MIP on an electrode, a small
electrical potential successfully releases the bound molecules, enabling repeated, accurate measurements. We demonstrate an
electrostatically refreshed dopamine sensor with a 760 pM limit of detection, linear response profile, and accuracy even after
30 sensing−release cycles. These sensors could repeatedly detect <1 nM dopamine released from PC-12 cells in vitro,
demonstrating they can longitudinally measure low concentrations in complex biological environments without clogging. Our
work provides a simple and effective strategy for enhancing the use of MIPs-based biosensors for all charged molecules in
continuous, real-time health monitoring and other sensing applications.
KEYWORDS: molecular imprinting polymer, dopamine, electrochemical impedance spectroscopy, biosensor, PC-12 cell, reversible,
longitudinal real-time health monitoring

Continuous, real-time health monitoring exhibits sig-
nificant advantages compared with laboratory diag-
nostic methods, as it promotes more integrated,

informative, timely, and precise diagnoses of human health
conditions.1,2 Developing real-time and longitudinal sensors is a
crucial element in achieving continuous health monitoring. The
continuous progress of biosensors has enabled the development
of chemically specific and highly sensitive biosensors, including
optical, electrical, and electrochemical biosensors.3−6 However,
these are generally not applicable to continuous monitoring of
health conditions due to sensor clogging and lack of reversibility.
Molecularly imprinted polymers (MIPs), often referred to as

synthetic antibodies, are highly selective polymeric materials
with molecularly specific binding pockets that have attracted
interest in the fields of drug delivery, affinity separations, assays,
solid-phase extraction, and biosensors.7−15 Molecular imprint-
ing is currently one of the most versatile, scalable, and cost-
effective approaches to creating tailor-made artificial recognition
sites.14,16 MIP synthesis entails the polymerization of a

monomer around the analyte of interest to form selective
recognition sites within a synthetic polymer network. The
copolymerization takes place in the presence of a functional
monomer, a cross-linker, and a target molecule (template).17

Complementary interactions (either covalent or noncovalent)
between the functional monomer and the target molecule create
a molecular complex that is then locked into the polymerizing
polymer. After polymerization, the template molecule is
physically removed from the polymer through washing, cleavage
of chemical bonds, or ligand exchange, leaving complementary
cavities of the target molecule.18 These cavities preserve not only
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the structure of the target molecule but also the molecular
interactions necessary for the recognition of the target. These
interactions rely upon weak noncovalent interactions, such as
hydrogen bonding, electrostatic attraction, and hydrophobic
regions within the templated pocket to form a molecularly
selective binding site. Compared with other nonenzymatic
biosensors (antibody and aptamers-based biosensors), MIPs
benefit from rapid, simple, and low-cost synthesis, providing
high selectivity with excellent chemical and thermal stabil-
ity.19−22

Despite the great success of MIPs as a recognition element,
some bottlenecks limit their further development for longi-
tudinal sensors, particularly the trade-off between binding
affinity and reversibility.23−28 One of the most important MIP
properties for sensor applications is high binding affinity (the
strength of interaction between the analyte and the MIP) to the
target molecule. High binding affinity is critical for reaching
picomolar−nanomolar limits of detection (LOD), which are
common analyte concentrations in biological samples, and is
often correlated with high specificity and sensitivity.29 There-
fore, MIPs with a very high binding affinity would appear

optimal. However, high binding affinity also results in
irreversible or very slow analyte release kinetics,30,31 limiting
MIP-based sensors to one-time use applications. For longi-
tudinal or real-time monitoring devices, fast on/off kinetics is
equally important as sensitivity and specificity.32

In response to this issue, researchers have recently designed
stimuli-responsive MIPs (SR-MIPs) to tackle the trade-off
between binding affinity and on/off kinetics.33 In contrast to
standard MIP matrixes with a high level of cross-linking, SR-
MIPs utilize materials with physicochemical properties that
change in response to external stimuli such as temperature, light,
magnetic fields, pH, biomolecules, ions, or solvents.34 These
stimuli trigger transitions in the MIPs such as swelling/
deswelling, changes in hydrophilicity, cis/trans isomerization,
or oxidation/reduction reactions, allowing for the release of the
target molecule from the MIPs matrixes. The combination of
stimuli-responsive materials and the molecular imprinting
technique enabled high selectivity with binding kinetics
controlled by simple stimuli response.34,35 However, these are
often difficult to implement, particularly for biomedical devices,

Figure 1. (a) Illustration of the MIPs’ preparation, including the following steps: (i) the template molecule, dopamine, (ii) together with the
functional monomers (MAA and ACM), (iii) are polymerized in the presence of a cross-linker, (iv) followed by template removal by multiple
rinses. (b) SEM image of theMIP particles demonstrates irregularly shaped particles composed of aggregates nanospheres with a rough surface.
(c) Pore size distribution for dopamine-MIPs, demonstrating pore size of ∼3.5 nM. (d) MIPs DLS size distribution exhibits an aggregate
particle size of 215 ± 12.96 nm. (e) MIPs ITC corrected experimental titration curves, showing the heat generated during gradual injection of
the suspension of dopamine into MIPs solution versus time. (f) Observed titration heat versus molar ratio dopamine to MIPs, fit to a single
binding site model. The enthalpy of this reaction is exothermic and corresponds to −15.2 kJ·mol−1.
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where additional solvents, pH temperature and other chemicals
cannot be used.37

In the current study, we describe a different mechanism
suitable for long-term continuous sensing using traditional
highly cross-linked MIPs, including within biological environ-
ments. Instead of changing theMIP network itself in response to
external stimuli, we tune the interaction between the target
molecule and polymer network using electrical potential. As a
demonstration, we developed a dopamine-binding MIP with a
LOD in the sub-nanomolar range. Our sensor consists of PtIr
microwire functionalized with a conductive polymer, and a thin
layer consists of MIP particles embedded in a PVC matrix
responsible for binding the target of interest. The working
principle of theMIP sensor is that the analyte of interest binds in
the MIP recognition cavities, impeding ion motion through the
MIP to the electrode surface, thus increasing the AC impedance
of the entire system. The higher the target molecule
concentration, the higher the overall system impedance, until
saturation of the membrane is achieved and no further
impedance increase is possible.38-40 After binding dopamine
and sensing its concentration, the dopamine is released by
applying a positive potential step, which causes to electrostatic
repulsion of dopamine out of the polymer matrix.16

This approach enables facile modulation of the noncovalent
interactions between the MIP and target molecule without
changing the MIP’s internal properties. We demonstrate
repeated binding and releasing by performing 30 sensing cycles.
We further validated our system by detecting < nanomolar
dopamine release from neuron-like PC-12 cells, demonstrating
longitudinal sensing of cellular activity within a biological
environment.
The current approach not only simplifies the MIPs synthesis

for sensors compared with the SR-MIPs but also maintains all
the other MIP’s outstanding properties. This is a critical step
toward multiuse, small-form factor MIP-based biosensors in
continuous, real-time, and health monitoring diagnostics.

RESULTS AND DISCUSSION
MIPs Polymerization and Characterization. Figure 1a

illustrates the polymerization process of the MIPs. Briefly,
dopamine was combined with functional monomers (meth-
acrylic acid (MAA) and acrylamide (ACM)) to form a
molecular complex via noncovalent bonds. Under thermal
conditions (60°C), the complex was polymerized in the
presence of the cross-linker (N,N′-methylenebis(acrylamide))
and initiator (2,2′-azobis(1-methyl-propionitrile)). The result-
ing MIP formed a hard white polymer, which was then

Figure 2. (a) Illustration of the preparation of themicrowireMIP-based sensor: (i) silica/PaC insulated PtIr 25 μmmicrowire with a 25 μmdisc
exposed on the tip, (ii) functionalized electropolymerized PEDOT:PSS/PtIr microwire on the PtIr tip, and (iii) dip coated MIPs based MSM/
PEDOT:PSS/PtIr microwire. (b−d) Corresponding SEM images of the preparation steps of the microwire sensor, bare microwire,
PEDOT:PSS functionalizedmicrowire, andMIPs basedMSM/PEDOT:PSS functionalizedmicrowire, respectively. Inset of d demonstrates the
porous structure with nanopores in size range of a few nanometers. (e) Calibration of impedance amplitude versus frequency over 1 nM−1mM
dopamine concentration (LOD 0.76 nM). (f) Linear fit of log dopamine concentration vs log impedance amplitudes at 100 Hz and 1 kHz. (g)
Impedance measurements at 1 kHz of the MIPs-based sensor in 1× PBS at room temperature after detecting 10 μM dopamine, demonstrating
limited spontaneous release over 24 h, plateauing at a value of 1 μM dopamine. The decay indicates the sensor’s high affinity and slow release
rate.
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powdered using a mortar and pestle and washed three times
using the polymerization solvent (methanol/water 4:1 v/v).
Dopamine molecules were extracted from the polymer during
washing due to the higher solubility of dopamine in the solvent.
Nonimprinted polymers (NIPs) were prepared as a control
using the same protocol but without dopamine. The properties
of the MIP and NIP particles were examined using scanning
electron microscopy (SEM), dynamic light scattering (DLS),
and isothermal titration calorimetry (ITC).
An SEM image of the resulting MIPs and NIPs particles is

shown in Figure 1b and Figure S1a, respectively. The structures
of both MIPs and the NIPs particles after grinding were
irregularly shaped particles composed of aggregates of nano-
spheres with the morphology of the individual nanospheres still
clearly visible. In comparison between the MIPs and the NIPs
morphologies, the MIPs exhibit a slightly rougher surface
morphology, possibly due to polymerization in the presence of
the dopamine template.36 However, the larger difference
between templated and nontemplated MIPs was in the particle
porosity as would be expected if molecular binding pockets had
been formed. The specific surface area and pore size of MIP and
NIP particles were assessed with Brunauer−Emmett−Teller
(BET) adsorption measurements. The specific surface area of
MIPs was found to be 282.9 m2/g, compared to only 18.4 m2/g
for NIPs, indicating the templated MIP had dramatically higher
porosity. Adsorption−desorption isotherms of MIP and NIP
polymers exhibit mesoporous (∼3.5 nm) pore structure and
exhibit small hysteresis between adsorption and desorption
curves resulting from capillary condensation. The pores size
distribution was calculated from the experimental isotherms
using the Kelvin model of pore filling and the Barrett−Joyner−
Halenda (BJH) method (Figure 1c and Figure S1b). These
measurements show that the MIP synthesis successfully created
highly porous nanoparticles templated from dopamine. DLS was
used to characterize the MIP nanoparticle size distribution,
shown in Figure 1d. All the particles were dispersed in ethanol by
sonication for 30 min and then measured. The MIP nano-
particles are in the range 215± 12.96 nm, while theNIP particles
were slightly larger at 227 ± 25.45 nm (Figure S1c). The size
variation is likely a combination of both the synthesis and the
grinding process yet was consistent between batches.
ITC measurements were then conducted to determine the

thermodynamic binding affinity of dopamine within the MIPs
and the NIPs particles, indicating how strong a binding pocket
had been created in each case. Figure 1e shows the heat
generated during sequential dopamine injections into a MIP
solution versus time. The area of each peak is integrated and
plotted versus the molar ratio of the MIP:dopamine (Figure 1f).
The quantity of heat produced during dopamine injection is
directly proportional to the MIP-dopamine binding affinity.
Next, the resulting isothermwas fit with a single uniform binding
site model (Figure 1f, solid line) to determine the enthalpy
(ΔH) of the MIPs−dopamine interaction, which was calculated
to be −15.2 kJ·mol−1. The enthalpy is exothermic and on the
higher end of previously reported MIPs enthalpies, representing
strong binding properties (comparable or slightly lower to some
natural antibodies).37−39 The enthalpy of the corresponding
NIPs was only −0.7 kJ·mol−1, indicating no thermodynamically
based binding effect on the NIPs (Figure S1d,e).

Sensor Fabrication and Characterization. A sensor was
then constructed using the MIPS particles as the binding agent.
The sensor comprised a conductive microwire coated with two
functional layers, a conductive polymer, electropolymerized

poly(ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), and a molecularly selective membrane (MSM)
biorecognition based on dopamine MIPs. Figure 2a shows the
schematics of the fabrication process. A 25 μM diameter PtIr
microwire was first coated with an insulator, Parylene-C (PaC).
The end of the wire was then cut, exposing the 25 μM diameter
tip, which was then functionalized using electropolymerized
PEDOT:PSS to decrease the sensor impedance (Figure 2a).
Next, MIP particles were suspended in poly(vinyl chloride)
(PVC) solution (Materials and Methods) followed by dip-
coating the microwire into the PVC-MIP solution to form a
MSM biorecognition MIP layer on top of the PEDOT:PSS
layer.
SEM images of the fabrication steps are shown in Figure 2b−

d, showing the cut tip of the microwire, PEDOT:PSS/
microwire, and MSM MIP/PEDOT:PSS/microwire, respec-
tively. The PEDOT:PSS granular structure has a higher
electrode surface area than the flat PtIr microwire, decreasing
sensor impedance. After dip coating, the MSM layer formed a
thin film (∼100−200 nm, Figure S2a) over the wire and
PEDOT functionalized tip area consisting of MIPS particles
bound together with a thin layer of PVC. Themorphology of the
MSM layer for the MIP is shown in the Figure 2d inset. These
images show that the MIP-based layer has a porous structure
with nanopores, while the MSM layer based on the NIP displays
a significantly less porosity structure (Figure S2b,c).
The sensor’s electrical properties were then measured to

assess the impact of the PEDOT and MSM layers. The device
impedance was compared between PaC insulted microwires
with a bare PtIr tip and with a PEDOT:PSS functionalized tip
using impedance spectroscopy at frequencies ranging from 0.1
to 1MHz in 1× PBS solution. At 1 kHz, the bare microwires had
an impedance modulus of ∼1 MΩ, while the modulus of the
PEDOT:PSS polymerized microwires dropped by 2 orders of
magnitude to ∼15 kΩ at 1 kHz (Figure S2d). A small impedance
variation from sample to sample was observed, caused by
synthesis differences in the PEDOT:PSS layer thicknesses. The
impedance phase angle changed significantly with PEDOT
functionalization, dropping from −65° to −10°, demonstrating
that the microwire properties change from capacitive to resistive
(Figure S2e), consistent with previous research on PEDOT:PSS
coating.40−43

The second critical aspect of the sensor, molecular
recognition, was tested after dip coating the PEDOT:PSS
polymerized microwire in MSM biorecognition MIPs. The
sensor impedance with the MSM layer was higher than the
PEDOT:PSS microwire device, increasing to ∼150 kΩ at 1 kHz
(Figure S2c), with no significant change in the phase (Figure
S2d). This impedance increase reflects the increased difficulty of
ions moving through the MSM layer in response to an electrical
field.
The device’s sensing response was examined over a 1 nM−1

mM dopamine concentration range, covering typical physio-
logical ranges and above. A linear correlation between the
impedance magnitude and dopamine concentration was
observed in a frequency range of 1 Hz−30 kHz (Figure 2e),
with a LOD of 760 pM (at 100 Hz, where LOD = 3.3·σ/S, σ is
the standard deviation and S is the slope). The impedance values
start to converge at higher frequencies, which is consistent with
the proposed ion-blocking model. Usually, the impedance in the
high-frequency range is characteristic of the electrolyte
resistance, while the charge-transfer resistance mostly affects
the medium-frequency range. In the low-frequency range, the
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impedance is typically sensitive to the diffusion of ionic species
in the system. In the presence of dopamine, we observe a linear
increase in the sensor’s impedance, especially in the mid and low
frequencies. The sensitivity of the MSM-PEDOT device was fit
from the impedance amplitude vs dopamine concentration at
100 Hz and 1 kHz (Figure 2f), giving sensitivities of 8.7 and 3.9
kΩ/μM, respectively.
Following these results, several negative controls were

performed. The first were measurements of the NIP with the
same dopamine concentration measured for the MIP sensors.
NIP sensors demonstrated little to no sensitivity toward
dopamine (Figure S3a,b), showing that the active MIP particles
were essential for the sensing process. The second control
examined the MIPs in the presence of epinephrine, a common
dopamine interferent.44 Epinephrine did not change the
impedance spectrum (Figure S3c,d), indicating low cross-
sensitivity against dopamine that could interfere with the
sensing. Next, dihydroxyphenylacetic acid (DOPAC), a
dopamine metabolite, was examined. DOPAC had a negligible
effect on the impedance spectrum in the opposite direction
(decrease in the bode amplitude in response to increasing
concentration), implying the cavities’ specificity toward
dopamine (Figure S4e,f).
Lastly, we measured how quickly the dopamine bound in the

MIPs sensor would spontaneously release over time, an essential
metric for repeated measurements. The sensor was introduced
into a solution of 10 μM dopamine for 3 min, and impedance
measurements were carried out three times to verify that the
impedance was stable. Next, the sensor was rinsed and immersed
with a 1× PBS solution to allow dopamine release out of the
sensor. Impedance measurements were made sequentially every
1.5 min over 24 h at room temperature (Figure 2g). The
impedance decayed gradually over the first 3 h, reaching a

plateau with an average value of ∼400 kΩ after that. This
corresponds to a concentration of∼1 μMdopamine still trapped
within the sensor. This indicates that, while the device is highly
sensitive (LOD 760 pM), it cannot be used repeatedly for
concentrations less than several micromolar due to effectively
irreversible binding.

Demonstration of Electrostatic Release. Here, we
studied whether electrostatic potentials could accelerate analyte
release from the MIP sensors to improve their repeated sensing
capabilities at low concentrations, without harming device
sensitivity. These experiments used PtIR microwire/PE-
DOT:PSS/MSM devices that had been saturated with 10 μM
dopamine for 3 min and then rinsed and immersed in 1× PBS
solution. The impedance was measured at this point as the initial
value for each device. In addition, a set of sensors that were never
exposed to dopamine were taken as the control impedance,
which would be the baseline impedance indicating the complete
removal of dopamine. A fixed, constant potential was then
applied to each device in 1× PBS using a potentiostat for a given
period of time; then, the impedance was measured to determine
how much dopamine was released.
The release process was studied for different voltage

amplitudes and durations. Our parameter ranges were chosen
based on two criteria: the dopamine oxidation potential (∼0.6
V) and dopamine surface charge (slightly positive charge by
uncharged amine or a charged ammonium species at
physiological pH). The applied potentials were thus tested at
0.1, 0.2, 0.4, and 0.6 V, each with a duration of 0.1, 0.2, 0.4, and
0.8 s. These potentials were chosen to probe different possible
release mechanisms, as 0.1 and 0.2 V are positive and would
electrostatically repel dopamine molecules yet would have slow
oxidation rates. Potentials of 0.4 and 0.6 V oxidize dopamine

Figure 3. (a) Effect of pulse amplitude (0.1, 0.2, 0.4, and 0.6 V) and duration (0.1, 0.2, 0.4, and 0.8 s) on the releasing event. (b) Impedance
measurements at 1 kHz of the MIPs-based sensor in 1× PBS at room temperature after detecting 10 μM dopamine, followed by releasing event
at 24 h. (c) Bode amplitude measured at 1 kHz over 30 binding−releasing cycles and its (d) normal distribution of 30 binding−releasing cycles
at 1 kHz, with a mean of 275 ± 8 kΩ and fwhm of 19 kΩ for the PBS solutions and a mean of 501 ± 6 kΩ and an fwhm of 15 kΩ for the 10 μM
dopamine solution.
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readily but at exponentially different rates according to the
Butler−Volmer equation.45

The impedance amplitudes after each applied potential
amplitude and duration are shown in Figure 3a and Table S1.
Application of the potential dramatically reduced sensor
impedance in all cases, indicating that dopamine was being
effectively removed from the devices. The change in impedance
occurred rapidly, with large changes between 0.1 and 0.4 s, and
then plateauing by 0.6 s in all cases. At the smallest, 0.1 V
potential amplitude, impedance changes were observed at 0.1
and 0.2 s, reaching a ∼ 25% decrease by 0.4 s relative to the
control impedance. Since the impedance values were earlier
found to be linear with dopamine concentration (Figure 1f), this
means ∼25% of the dopamine molecules were released. Longer
pulse durations only slightly enhanced release, showing the
releasemechanism is fast yet limited in its extent at this potential.
Increasing the pulse amplitude to 0.2 V enhanced the dopamine
release; however, the signal did not return to the baseline even
after a 0.8 s pulse, instead plateauing around 66% release.
However, tests with potentials of 0.4 and 0.6 V resulted in

nearly full dopamine release by 0.2 s, with the impedance only
slightly above the PBS baseline. Further pulse duration increases
to 0.6 and 0.8 s resulted in very small changes (0.03 kΩ),
indicating almost all dopamine had been released on the 0.2 s
time scale. The 0.6 V amplitude pulse resulted in faster
dopamine release kinetics than at 0.4 V; however, after a few
sensing/releasing cycles, the MSM membrane failed, indicated
by a sharp decay of the impedance amplitude valve to a similar
value as the PEDOT:PSS functionalized microwire. Signifi-
cantly, 0.4 V is also below the breakdown voltage of water,
making it more compatible with biological systems.
These tests definitively show that small applied potentials can

rapidly remove bound analytes from MIP-based sensors. We
were curious, however, how this electrically driven release
compared with the spontaneous release. We had already
observed that spontaneous release plateaued over 24 h; was it
possible that these molecules had becomemore strongly trapped
within the MIP over time and perhaps would also resist
electrically driven release? To test this idea, we measured
spontaneous dopamine release in PBS solution over 24 h,
followed by a 0.4 V pulse (Figure 3b). After 24 h, a decrease of
∼0.1 kΩ was observed, indicating that roughly one-third of the
dopamine was spontaneously released during this period. Next,
we applied a potential step with an amplitude of 0.4 V and
duration of 0.2 s, followed by a measurement of the sensor’s
impedance. An immediate drop in the impedance to the baseline

value was observed after the potential step (Figure 3b) to within
4% of the PBS control, indicating almost all dopamine was
released. Thus, even after extended periods, the molecules are
still quickly removed by modest applied voltages and are
tremendously more effective than washing.
A key metric for the electrically driven analyte release is

whether the release process damages or changes the sensors’
properties, particularly the impedance value for a given analyte
concentration. We tested this by repeating the binding−
releasing cycles 30 times and measuring the impedance at 10
μM dopamine and after each release cycle (Figure 3c). Each
cycle consisted of introducing the sensor into a 10 μMdopamine
solution for 3 min and measuring impedance at 1 kHz, then
placing the device into 1× PBS and applying 0.4 V for 0.2 s and
repeating the impedance measurement. The impedance
amplitude consistently cycled between the value for 10 μM
dopamine and the control PBS baseline, indicating that
dopamine is fully released from the membrane every cycle,
and the voltage pulses do not appear to degrade the MSM layer
or sensor operation. The impedance values during cycling were
highly uniform, with normal distribution fits of 501 ± 6 kΩ for
the dopamine solution and 275 ± 8 kΩ after electrically driven
release (Figure 3d). These results confirmed that the sensor’s
sensitivity remained stable over repeated binding/releasing
steps, and the applied potential step did not affect the MSM
binding properties.
The microwire MIPs-based sensor analytical performance,

including the reversibility property, was compared to previously
reported dopamine MIPs-based sensors, as shown in Table 1.
This comparison demonstrates that the microwire MIPs-based
sensor exhibits good sensitivity and a wide linear range in
addition to its longitudinal sensing capability.

Understanding the Release Mechanism. In MIPs, the
recognition of the target molecule is based on two principles, the
molecule’s shape and molecular interactions (e.g., the creation
of hydrogen bonds). There are a few ways to increase the MIP’s
release kinetics. One option is to design MIPs with poor
molecular interaction strength, which results in a high
dissociation rate (KD); however, the sensitivity of these sensors
is relatively low with a poor LOD. A different option is to apply
external stimuli to break the molecular interactions, enabling the
release and diffusion of the target molecule out of the matrix. In
SR-MIP, a structural change occurs due to molecular binding/
reaction of added chemical agents, temperature change, and
other external factors that alter the MIP. The current work
shows that a mild electrical potential can cause a high percentage

Table 1. Comparison of Different MIPs-Based Sensors for the Determination of DA

electrode detection method linear range (μM) LOD (nM) reversible ref

PPy/carbon nanotubes/MIPs DPV 5 × 10−5 −5 0.01 no 46
imprinted silica matrix/poly(aniline boronic acid)/
Au

DPV 0.05−500 18 no 47

polypyrrole/ZIF-67-MIPs/Nafion/glassy carbon
electrode

amperometric/cv 0.08−500 31 no 48

MIP-modified core/shell CdTe0.5S0.5/ZnS quantum
dots

fluorescence 2.63−26.3 6.6 with washing 49

MIPs/thionine/nanoporous gold DPV 0.3−100 100 no 50
MIP/nanoporous gold leaf/glassy carbon electrode DPV 2−180 0.3 no 51
MIPs/PEDOT:PSS/glassy carbon electrode potentiometric 0.2−10 0.15 with a pH change 52
MIP/functional thia-bilane/pencil graphite electrode DPV 0.05−250 20 with a pH change/in methylene

chloride
53

organic electrochemical transistor I−V 0.4−10 34 no 54
MIPS/PEDOT:PSS/microwire EIS 10−3 − 104 0.76 with a small voltage pulse current work
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of bound molecules to release. We postulate three main
mechanisms through which this may occur: oxidation of the
dopamine molecules, local Joule heating, or electrostatic
repulsion.
First, we investigated whether electrochemical oxidation was

the mechanism. Oxidation would alter the molecular dipole
moments, weakening the binding strength within the pocket and
allowing diffusive release. The complete removal of the analyte
near dopamine’s oxidation potential (at both 0.4 and 0.6 V) also
suggests this could be a possible mechanism. To test this idea
independently of the applied voltage, we directly oxidized
dopamine within the MIP with a strong chemical oxidizer. After
immersing the sensor into 10 μM dopamine solution, rinsing in
PBS solution, andmeasuring the impedance sequentially 3 times
(∼3 min, showing the signal is stable), the sensor was washed
and dipped in 1 mM sodium periodate solution (pH 7.2 at room
temperature) for 30/60 min. Sodium periodate is a small, strong
oxidizing agent known to oxidize dopamine readily.55 Following
immersion, the sensor was rinsed and the impedance was
measured in a clean 1× PBS solution. The change in the
impedance amplitude at 100 Hz is shown in Figure 4a. Although
the periodate solution slightly enhanced dopamine removal, the
impedance decreased by only ∼11% compared with a
spontaneous release, which decreased by ∼2.5% in 30 min and
much less than the total release with electrical potential. While
we cannot rule out some contribution of electrochemical
oxidation, its maximum effect appears to be quite limited.
Next, we examine if it was possible some local heating

occurred near the tip, heating the MIP and driving thermal
diffusion. This seems unlikely given extremely small currents
flow during the release process, yet we wanted to eliminate it as a
possibility. Higher temperatures increase the kinetic energy of
the molecules, making it easier to overcome the barrier
associated with the MIP−dopamine interactions. We repeated
the release experiment at two elevated temperatures: 40 and 60
°C. For both experiments, the sensor was first dipped into a 10
μM dopamine solution and rinsed and the impedance was
measured in 1× PBS sequentially 3 times (∼3 min, showing the
signal is stable at room temperature). Next, the sensor was
immersed in a clean 1× PBS at 40 and 60 °C and the impedance
was measured over 90 min. As expected, the higher the
temperature, the faster the release (Figure 4b), and both
elevated temperatures gave much faster release than at room
temperature, plateauing near 70% release.

However, for thermal diffusion to be the mechanism during
the applied voltage experiments it would have had to release over
a period of 0.2 s. Based on an Arrhenius activationmodel, we can
calculate the activation energy for dopamine release from the
rate constants fit from the thermal release data, k = 3.34 × 10−4

s−1 (R2 = 0.928) for 40 °C, and k = 7.96 × 10−4 s−1 (R2 = 0.987)
for 60 °C. Using the Arrhenius equation, we can calculate the
rate constant of the reaction at room temperature k = 1.31 ×
10−4 s−1 and the energy of the unbinding reaction Ea ∼ 37 kJ/
mol, with a pre-exponential factor of 550 s−1. Interestingly,
comparing this to the thermodynamic binding enthalpy
calculated from ITC (15.2 kJ/mol) gives an activation energy
of ∼22 kJ/mol for the reaction, larger than the thermodynamic
change itself. This likely reflects the difficulty for molecular
release from the small, tailored binding pockets, suggesting
MIPs are effective both for their (rather modest) thermody-
namic interactions as well as a steric hindrance for molecules to
escape. In comparison to the voltage experiments where 95% of
the dopamine was released in 0.2 s, to release the same amount
of dopamine simply by thermal diffusion will require a
temperature of 983°C at the electrode’s tip, which is ruled out
by the lack of any bubble formation at the tip.
With the other two mechanisms eliminated, we finally turned

to electrostatically-driven release. We examined different pulse
duration and amplitudes and their effect on the amount of
dopamine released, which is reflected as a change in the
impedance amplitude. To do that, we further analyzed the
results from Figure 3a. Figure 4c plots the effect of the different
pulse duration and amplitudes on the releasing event (ΔΩ). The
amount of release is linearly proportional to the applied voltage.
This is what we would expect for electrostatically driven
phenomena, as the potential away from the electrode scales
linearly with applied potential as given by the linearized
Poisson−Boltzmann equation, =x( ) e x

0
/ D, where Ψ is

the electric potential, Ψ0 is the surface potential, and λD is Debye
length. If the mechanism was electrochemical oxidation, we
would expect an exponential behavior as given by the Butler−
Volmer equation, as we are close to dopamine’s redox potential
of +0.6 V. This demonstrates that electrostatic repulsion of
dopamine is the major release mechanism.
The mechanism of dopamine release was studied under

different conditions, including a strong chemical oxidizer,
different temperatures, and different pulse lengths. Although

Figure 4. (a) Difference in impedance amplitude between spontaneous release and release enhanced by chemical oxidation using sodium
periodate. The immersion in sodium periodate promotes dopamine release; however the signal is not returning to its original baseline (PBS).
(b) Impedance amplitude of dopamine release is enhanced by different temperatures (40 and 60 °C). Yet, a full dopamine depletion is not
observed as the signal remained above the PBS baseline. Results were fitted to an exponential decay equationmodel, and the rate constant of the
process was extracted and found to be 3.34 × 10−4 and 7.96 × 10−4 s−1, respectively, with temperature. (c) Linear correlation between the pulse
amplitude and the release event implies that the primary mechanism is electrostatic repulsion.
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different temperatures had enhanced dopamine release, it is
unlikely to be the main mechanism as it will require a
temperature of 983 °C next to the tip of the electrode. Next,
we showed that direct oxidation of dopamine by a strong
chemical oxidizer resulted in a small change in the impedance
amplitude. Electrochemical oxidation was also ruled out based
on the linear correlation between the applied voltage and the
change in the impedance amplitude. Therefore, we were able to
conclude that the primary release mechanism is electrostatic
repulsion, making it suitable for all charged molecules.

Demonstration of Repeated Molecular Detection of
Biological Dopamine Using PC-12 Cells. Next, we tested if
the dopamine sensor could operate within a biological
environment without clogging and be sufficiently sensitive to
measure biologically relevant concentrations (picomolar−nano-
molar). Microwire sensors were introduced into Petri dishes
with a monolayer of dopaminergic PC-12 cells in media (Figure
5a). PC-12 cells have been widely used for neural differentiation
and to examine exocytotic release events due to the neurogenic
nature acquired after differentiation, such as high level of a
secreted neurotransmitter, and expression of ion and neuro-
transmitter receptors, making them an ideal model to
demonstrate longitudinal sensing in vitro and in vivo. Most
usefully for this experiment, PC-12 cells can be electrically
stimulated to release dopamine, providing a clear before/after
stimulation response. FM dye cycling was performed to confirm
the PC-12 cells’ synaptic vesicle (SV) activity in response to
electrical stimulation. The FM dye is internalized during the SV
endocytosis and later released with SV exocytosis, indicating the
release of dopamine from the PC-12 cells.56 A raw FM4-64 dye

image (Figure 5b) demonstrates vesicles of a PC-12 synapse
stained by FM4-64 dye in the cell body and its neurites,
demonstrating exocytotic release in response to electrical stimuli
of the PC-12 cell culture, confirming the expiration of dopamine
by the PC-12 cells.
Next, the dopamine exocytosis initiated by stimulation of the

PC-12 cells was sensed with a MIP sensor immersed inside the
cell culture medium. To induce dopamine exocytosis, PC-12
cells (cultured 6 days in vitro) were electrically stimulated using
two mesh Pt electrodes (50 mm2) in the culture media with a
square wave excitation of 10 Hz, 1 ms long, 30 mA, and 90 s total
stimulation. Using electrical stimulation, we were able to
demonstrate the sensitivity of the microwire sensor to the
increased dopamine concentration, resulted from the stimulated
PC-12 cells. Figure 5c shows the sensor response to four
sequential stimulations in 5 min intervals. The first stimulation
increased sensor impedance at 1 kHz from ∼200 to ∼270 kΩ
corresponding with ∼860 pM dopamine. The second and the
third stimulations resulted in a further small rise in the signal to
∼281 and ∼295 kΩ, corresponding to ∼1.0 and ∼3 nM
dopamine concentration. However, the last stimulation did not
cause any appreciable change in sensor impedance. PC-12 cells
have two distinct pools of vesicles, the release-ready granule pool
and the reserve pool comprising the majority of granules. The
lack of change in the impedance after repeated stimulation
indicates depletion of the pool of PC-12 releasable vesicles. To
confirm this, an additional series of cell stimulation was
performed in the same culture after 1 additional day in growth
media to renew dopamine production. Figure S4 shows that
stimulation of the PC-12 cells further increased the sensor

Figure 5. (a) PC-12 cells, 6 days in vitro showing the cells’ morphology and differentiation. (b) FM dye cycling of PC-12 cells after stimulation,
from top to bottom, differential interference contrast microscopy image, FM 4-64 image, and amerged image, demonstrating exocytosis events.
Inset is impedance response to (c) sensor’s Bode amplitude responds to five subsequent stimulations in 5 min time intervals. The first three
stimulations increased impedance amplitude, whereas the 4th stimulation did not result in an additional increase due to the depletion of the
dopamine pool. (d) Demonstration of repeated sensing/release events using electrical stimulated PC-12 cell. PC-12 cells were first stimulated
to result in a release of dopamine, which was detected by the sensor. Fully dopamine depletion of the sensor was done by applying a square
pulse.
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impedance, indicating the plateau was due to dopamine
depletion. These results confirm that the MIPs-based sensor is
capable of measuring a biologically relevant concentration
(picomolar−nanomolar) resulting from a single exocytosis
event in a complex biological media.
As a control measurement, we repeated the simulation

experiments with PC-12 cells that were cultured for 15 days,
where it is known that PC-12 cells are not induced ny dopamine
exocytosis.57,58 In this case, the PC-12 cells were electrically
stimulated using twomesh Pt electrodes (50mm2) in the culture
media with a square wave excitation of 10 Hz, 1 ms long, 30 mA,
and 90 s total stimulation. Figure S5 shows the PC-12 cells’
response to the electrical stimulation. However, in this case, the
stimulation did not cause any appreciable change in sensor
impedance. These results reinforce the sensor’s selectivity
toward dopamine.
For long-term and continuous use, the sensor must maintain

its reliable functionality in a complex in vivo environments over
time. Therefore, in the next step, we examined the sensor
functionality to repeatedly sense dopamine release from PC-12
cells in a biological environment, as biofouling is well-known to
cause sensor clogging and degradation. Initially, the sensor was
dipped into the cell media and impedance measurement was
performed to set the baseline of the experiment. Next, PC-12
cells were stimulated using a square wave excitation of 10 Hz, 1
ms long, 30 mA, and 90 s total stimulation, followed by
impedance measurement of the sensor. After the sensing, a
release potential step of 0.4 V for 0.2 s was applied to the sensor
to release the bound dopamine within the MIP. We performed
this stimulation-binding cycle two times in 5 min intervals and
measured the impedance spectrum after every step. Dopamine
was accurately detected after electrical stimulation of the PC-12
cells. After the 0.4 V cleansing potential, the impedance
decreased and returned to its baseline (Figure 5d), indicating
that dopamine could be released and the sensor refreshed for the
next sensing cycle. These results show that the MIP sensors are
capable of detecting biologically relevant dopamine concen-
trations and can be reused in a biological environment.

CONCLUSION
In summary, we demonstrated a MIP-based sensor that could
reversibly detect and release dopamine using a small potential
step. This technique does not require complicated MIP
fabrication nor the use of complex external components for
stimulation (e.g., temperature, light, magnet, pH, biomolecule,
ion, or solvent stimulation). Moreover, we found that the release
mechanism is controlled by electrostatic repulsion, making it
suitable for any charged molecules not just electrochemically
active ones. The sensing performance and reversibility were
confirmed in solution and in a biological environment using PC-
12 cells at the relevant physiological concentrations.
This study provides a simple and easy strategy for improving

the MIPs sensor technology by enabling reversibility and
repeated sampling while maintaining high sensitivity. This
development is important for long monitoring in biological
environments and potentially expand the use of MIP devices for
real-time monitoring and health care. Further study will be
dedicated to in vivo monitoring, developing different MIPs for
creating sensor arrays, and eventually integrating it with wireless
electronics and demonstrating performance after long-term
implantation.

MATERIALS AND METHODS
Materials. Dopamine hydrochloride, norepinephrine, N,N′-

methylenebis(acrylamide) (MBAA), methacrylic acid (MAA), acryl-
amide (ACM), 2,2′-azobis(1-methyl-propionitrile) (AIBN), bis(2-
ethylhexyl) adipate, tetrahydrofuran (THF), acetonitrile, 3,4-ethyl-
enedioxythiophene (EDOT), poly(sodium 4-styrenesulfonate) (Mw
70,000), lithium perchlorate, potassium tetrakis(4-chloropheny1)
borate, sodium periodate, and b-NGF of human origin were purchased
from MilliporeSigma company (Milwaukee, WI). Methanol, acetic
acid, and 1× PBS solution were purchased from Fisher BioReagents.
Working standard solutions were prepared fresh daily. All solvents were
of either analytical or HPLC grade.

Preparation and Imaging of the Dopamine Molecular
Imprinting Polymer. The dopamine−MIP was synthesized by in
situ polymerizations of the dopamine template, MAA, ACM, and
MBAA at a 1:2:2:10 molar ratio. The polymers were synthesized as
reported earlier using a method outlined by Suedee et al.59 using
thermal polymerization with AIBN as an initiator. First, the monomeric
components, MAA and ACM (both 0.3 M), and the cross-linking
monomer, MBAA (1.5M) were dissolved in a methanol/water mixture
(25 mL, 4:1, v/v) along with the initiator, AIBN (0.284 gr), and
dopamine (0.15M). Subsequently, the mixture was purged with a
stream of nitrogen gas for 30 min to remove the radical scavenger
oxygen. Copolymerization was performed at 60 °C for 18 h on a hot
plate. The resulting polymers were crushed, ground, and sieved through
a 100 mesh sieve having an open width of 100 μm. The polymer
particles were washed 3 times with 10% v/v acetic acid in methanol
(500 mL) and 3 times with portions of methanol (500 mL). The
complete removal of the dopamine molecule from the polymer was
confirmed by the lack of dopamine in the methanol rinses of the
polymer, which was verified using fluorescence spectroscopy. The
polymer particles were then dried under a vacuum and stored in airtight
containers at room temperature until needed. A control NIP was
prepared in the same way as the dopamine−MIP, except that template
molecules were not included.

MIPs and NIPs particles were visualized via SEM (FEI Wuanta FEG
250). First, the particles were diluted in ethanol and then dispersed on
the SEM stage and dried under a vacuum oven. Prior imaging samples
were sputter-coated with a 5 nm Au/Pd (60:40 ratio) layer to ensure
electrical conductivity.

BET Measurement.The specific surface area of theMIPs andMIPs
was evaluated by nitrogen physiosorption using a BET Quantachrome
Autosorb iQ3 instrument. The samples were degassed under a vacuum
at 80 °C for 6 h before analysis. The pore size was determined using the
desorption isotherms in a relative pressure window of 0.35 to 0.99 and
following the BJH approach.

Isothermal Titration Calorimetry. All the ITC experiments were
performed using the Nano ITC instrument. All the reagents were
dissolved in DI water and filtered through a 1 μm PVDF filter with a
Luer lock syringe. Prior to the titration, the solutions were degassed. For
most experiments, a total of 50 μL of dopamine (50 mM) was injected
into the reaction cell containing 250 μL of MIP solution (240 μg/mL)
at 25 °C. The titrant was injected at 120 s intervals to ensure that the
titration peak returned to the baseline before the next injection. For a
control experiment, 50 μL of dopamine (50 mM) was titrated into a 2
mg/mL NIP solution. The dopamine concentration was determined
based on the following equation c = nPt/Kd”, where Pt is the analyte
concentration in the measurement cell, n is the number of binding sites
per MIP, and Kd is the affinity constant, which must fall between 20 and
100 to yield an accurate estimate of Kd, ΔH, ΔS, and n.60

A background titration, consisting of DI water into MIPs solution,
was recorded each time to account for the heat of dilution and
background signal (Figure S1f).

Preparation of the Sensing Electrodes. Microwire Insulation.
To prepare the sensing electrodes, a 25 μm PtIr microwire was
purchased from Goodfellow Inc. Using a custom spooling rig,
microwires were wrapped from their spool onto a custom rack wherein
each wire was insulated by the following; first, silica deposition was
done at 300 °C in a low-pressure chemical vapor deposition furnace
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(Stanford Nanofabrication Facility). A custom rack allowed for >1 km
of microwire to be coated at the same time. PaC was deposited using
chemical vapor deposition (SCS Labcoater 2) to the desired thickness
using the same rack. Subsequently, wires were cut, and each microwire
was individually hand soldered.
Electrochemical Polymerization. PEDOT:PSS electropolymeriza-

tion was performed to increase the sensing electrodes’ active area and
lower the electrode−electrolyte impedance. The process of electro-
chemical polymerization was performed by means of SP-200
potentiostat (biologic) in a three-electrode setup, comprising a Pt
wire as the counter electrode (CE), Ag/AgCl as a reference electrode
(RE), and the insulated PtIr microwire as the working electrode.
PEDOT:PSS was deposited from 10 mM EDOT and 0.1 mM NaPSS
containing 0.1 M LiClO4 as the supporting electrolyte in a solvent
mixture of acetonitrile/DI water (1:1 v/v).61 Cyclic voltammetric (CV)
curves were collected at 50 mV s−1 for 10 CV cycles within the potential
range of −0.8−1.8 V based on the electrochemical windows.62 The
protocol involved changing the oxidation potential of the polymer-
ization process in order to form a polymer with superior electro-
chemical characteristics in terms of high charge storage capacity and
low impedance modulus around 1 kHz.63

Molecularly Selective Membrane Coating. The molecularly
selective membrane was coated on top of the electropolymerized
PEDOT:PSS by dip coating a tetrahydrofuran (2 mL) mixture
containing the dopamine MIPs, a high molecular weight PVC (51.0
mg), the bis(2-ethylhexyl) plasticizing solvent mediator (120.0 μL),
and the anion excluder potassium tetrakis(4-chloropheny1) borate
(15.0 mg).64 Dip coating was performed using NIMA Technology
Micro-Processor Interface IU4, at three different speeds (10, 50, and
100 cm2/min), in order to optimize the molecularly selective
membrane thickness. The dip-coated wires were dried overnight in
airtight containers at ambient temperature.

Sensing Electrodes Characterization. Scanning Electron
Microscopy. The microwire-based sensor was visualized via SEM
(FEIWuanta FEG 250) after every fabrication step and after the in vitro
measurements. Prior imaging samples were sputter-coated with a 5 nm
Au/Pd (60:40 ratio) layer to ensure electrical conductivity.
Electrochemical Impedance Spectroscopy. Electrochemical meas-

urements were performed after each of the functionalization steps and
later after every sensing and releasing step. The measurements were
performed in a conventional three-electrode-electrochemical cell
composed of PtIr microwire/our sensor as the working electrode,
platinum wire as a counter electrode, and an Ag/AgCl reference
electrode. Impedance characteristics were performed in the frequency
range 1 Hz−200 kHz (10 points per decade), under open circuit
potential with 10 mV modulation voltage, using potentiostat/
galvanostat (SP-200, BioLogic science instruments Ltd.). For the
electrode characterization, the electrolyte used was 200 μL of PBS
solution, at pH = 7.45 at room temperature. For the sensor calibration,
the electrolyte was a dopamine solution in a concentration range of 1
nm −1 mM. For the PC-12 cells experiments, the solution was RPMI-
1640 medium.
Dopamine Release. The release potential step was performed using

a conventional three-electrode-electrochemical cell composed of PtIr
microwire/our sensor as the working electrode, platinum wire as a
counter electrode, and an Ag/AgCl reference electrode. A small
potential step with an amplitude of 0.4 V and duration of 0.2 s.
PC-12 Cell Culture. PC-12 cells were generous to obtain fromATCC

American Type culture collection catalog number CRL-1721. The cells
were grown in 25 cm2, 75 cm2, tissue culture flasks, and 6-well plates 30
mm in diameter with RPMI-1640 medium. To make the complete
growth medium was added the following components to the base
medium: heat-inactivated horse serum to a final concentration of 10%,
fetal bovine serum to a final concentration of 5%, and penicillin−
streptomycin 1× final concentration.57,65

Cultures were maintained according to standard protocols at 37 °C
with 5% CO2/95% air in a humidified incubator. Cells at passages 4−6
(passage number after receipt) were thawed once every 2 weeks and
were grown for 7 days with one passage in between formaintenance. On
the sixth day, the cells were passaged and divided for maintenance in

culture and for the experiment in different media depending on the
experiment. To minimize variability, all the experiments were
performed with cells in passages between 6 and 10.57

PC-12 Cell Plating and Differentiation. Cell culture plates were
coatings with PDL or Matrigel for 24 h before culture. PC-12 cells were
differentiated using b-NGF of human origin (Sigma-Aldrich, cat. no.
SRP3015) at a concentration of 100 ng/mL.66 The culture mediumwas
changed 24 h after plating for the first time and changed every 48−72 h
after. The cells were cultured for the experiment on days 4, 6, 8, and 10
of incubation with 100 ng/mL rat NGF. In these assays, cells were
cultured in two different densities, 50 000 and 100 000 cells. Cell
differentiation using NGF results in a dense network of neurites.
Dopamine Detection Measurements with PC-12 Cells. In order to

induce endocytosis from PC-12 cells, the cells were stimulated at a
frequency of 10 Hz, 1 ms, and 30 mA for 5 min. Impedance
measurements were performed after every electrical stimulation as
detailed before.
PC-12 FM Dye Cycling loading. Functional presynaptic boutons

from PC-12 culture were labeled with FM4-64 dye (Invitrogen) by
incubation in regular media containing ∼1 μg/mL FM dye for 60 s
followed by electrical stimulation at the frequency of 40 Hz 30 mA, 0.1s
for 5 min, followed by three washes of 1 min each before to perform an
image. The PC-12 cells were then imaged with an inverted fluorescence
microscope (Zeiss Axiovert 200M).
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