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Tsutomu Nagaokaa

Bacterial detection has attracted substantial interest in recent years owing to its importance in biology,

medical care, drug discovery, and public health. For such applications, bacterial cell-imprinting techno-

logies are regarded as potential methods, as they can fabricate artificial tailor-made receptors for cellular

recognition. In comparison to conventional methods, which generally require a few days for bacterial

determination, cell-imprinted polymers can save a substantial amount of time. Here, we report a high-

throughput bacterial detection method based on a cell-imprinted 96-well microplate. The fabrication of

the bacterial cell-imprinted polypyrrole and nafion complex was accomplished on a gold nanoparticle-

coated microplate. The cell-imprinted polymer complex on the microplate can spontaneously rebind and

specifically detect target cells with high selectivity in a short time frame (within 30 min). Furthermore, the

microplates could discriminate particular target Escherichia coli O157:H7 cells from bacterial mixtures.

This simple method may be used for a variety of applications such as clinical testing, food safety, and con-

tinuous environmental monitoring.

Introduction

Bacteria are an indispensable component of the world’s eco-
systems and are essential for the survival of mankind. Most
bacteria are helpful and/or have no effect on human health,
whereas a few cause severe disease.1 These pathogenic bac-
teria, including Anthrax bacillus, Yersinia pestis, Helicobacter
pylori, and Escherichia coli, have attracted substantial interest
because they are susceptible to causing infection and lead to
high mortality rates.2 Therefore, the rapid detection and
identification of pathogenic bacteria in foods, clinical
samples, and in the environment represents an effective
method for the prevention of epidemic outbreaks, and allows
the implementation of timely treatments and response
measures.3 However, the conventional colony counting
method, which allows for accurate bacterial identification, is
suboptimal in ensuring a rapid response to an epidemic, as it
requires a multistep process with long-term culturing time of
over 24 h. Therefore, nonculture-based methods such as
antigen–antibody assays, enzyme-linked immune-sorbent
assays (ELISA), fluorescence activated cell sorting, and cell-

imprinted polymers (CIPs) have been proposed.4 Among these
methods, CIPs, which are based on the molecular imprinting
technique, are useful for the fabrication of artificial receptors.5

This technique allows for the rapid formation of cavities that
bind specifically to the various desired targets. In contrast,
antibodies, which are naturally produced as conventional
receptors by the immune system, require several months to
produce.

Microplate methods that enable high-throughput screen-
ing are commonly used in ELISA, and represent the basis of
most modern medical diagnostic tests in humans and
animals.6 Recently, it was discovered that the combination of
molecular imprinting and microplates presented unforeseen
advantages. For example, Piletsky et al. have effectively
grafted epinephrine imprinted poly-(3-aminophenylboronic
acid), which acts as an artificial adrenergic receptor, onto
microplate wells for the determination of β-agonists.7 The
formation of the artificial receptor on the polymer increased
the affinity toward epinephrine and displayed high stability
and good reproducibility when compared to conventional
antibodies. Bi and Liu introduced a polymer-coated micro-
plate for imprinting α-fetoprotein, thus establishing a mole-
cular imprinted polymer (MIP)-based ELISA method that
exhibited excellent specificity, high binding strength, fast
equilibrium kinetics, and reusability.8 In addition, several
studies have revealed that the MIP method represents
an attractive alternative to conventional antibodies or
receptors.9
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Previously, we reported that cell-imprinted polypyrrole (PPy)
and nafion polymer complex-coated microspheres specifically
and spontaneously recognised target cells and were useful for
recovery and quantification.10 However, it was difficult to
evaluate the role of the polymer complex on the microsphere
surface owing to the 3-dimensional micrometer-sized substrate
characteristic. Moreover, quantification based on the light-
scattering of single microsphere was time-consuming, requir-
ing 5 hours at least. Based on these considerations, we pro-
posed that the generation of bacterial CIPs within microplate
wells may prove a very effective alternative, owing to the poten-
tial rapid signal acquisition, high-throughput detection, and
convenient operation process. Herein, we discuss the prepa-
ration of CIPs onto microplates for the rapid detection and
identification of bacterial cells.

Experimental
Materials and reagents

All chemical reagents were of analytical grade and used as sup-
plied without further purification unless indicated. Pyrrole was
obtained from Wako Pure Chemical Industries (Japan).
Nafion®117 and SYTO9® were purchased from Sigma-Aldrich
and Thermo-Fisher Scientific, respectively. Nutrient broth (NB)
was obtained from Eiken Chemicals (E-MC35, Japan).
Ultrapure water (resistance >18 MΩ) was used throughout this
study.

For safety reasons, the experiments were conducted using
genetically modified verotoxin-nonproducing E. coli PV856
(O157:H7), E. coli PV03-017 (O26:HNM), and E. coli PV01-198
(O26:H11) strains. E. coli K-12 (O Rough), Acinetobacter calcoa-
ceticus (no. 13006), and Serratia marcescens (no. 3736) were
acquired from the Biological Resource Center, National
Institute of Technology and Evaluation (NBRC, NITE, Japan).

Apparatus

Samples were imaged using a TM3030 (Hitachi, Japan) scan-
ning electron microscope, operating at an accelerating voltage
of 5 kV, and using multimode atomic force microscopy
(NanscopeIIIa, Veeco). Amino and carboxy group-functiona-
lised polystyrene 96-well microplates (MS-8696F and MS-8796F,
Sumitomo Bakelite, Japan) were used for all experiments.
Fluorescence intensities were collected via an ARVO
X3 multimode plate reader (PerkinElmer). Fluorescence and
bright-field images were obtained using an EVOS FL Auto
microscope (Life Technologies).

Bacterial culturing

All experiments involving bacterial cultures were executed in a
biosafety level 2 laboratory, designed and managed in accord-
ance with safety regulations. The E. coli O157:H7 strain was
cultured at 303 K for 18 h in NB agar broth. Similarly, colonies
were suspended in 30 mL NB liquid growth medium and cul-
tured at 303 K for 18 h. After centrifugation at 7000g for
15 min, the supernatant was removed. The pellet was resus-

pended into fresh phosphate buffer by shaking for 1 min. The
suspension was centrifuged using the same conditions
described above. These procedures were repeated three times.

Preparation of cell-imprinted microplates

An aminoethanethiol-coated gold nanoparticle (Au NP) dis-
persion (0.028 wt%, 0.40 mL, pH 2.8) was added into a well on
the microplate and incubated for 12 h at 298 K. Following the
removal of the dispersion and drying, 0.20 mL of 25 vol% of
aqueous ethanol containing 0.40 vol% nafion was added and
the microplate was shaken for 3 h. Next, pyrrole monomers
(108 mM, 25 µL) and the E. coli O157:H7 suspension (50 µL,
3.8 × 109 cells per mL) were added into the well and shaken for
30 min. Subsequently, polymerisation was induced through
the addition of a 120 mM ammonium persulfate solution
(25 µL) as an oxidant for 12 h at 298 K. Next, overoxidation was
achieved through the addition of 0.40 mL of a 0.10 M NaOH
solution into the well.11 After a 3 h incubation, the well was
washed with a large amount of ultrapure water until a neutral
pH was detected.

Non-imprinted polymer (NIP)-coated microplates were pre-
pared by following the steps described above without adding
the template cells.

Binding performance

Following the centrifugation of the E. coli O157:H7 suspension
at 7000g for 15 min, the pellet was resuspended into 1.0 mL of
phosphate buffer (pH 6.9). Next, the SYTO9 stain (5.0 µM,
1.0 mL) was added into the suspension for cell labelling. After
incubation for 30 min, the suspension was centrifuged at
12 000g for 30 min and the excess dye was removed by discard-
ing the supernatant. The pellet was resuspended in phosphate
buffer and the sample suspensions were prepared. A suspen-
sion of 0.10 mL of the E. coli O157:H7 cells labelled with
SYTO9 (40 − 1.9 × 107 cells per mL) was added into the CIP-
based wells. After incubation, the suspensions were removed
and washed with phosphate buffer to remove nonspecifically
bound cells. For each well, the fluorescence intensity at
535 nm was measured immediately and the number of cells
was counted by observation under fluorescence microscopy.

Results and discussion
Characterisation of the cell-imprinted polymer

Firstly, we attempted to deposit the cell-imprinted PPy onto a
carboxy group-functionalised microplate. Theoretically, PPy
which has a positively-charged backbone, should be favourably
formed on a negatively charged surface. However, the poly-
merisation proceeded only in the bulk solution, and no PPy
film was formed on the bottom and wall of the well
(Fig. S1A†). In the same manner, it was impossible to form the
PPy film on the inner surfaces of either amino group-functio-
nalised or unfunctionalised polystyrene microplates.

To modify the well surface, we used Au NPs, which can be
modified with various molecules. Fig. 1A shows a photograph
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of the Au NP-coated microplate. The Au NPs, which have a
positive zeta potential (+36 mV),12 interacted electrostatically
with the carboxy group-functionalised surface of the wells. A
uniform reddish coating of Au NPs, as revealed by localised
surface plasmon resonance (LSPR), was observed in all wells.
This indicated that the Au NPs bound dispersedly, rather than
as aggregates.

The thiol groups of aminoethanethiol molecules adsorb
onto the Au NP surface through chemisorption and form a
monolayer, whereas the amino group electrostatically interacts
with the polyelectrolyte nafion.13 During the nafion-modifi-
cation process, no apparent change in the LSPR of Au NPs was
observed. The formation of the PPy film on the inside wall of
the well is shown in Fig. 1B; the polymerisation proceeded
both in the bulk solution and on the wall. This indicated that
the pyrrole monomers were attracted, through electrostatic
interactions and hydrogen bonding, to the laminated inner
wall. Initiated by the presence of nafion, the polymerisation
proceeded preferentially on the surface of the inside wall of
the well, and the thickness of the PPy that resulted was in the
appropriate range for cell imprinting.10

Scanning electron microscopy (SEM) and fluorescence
imaging clearly demonstrated that the E. coli cells were
entrapped in the polymer complex layer, as shown in Fig. 2Aa.
Numerous fluorescent spots, indicating the SYTO9-labeled
E. coli cells, were observed (Fig. 2Ba). We have previously
reported the complete removal of bacterial cells by overoxidis-
ing PPy in an aqueous 0.10 M NaOH solution.14 Similarly, in
the current study, no cells remained in the polymer layer fol-
lowing overoxidation. This reaction efficiently removed the bac-
terial cells from the polymer layer and thereby exposed the
bacilli-like cavities, complementary to E. coli (Fig. 2Ab). As a
matter of course, the bacteria died in the strong alkaline
medium (pH 13). As the lipopolysaccharides, hydrophobic
lipid moieties, and membrane proteins in the outer membrane
were damaged and denatured, the outer membranes of the
cells were broken and disassembled. Thus, the cells were com-
pletely removed from the polymer layer following the overoxi-
dation process, and therefore no fluorescence signals were
observed (Fig. 2Bb). Furthermore, following observation of the
polymer-coated microplate using bright-field microscopy
(Fig. S2†), a marked difference was detected between before

and after overoxidation. The incident light was scattered by the
bacterial cells, which consist of 70% water, owing to the differ-
ence in the refractive index between water and the matrix
polymer complex. In contrast, the incident light passed
directly through the bottom of the cavities, without scattering.
Therefore, we found that the white spots had shrunk following
overoxidation.

Notably, no cracking or peeling of the polymer layer was
observed after overoxidation, suggesting that nafion is
sufficiently adhesive and forms a structurally robust inter-
twined network with PPy. To investigate the ability of target
cells to rebind the CIP-coated microplate, 100 µL of the E. coli
suspension (1.9 × 106 cells per mL) was added to the CIP-
coated microplate. After 1-hour incubation, the suspension
was removed and the well was washed with 0.10 mL phosphate
buffer. As observed in SEM and fluorescence images, cells
were spontaneously captured by the preexisting cavities
(Fig. 2Ac and Bc).

Fig. 3 shows the surface of the polymer complex, examined
by atomic force microscopy, before and after overoxidation. We
determined the area occupied by a single bacterial cell on the
surface of the polymer by estimating the length (2.2 µm),
width (0.95 µm), and height (0.49 µm) of the cells, which
resulted in a surface area of 3.8 µm2, on average. Following the
overoxidation of PPy, the size of the cavity was estimated as:
1.8 µm in length, 0.87 µm in width, and 0.12 µm in depth. The
surface area of the created cavity was calculated at 0.81 µm2,
on average. We concluded that approximately 18% of a cell was
buried in the polymer layer, as the surface area of one cell was
estimated at 4.4 µm2 (at a length of approximately 2.0 µm and
a diameter of about 0.65 µm). The surface area of the cavity
increased with the thickness of the polymer layer. The binding
affinity between the cavity and the cell might thus potentially
be enhanced by increasing the surface area of the cavity.

Optimisation of the thickness of the cell-imprinted polymer

Hydrogen bonding, chemisorption, and electrostatic inter-
actions in an organic–inorganic hybrid allow for the formation

Fig. 1 Photographs of (A) the Au NP-coated microplate and (B) the PPy
formed on the microplate.

Fig. 2 (A) SEM and (B) fluorescence images of the polymer complex
formed on the bottom of the well (a) before and (b) after overoxidation,
and (c) after incubation with the E. coli O157:H7 suspension (1.9 × 106

cells per mL).
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of a robust matrix for cell imprinting, and of a scaffold for cell
recognition, through the self-arrangement of functional
groups. To attain cell recognition with high accuracy, it was
therefore necessary to optimise the thickness of the polymer
complex. The formation of a shape-complementary cavity of an
appropriate thickness on the layer enhances the binding
affinity for target cells. To determine the optimal conditions
for the preparation of cell-complementary cavities on the
microplate, the concentration of the pyrrole monomer was
investigated (Fig. 4). Shallow cavities were observed on the
polymer complex when the concentration of pyrrole was less
than 27 mM. Conversely, some cells were fully covered by PPy
and buried deeply in the layer at a higher concentration of the
monomer (over 270 mM). In this case, many cells were
retained in the polymer layer following overoxidation. Thus, we
hypothesised that the size of the cavity that was formed on the
polymer complex when prepared at a pyrrole concentration of
108 mM and a nafion concentration of 0.40 vol% (Fig. S1B†),
was close to the dimensions of the original cells (refer to
Fig. 3). Therefore, the polymer complex layer formed under
these conditions was used in the following experiments.

Characterisation of binding performance

The binding affinity of the CIPs on the microplate for target
cells was investigated by using E. coli O157:H7 cells, labelled
with the SYTO9 membrane-permeant nucleic acid stain.15

Following incubation in the presence of the cells, the bacterial
suspension was removed and the fluorescence intensity on the
microplate was recorded using a plate reader. The fluorescence
drastically increased within 15 min and became constant after
30 min (Fig. 5A), which indicated that the CIPs captured cells
spontaneously. This spontaneous binding allows for a rapid
response and minimises the decrease in the fluorescence of
the dye. To determine the relationship between fluorescence
and number of bacterial cells, we employed a 1-hour incu-
bation using various concentrations of E. coli cultures.
Following the removal of the suspensions, the microplate was
washed with 0.10 mL of phosphate buffer.

Next, the fluorescence intensities on the microplate were
determined, as shown in Fig. 5B. The fluorescence intensity of
the CIP-coated microplate strongly depended on the number
of E. coli cells, and increased proportionally with the increaseFig. 3 (A) Atomic force microscopy images and (B) cross-sectional

profiles, corresponding to the polymer complex formed on the bottom
of the well (a) before and (b) after overoxidation.

Fig. 4 SEM images of the E. coli O157:H7 cell-imprinted polymer layer
formed on the bottom of well, at a pyrrole concentration of (A) 27 mM,
(B) 108 mM, and (C) 270 mM.

Fig. 5 (A) Time course of the fluorescence intensity on the CIP-coated
microplate. The number of the E. coli O157:H7 cells are indicated in the
figure. (B) Dependence of the fluorescence intensity of the CIP- and
NIP-coated microplates on the number of E. coli cells in the well (n = 3).
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in the number of the cells from 3.9 × 103 to 1.9 × 106 cells,
with a high correlation coefficient (R2 = 0.9713). The fluo-
rescence reached a plateau above 1.9 × 106 cells. Conversely,
no difference in the fluorescence intensity was observed
between 1.9 × 106 cells and 3.9 × 106 cells. This was attributed
to saturation of target cell rebinding into the cavity at 1.9 × 106

cells. By SEM observation, we estimated that a total of 4.8 ×
106 cavities were formed on each well. This indicates that 40%
of the total number of cavities formed on the polymer complex
functioned as recognition sites. From the intersection of the
intercept and the slope, we could also estimate that the limit
of detection was 5.1 × 103 cells. Moreover, we also counted the
number of cells on the well using fluorescence microscopy. At
the detection limit, the rebound cell number was counted at
approximately 2500 cells per well, corresponding to 50% of the
total number of cells in the suspension. Therefore, it was
found that there was equilibrium between target cells and
active cavities. Conversely, there was no fluorescence intensity
observed on the NIP-coated microplate. This indicated that
non-specific absorption of bacterial cells could be removed
easily through the washing step.

Selectivity

High throughput detection requires high selectivity as well as
rapidity. Therefore, we tested the E. coli O157:H7 cell-
imprinted polymer-coated microplate against suspensions con-
taining different types of bacterial cells, such as E. coli O26:
H11, E. coli O Rough, Serratia marcescens, and Acinetobacter cal-
coaceticus, at a concentration of 1.9 × 106 cells per mL. After
1-hour incubation, the respective suspension was removed
from the CIP-coated well. The fluorescence intensity of the well
(I) was measured using a plate reader. The intensity for the
target E. coli O157:H7 cells (I0) was approximately 20-fold
higher than that for the different types of bacteria, thus high-
lighting the specificity of the microplate, with an I/I0 < 0.06, as
shown in Fig. 6A. The number of cells captured on the CIPs
was also counted using fluorescence microscopy (Fig. 6B). It
was confirmed that the CIPs formed on the microplate pre-
sented a high cell-recognition ability that was based on their
specific binding characteristics.

To apply our technique toward high-throughput bacterial
detection, we prepared a cell-imprinted microplate using the
various types of bacterial cells as a template. After a 1-hour
incubation, the intensities obtained for the respective target
cells were higher than those for the different types of bacteria
(Fig. 6C). The selectivity, which was obtained from the fluo-
rescence intensity for the respective cell suspension divided by
that of the template cell, indicated over 10-fold preference for
the respective targets than for the different bacterial types.

It has been reported that the specificity of the polymer was
not only based on the size and shape of the cells, but also on
bacterial surface structures,16 as it was able to distinguish
between different strains of E. coli with similar sizes and
shapes. In the polymer complex, the functional groups
included in nafion (e.g., sulpho and fluoro) and PPy (e.g.,
amino, imino and carbonyl11,17) were arrayed through electro-

static interaction and hydrogen bonds on the inner surface of
the cavities.10 The array was formed when the template was
doped in the complex. The template information, including its

Fig. 6 (A) The uptake ratio (I/I0), obtained from the fluorescence inten-
sities, where I is the fluorescence intensity for the test strain and I0 is the
fluorescence intensity for the E. coli O157:H7 strain (n = 3). (B) The
uptake ratio (n/n0), calculated from the number of cells bound to the
microplate, where n indicates a test strain and n0 indicates the E. coli
O157:H7 strain (n = 3). (C) Selectivity of various types of cavity (n = 3).
The selectivity was calculated from the fluorescence intensity obtained
for the respective cell suspension divided by that of the template cell
(n = 3).

Table 1 Recovery of the CIP-coated microplate for mixtures of strains
(n = 3)a

Sampleb Bacterial cell Recoveryc %

Target E. coli O157:H7 100
Mixture 1 E. coli O157:H7 100 ± 11

E. coli O26:H11
E. coli O26:HNM
S. marcescens
A. calcoaceticus

Mixture 2 E. coli O26:H11 8.2 ± 3.9
E. coli O26:HNM
S. marcescens
A. calcoaceticus

a The recovery was calculated as I/I0 from the fluorescence intensity
obtained for mixtures (I) and the E. coli O157:H7 (I0) strain.

b The con-
centration of each cell in the suspension was 1.9 × 106 cells per mL.
c The fluorescence intensity of mixtures at 535 nm was recorded using
the plate reader.
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size and shape as well as the chemical structures of the
surface, could be accurately transcribed as molecular reco-
gnition sites on the complex. Therefore, the cavities interacted
with the targets at multiple points. Although functional
groups were also present outside of the cavity, their array did
not correspond to the template.

The selectivity of the CIP-coated microplate was further
investigated using an interference assay for mixture samples,
which included different types of bacterial cells (Table 1). We
found that the recovery of mixture 1 was approximately 100%,
indicating that the microplate could discriminate the target
strain from other types of strains. Conversely, the recovery of
mixture 2 was considerably decreased, as the E. coli O157:H7
strain was absent from this mixture.

Conclusions

In summary, we present an effective approach for bacterial
recognition using a cell-imprinted polymer complex formed on
a 96-well microplate. We observed a rapid (within 30 min),
highly-selective identification of bacterial cells. The polymer
on the microplate could discriminate the target strain from
other strains with high selectivity (approximately 20-fold),
which was caused by the accurate imprinting of 18% of the
surface structures of a single cell onto the polymeric film. The
chemical structure of the polymer complex provided an array
of functional groups and allowed for the formation of a shape-
complementary cavity. The resulting surface of the polymer
could bind target cells spontaneously, with a high accuracy
and specificity. This approach may represent an effective
alternative to conventional culturing or receptors, and it may
also lead to many novel developments in the field of life
sciences.
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