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Abstract: Using sensors to quantify clinically relevant biolog-
ical species has emerged as a fascinating research field due to
their potential to revolutionize clinical diagnosis and thera-
peutic monitoring. Taking advantage of the wide utility in
clinical analysis and low cost of potentiometric ion sensors, we
demonstrate a method to use such ion sensors to quantify
bioanalytes without chemical labels. This is achieved by
combination of chronopotentiometry with a mussel-inspired
surface imprinting technique. The biomimetic sensing method
is based on a blocking mechanism by which the recognition
reaction between the surface imprinted polymer and a bioana-
lyte can block the current-induced ion transfer of an indicator
ion, thus causing a potential change. The present method offers
high sensitivity and excellent selectivity for detection of
biological analytes. As models, trypsin and yeast cells can be
measured at levels down to 0.03 U mL@1 and 50 CFU mL@1,
respectively.

In recent years, reliable, efficient, and convenient analysis of
biological analytes such as DNA, RNA, proteins, and even
whole cells have attracted significant interest because of their
great importance for many areas of healthcare and the life
sciences ranging from clinical diagnosis and therapy to
discovery and screening of new drug molecules.[1,2] Current
methods for quantitative detection of bioanalytes such as
biomacromolecules (for example, DNA and proteins) still
mostly rely on conventional methods including enzyme-
linked immunosorbent assays,[3] biochemical tests,[4] and
polymerase chain reactions,[5] while for larger bioanalytes
(that is, whole cells), classical cell-culture-based assays are
indispensable. Unfortunately, these well-established
approaches have obvious drawbacks of complicated instru-
mentation, intensive labor, and time-consuming procedures.
Especially, these tests cannot easily be performed in urban
areas in developed countries as well as rural areas in
developing countries because of their high cost.

Nowadays, the design of sensor platforms for rapid, on-
site and low-cost detection of a variety of bioanalytes is
exhibiting a great potential to dramatically change this
situation.[6] As one of the most commonly used electro-

chemical devices, polymeric membrane ion-selective electro-
des (ISEs), have been widely applied in clinical diagnosis and
environmental monitoring.[7] Many clinical analyzers based
on ISEs have been developed and are commercially available
for monitoring analytes in clinical laboratories and at the
bedside of critically ill patients. It can be estimated that each
year over a billion measurements with ISEs are preformed
throughout the world.[8] Compared with other methods, ISEs
are extremely inexpensive and only minimally perturb the
samples. In particular, recent improvements in the detection
limits of these sensors yielded sensors for the direct mea-
surement in the subnanomolar concentration range.[9] Such
major achievements have facilitated new applications for
which potentiometric sensors have not been used tradition-
ally.[10] These characteristics make these sensors particularly
suitable for their use in bioanalyte detection. However, it
should be noted that to date it is still a big challenge to carry
out specific and direct potentiometric sensing of bioanalytes
without chemical labeling since the receptor–bioanalyte
interaction usually does not yield a measurable potential
signal.[11]

Over the past decades, several potentiometric sensors
have been explored for determination of biological analytes.
The polymer membrane polyion sensors based on a non-
equilibrium response mechanism can be used for direct and
sensitive detection of biological species.[12] However, the
analytes are limited to polyions such as protamine and
heparin, which can be readily extracted into the organic
sensing membrane phase from the aqueous phase. Although
potentiometric biosensors have been successfully used for
ultrasensitive indirect measurements of proteins or bacter-
ia,[10a,b,11, 13] these methods involve the complicated screening
processes of antibodies or aptamers for bioanalytes. In
particular, in these methods, chemical labels such as enzyme
tags, redox tracers, and nanoparticle labels are often required.
Clearly, a general approach for potentiometric sensing of
a broad range of bioanalytes without chemical labels is highly
desired.

Herein, we introduce a general, facile, and highly selective
strategy for the label-free potentiometric sensing of bioana-
lytes. Molecularly imprinted polymers (MIPs) have been
regarded as general materials for the selective recognition of
a wide range of analytes with affinities and selectivities
comparable to natural receptors such as antibodies and
enzymes.[14, 15] In particular, they are less costly, easier to
synthesize, and much more stable in harsh chemical environ-
ments compared to the natural receptors. However, the
imprinting of bioanalytes still remains a challenge since
traditional MIPs are highly cross-linked, making it difficult
for bioanalytes to reach the binding sites buried in the
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interiors of the MIPs.[16] The surface imprinting technique
offers a unique protocol for bioanalyte imprinting compared
to the traditional imprinting method. It exhibits excellent
features such as high selectivity, accessible binding sites, and
fast association/dissociation kinetics since the template-
imprinting sites are situated at the surface or in the proximity
of the polymerQs surface.[17] In this strategy, the proposed
protocol is accomplished by combination of potentiometry
with the novel surface imprinting technique. It is based on the
blocking principle[18] in which the recognition reaction
between the surface imprinting polymer and a bioanalyte
occurs at the surface of a polymeric membrane potentiomet-
ric sensor, thus blocking the flux of an indicator ion to the
membrane. The induced potential change can be used as the
analytical signal to quantitatively determine the concentra-
tion of the bioanalyte present in the sample. Note that, prior
relevant work has mainly been done on either nonspecific
membrane coatings containing surfactants[18a] and polyelec-
trolytes[18b] or special biorecognition layers based on biotin–
avidin chemistry.[18c,d]

Figure 1 illustrates the sensing mechanism of the proposed
protocol. The sensor platform is composed of two layers: The
surface recognition layer for the bioanalyte and the potentio-
metric transduction layer for the indicator ion. The former is
fabricated by the surface molecular imprinting in the presence
of the bioanalyte on the surface of the latter. After removal of
the analyte molecules, the analyte-imprinted sites can be
created. When the electrode comes into contact with the
analyte solution, the recognition event at surface-imprinted
layer blocks the ion transfer of the indicator ion through the
recognition layer into the transduction layer, which results in
a potential change. Based on the above mechanism, the
measurements of biological analytes were achieved using the
following procedures: 1) The potentiometric sensor modified
with the surface imprinted layer was incubated with the
sample solution for a certain time; 2) then the sensor was
rinsed thoroughly with deionized water to avoid the non-
specific adsorption and transferred to a separate electro-
chemical cell containing the indicator ion; 3) finally, poten-
tiometric detection was carried out by using the sensor with
the accumulated analyte in the presence of the indicator ion.

In the present work, trypsin was chosen as the model
bioanalyte in view of its great importance to human health. A
versatile surface imprinting approach based on a marine-
mussel-inspired polydopamine (PDA) coating was employed

for trypsin imprinting.[19, 20] The nonimprinted polymer (NIP)
was synthesized by a similar procedure in the absence of the
template molecules. The surface morphology of the mussel-
inspired imprinted layer attached onto the sensor surface was
characterized by using scanning electron microscopy (SEM),
and the top-view images are illustrated in Figure S1 in the
Supporting Information. In contrast to the bare polymeric
membrane (Figure S1 a), the image of the MIP-layer-covered
membrane (Figure S1b) clearly exhibits a rough and porous
but uniform surface. Atomic force microscopy (AFM) further
confirms that the uniform imprinting layer was successfully
deposited onto the sensor surface (Supporting Information,
Figure S2). In addition, the average thickness of the PDA
imprinting layer measured by a surface profilometer was
found to be 484 nm. Such a thin layer has the potential to
overcome the mass-transfer limitation and nonquantitative
recovery of the template from the imprinted polymer
synthesized by the traditional methods, such as bulk poly-
merization, which can result in MIP particles or thick
layers.[21]

Since using zero-current potentiometry to probe ion
fluxes across the polymeric sensing membrane has met with
only limited success,[18d] pulsed galvanostatic chronopotenti-
ometry, which can rapidly and accurately control the ion
extraction process,[22] was applied to directly monitor the
blocking effect induced by the trypsin recognition in the
mussel-inspired surface imprinted layer. It was shown that
larger indicators could cause larger flux changes on the
membrane surface and hence induce larger signals (see
below). Therefore, the polyion heparin was selected as the
indicator ion (Figure 2a). For monitoring of the change in
heparin flux, a fully reversible pulstrode polyanion sensor
based on an ion-exchanger-free polymeric sensing membrane
formulated with the lipophilic neutral salt tridodecylmethy-
lammonium-dinonylnaphthalene sulfonate was con-
structed.[23] An anodic galvanostatic current pulse is imposed
across the polymeric membrane, which causes the heparin
flux from the sample to the sensing membrane through the
imprinted layer. The marco-command-controlled procedures
for switching between the potentiostatic and galvanostatic
steps are illustrated in the Supporting Information, Figure S3,
as described previously.[23, 24] The pulse sequence was used as
follows: 1) A zero current pulse with a duration of 1 s (open
circuit), 2) a 5 mA galvanostatic anodic current pulse of 1 s for
the generation of an ion flux in the direction of the
membrane, and 3) a potentiostatic potential pulse of 20 s for
the regeneration of the membrane.[22a]

Since many experimental factors can affect the perfor-
mance of the above trypsin sensing system, parameters
including molecule size and the concentration of the indicator
ion (see Figures S4 and S5 in the Supporting Information,
respectively), the applied anodic current amplitude and
duration time (Figures S6 and S7, respectively), the surface
imprinting time (Figure S8), and the concentration of acetic
acid in the washing solution (Figure S9) were optimized.

Under the optimized conditions, the chronopotentiomet-
ric detection of trypsin based on the mussel-inspired surface
imprinting technique using heparin as the indicator ion was
performed. Figure 2b displays the observed potential–time

Figure 1. Schematic of a) the construction of mussel-inspired surface-
imprinted-layer-modified potentiometric sensor and b) chronopotentio-
metric detection of a bioanalyte.
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trace of the pulstrode sensor to varying concentrations of
trypsin with a measuring range of 0.08–10 UmL@1. Figure 2c
shows the corresponding calibration curve of the pulstrode
sensor from the potential-time trace. Each step in Figure 2b
consists of 11 data points sampled at a 22 s interval at the end
of 1 s of the 5 mA galvanostatic current pulse. As expected,
the potential responses to heparin are indeed altered by the
surface recognition reaction between the surface imprinted
layer and trypsin. These results indicate that the instrumen-
tally controlled ion flux of heparin can be partially blocked by
the trypsin recognition event in the surface imprinted layer
and thereby confirm that the indicator ion blocking effect
induced by trypsin recognition can be used to quantitatively
determine the concentration of trypsin. In addition, the
change in potential as a function of the concentration of
trypsin in the sample solution was found to be linear in the
range of 0.08–4 UmL@1. In this case, a low detection limit (3s)
of 0.03 UmL@1 (n = 7) could be obtained, which is at least one
order of magnitude lower than those reported by other
potentiometric methods.[25] A series of five repetitive meas-
urements of 1 UmL@1 trypsin was utilized for evaluating the
detection precision. This series yielded reproducible chrono-
potentiometric signals with a relative standard deviation of
3.7% (Supporting Information, Figure S10). Control experi-
ments were also performed using a NIP coating as the surface
recognition element (the dashed line in Figure 2c). Compared
with the potential responses of MIP-based sensor, no obvious
potential changes can be observed for the NIP-based sensor,
which further confirms that the potential signals are exclu-
sively caused by the specific recognition interactions between

the MIP binding sites in the surface imprinted layer and the
target biomolecules.

The specificity of the proposed potentiometric sensor
based on the mussel-inspired surface imprinting technique
was evaluated by using other proteins including bovine serum
albumin (BSA), horseradish peroxidase (HRP), and throm-
bin (THR). The concentration of trypsin was 100-fold lower
than that of other three proteins. As shown in Figure 2 d, the
potential responses to BSA, HRP, and THR are rather
negligible as compared to that to trypsin. Additionally, no
obvious difference between the response to trypsin and that
to the mixture of these four proteins can be observed. These
results suggest that the proposed method offers an excellent
selectivity. Such selectivity is presumably due to the strong
hydrogen-bonding interactions between the amino and hy-
droxy groups of PDA and the carboxyl and amino groups of
trypsin. In addition, the spatial shape matching between the
well-fabricated imprinting cavities and the target molecules
may also play an important role in trypsin recognition.[21] The
proposed sensor was finally applied to determination of
trypsin in human urine samples with satisfactory results
(Supporting Information, Table S1). These data clearly show
that our strategy is effective for sensitive, selective, and rapid
electrochemical detection of proteins.

To demonstrate the general applicability of the proposed
strategy, a larger, more complex, and organized bioanalyte,
yeast cells with a diameter of circa 4 mm, was selected as
another model (Figure 3a). The chronopotentiometric
responses to yeast cells were recorded over a concentration
range of 100–5000 CFUmL@1 target yeast. The resulting
pulstrode responses and corresponding calibration plot are
shown in Figure 3b,c. As illustrated, the diffusion of the
indicator ion heparin can be inhibited by the recognition of
yeast cells. The proposed sensor exhibits a well-defined
concentration dependence suitable for yeast cell analysis with
a linear response in the concentration range of 100–

Figure 2. a) Crystal structure of the analyte trypsin and chemical
structure of the indicator ion heparin. b) Observed time-dependent
responses of the pulstrode chronopotentiometric sensor based on
mussel-inspired surface imprinting in the presence of 40 UmL@1

heparin in a background of 10 mm NaCl buffered at pH 7.4 with
a 0.01m phosphate buffer solution (PBS) after incubations with trypsin
at different concentrations for 10 min. Each step consists of 11 data
points sampled at a 22 s interval at the end of 1 s of the 5 mA
galvanstatic current pulse. c) Corresponding calibration curve of the
proposed sensor from the potential-time trace shown in (b). The
dashed line corresponds to the control test of NIP. d) Pulstrode
responses to trypsin, BSA, HRP, THR, and the mixture of these four
proteins. The concentrations of trypsin and the other proteins were
1 and 100 UmL@1, respectively. Error bars represent the standard
deviation for one electrode with three measurements.

Figure 3. a) SEM image of yeast cells. b) Pulsed chronopotentiometric
responses of the mussel-inspired surface-imprinted-layer-modified
sensor to varying concentrations of yeast cells. c) Corresponding
calibration plots. The dashed line shows the calibration curve for
control experiments. d) Selectivity of the proposed sensor towards
yeast over Escherichia coli (E. coli), Vibrio alginolyticus and Staphylococ-
cus aureus (SAR): 500 CFUmL@1 of yeast cells; 5000 CFUmL@1 of other
bacteria. Error bars represent the standard deviation for one electrode
with three parallel measurements. Other conditions are as given in
Figure 2b.
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1500 CFUmL@1 and a detection limit of 50 CFU mL@1 (3s, n =

7). This detection limit is much lower than those of PCR-
based conventional methods.[26] In contrast, control experi-
ments were also carried out to confirm that the observed
potential changes are due to the specific capture of yeast cells
to the MIP binding sites in the surface layer (Figure 3c). To
demonstrate the specificity, three bacteria were chosen as the
potential interferents including rod-shaped Vibrio alginolyti-
cus and Escherichia coli (E. coli) and spherical Staphylococcus
aureus (SAR). As shown in Figure 3d, the proposed sensor
exhibits an excellent selectivity towards the spherical yeast
cells over other bacteria even at higher concentrations (see
the Supporting Information). This successful electrochemical
determination of the much larger yeast cells demonstrates
that our proposed method is compatible with different
biospecies targets, indicating the high generality of the
method.

In summary, this study demonstrates that biological
analytes such as proteins and cells can be rapidly, sensitively,
and selectively detected without chemical labeling by using
the low-cost polymeric membrane ISEs, which have been
extensively used in clinical analysis. The proposed approach is
based on the blocking mechanism in which the recognition
reaction between the mussel-inspired surface imprinted
polymer and bioanalytes blocks the flux of the indicator ion
from the sample solution to the sensing membrane. The
proposed biomimetic sensing platform may have the potential
to quantify many other targets such as DNA or virus, even
tissues, through the use of suitable surface MIPs. This may
pave the way to using ISEs to detect and quantify a variety of
biological targets in clinical and environmental applications.
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