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Polypyrrole Based Molecularly Imprinted Polymer Platform for
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The present work describes the synthesis of molecular imprinting polymer (MIP) and electrochemical sensing of Klebsiella
pneumonia (K. pneumonia) bacteria by electrochemical technique. K. pneumonia has far reached ill effects on the human body,
hence it is essential to monitor its levels. A MIP platform based on polypyrrole (PPy) was developed for electrochemical sensing of
K. pneumonia to monitor its levels. The developed sensor has good sensitivity (3 μA ml CFU-cm−2), a low limit of detection
(LOD) of 1.352 CFU ml−1 in the linear detection range of 1 to 105 CFU per ml. The molecular imprinting was carried out by
polymerization of pyrrole in the presence of K. pneumonia and then removed the bacteria by ultrasonication to obtain the MIP. The
fabrication of electrodes is done by electrophoretic deposition (EPD) of MIP onto the hydrolyzed ITO-coated glass surface. The
detection was done by the electrochemical differential pulse voltammetry (DPV) technique. The synthesized final product is then
characterized by Fourier transform infrared spectroscopy (FTIR) technique to understand its structure and confirm the successful
synthesis of the desired MIP. The selectivity studies were performed against two other bacteria and different ions that are present in
healthy human urine. To check the applicability in real sample studies, spiked urine samples were used.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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K. pneumonia is a well-known gram-negative type opportunistic
pathogenic bacterium, belonging to Klebsiella spp. K. pneumonia
and asymptomatically colonize in the human intestine, skin, nose,
and throat where they do not cause any disease.1–3 It is mostly
present in the hospital environment such as in hospitalized
patients4–6 or in medical equipment such as bronchoscopy, duode-
noscopy, gastroscopy in intensive care unit7–11 etc. It is the main
cause of nosocomial infection and is characterized by bloodstream
infection, pneumonia, wound site infection, urinary tract infection,12

sepsis, bacteremia,13 and peritonitis14 mostly in older adults, new-
born infants, and immune-suppressed patients.15,16 Therefore, for
controlling the spread of these pathogenic bacteria, its determination
through rapid, sensitive and accurate identification method is
required.17 The detection of K. pneumonia bacteria involves tradi-
tional microbial culture-based test,18 PCR,19,20 antibody-antigen
interaction based techniques, and various analytical methods which
are shown in Table I, but these methods require long incubation
time, have complex and costly instrumentation and procedure, easy
contamination possibility, and also, they are unable to provide the
results in real-time which are the main limitations of these methods.

To overcome these issues, a rapid, inexpensive, simple technique with
high selectivity and sensitivity to distinguish between closely related
microorganisms must be developed for the detection of K. pneumonia.
Different approaches are used for the recognition of the deliberation of
the bacteria.26–29 MIP is one of the best effective alternative methods for
the recognition of microorganisms with improved sensitivity and good
selectivity because microorganisms having specific conformation and
structure can be imprinted with functionally and sterically opposite places
inside the MIP after the template removal. Besides the clearer
identification features of MIPs, their chemical and physical characteristics
are extremely alluring.30 Because of their highly cross-linked nature, they
show great stability, chemical and physical confrontation to various
external harmful effects even in extreme conditions like high tempera-
ture, high pressure, mechanical stress and can be stored for long time
periods. They can be used multiple times in excess with not damaging
the “memory effect.” They possess readily template-specific, three-
dimensional interaction sites inside the imprinted polymer.31–33 The
presence of cavities in the polymer matrix occurs due to the elimination
of the template compound. There is particular bonding and structure for

the template molecule to maintain in the cavity form in the polymer so
that the printed polymer selectively binds the template molecule. For the
development of MIP mostly conducting polymers are used for entrapping
the analyte as they possess good stability, electrochemical properties,
easy synthesis, and sensitivity.34

In this work, Polypyrrole (PPy) was used as the polymer matrix
for developing MIP. For the development of the sensor, oxidative
polymerization of pyrrole monomer in the presence of the template
i.e., K. pneumonia was carried out followed by the removal of the
template using sonication and washing with deionized water. The
MIP electrode was electrophoretically deposited on ITO coated glass
electrode. The sensing was done by the electrochemical sensing
method and analyzed using cyclic voltammetry and DPV curves.
The attained result of the study was compared with the literature
given in Table I. Results show this method overcomes some of the
disadvantages of previously reported techniques such as high
incubation time with poor sensitivity range, complex procedure,
and more time consuming as compared to the sensor developed with
the MIP method. Though, there is not a single report that exists on
the PPy-based MIP system for detecting K. pneumonia. Therefore,
there is a broad scope to develop a MIP-based sensing platform for
the detection of K. pneumonia.

Experimental

Materials.—Pyrrole (98%; purchased from Sigma Aldrich),
hydrochloric acid (HCl), and chloroform 99.5% (both purchased
from Qualigens) were used for the synthesis of PPy. Propane 2-ol
(99.7%; fisher scientific), acetonitrile (99.9%; Thomas baker), and
anhydrous ferric chloride (FeCl3) (98%; HI media) were used in this
procedure. HCl, potassium ferrocyanide (K4[Fe(CN)6]), potassium
ferricyanide (K3[Fe(CN)6]), sodium phosphate dibasic dehydrate
(Na2HPO4), and sodium phosphate monobasic dehydrate (NaH2PO4)
were obtained from Fisher Scientific. All the solutions were prepared
in DI water obtained from the Millipore water purification system.
Indium tin oxide (ITO) coated glass with 1.1 mm thickness and sheet
resistance of 25 ohm cm−2 purchased from Blazers (U.K) having a
transmittance of 90%. For the electrochemical response study, the
bacterial concentrations of different CFU values (1–10,0000 CFU)
were prepared.

Bacterial culture preparation.—All cell strains were cultured on
Mueller-Hinton (MH) agar plate at 37 °C in an incubator. Before thezE-mail: anilk@nii.ac.in; partima@mail.jnu.ac.in
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Table I. Comparative table of different methods used for the detection of K. pneumonia.

Methods Techniques Electrode Linear range LOD Sensitivity Response time References

LFTS assay — a glass fiber pad 103–107 CFU — > 104 CFU 15 min 21
ISFET sensors pH meter CMOS-based Lab-on-Chip platform 10–105 CFU — — 22
real-time PCR — 10–107 CFU 10 3 CFU 40 min 23

— — 105–108 CFU 10 7 CFU 24
Electrochemical Biosensor DPV Glass

carbon
electrode

Electrochemical Biosensor CV, DPV 3.4 × 103 CFU- 3* 107 CFU 107 CFU 60 min 25
graphene electrode 3* 107 CFU

E
C
S
Sensors

P
lus,

2022
1
010603



experiment, the primary and secondary cultures were prepared. For
primary culture, a single colony of bacteria was added to 5 ml of
broth media and left in an incubator at 37 °C for 24 h. For secondary
culture, 50 μl of primary culture is added into 5 ml of media and left
for 3 and a half hrs in the incubator at 37 °C. This fresh culture was
rinsed three times using PBS by centrifuging at 5000 rpm and 4 °C.
OD 600 was used to measure the cell density in a suspension.

Synthesis of MIP.—The synthesis of MIP of K. pneumonia was
done by the interfacial oxidative polymerization process by using
ferric chloride as an oxidizing agent. For this process two solutions
are prepared in different beakers, first one is 50 mM ferric chloride
solution (200 ml) containing 1 M HCl (20 ml) in which 1 ml of 0.5
OD K. pneumonia bacterial cells are added to it (known as aqueous
phase) and the second one is 1 M pyrrole added in 20 ml chloroform
(known as organic phase). For the interfacial polymerization, these
two solutions were mixed carefully and slowly by transferring the
aqueous phase solution in the beaker having pyrrole monomer
solution along the sidewalls of the beaker and kept undisturbed for
24 h at room temperature. After 24 h, the PPy polymer layer was
formed in between the oil and aqueous phases. The oil and aqueous
phases were pipetted out slowly and carefully to collect the PPy
polymer containing K. pneumonia cells. The unreactive residue of
pyrrole monomeric units and oxidant were removed by washing the
precipitate with DI and ethanol simultaneously and the washed
polymer was collected by filtration. The collected filtrate was
divided into two parts: the first part was dried and stored as it is
without any further washing and named as NIP + K. pneumonia and
another part was sonicated for 12 h continuously followed by
centrifugation at 5000 rpm for 20 min, washed with DI water and
dried at 60 °C overnight which was named as MIP. For the synthesis
of non-imprinted polymer (NIP) all the above steps were kept the
same except the addition of K. pneumonia cells. The final products
MIP and NIP were characterized by FTIR. For the electrode
fabrication by electrophoretic deposition-1 mg of MIP, NIP, and
NIP + K. pneumonia in 500 μl of isopropyl alcohol and 500 μl of
acetonitrile was taken in different vials and sonicated for 4 h. The
schematic diagram (Scheme 1) shows the overall synthesis and
identification of bacteria based on MIP.

Fabrication of electrode.—For the fabrication of electrodes via
EPD method ITO coated glass of 1.5 cm × 0.5 cm was used. For this
acetonitrile was used as an electrolyte or conducting liquid. The ITO

glass sheet was cleaned with ethyl alcohol and DI water, and
hydrolyzed these sheets by taking H2O2, NH3, and water solution in
1:1:5 volume ratios and placing the sheets in this solution at 70 °C
for 1 h and dried at room temperature. For electrophoretic deposition
of the electrode, dispersion of MIP, NIP was done in acetonitrile
with Mg ion used as a catalyst. For an electrochemical reaction, a
voltage of 50 V was applied. Due to the difference in potential
between electrodes, ions created at the electrode migrated to the
oppositely charged electrode, and the film was deposited on the ITO-
coated glass sheet. The schematic diagram (Scheme 1) shows the
overall synthesis and identification of bacteria based on MIP.

Results and Discussion

Fourier transformation infrared spectra (FT-IR) study.—
Figure 1 shows the FTIR spectrum of NIP and MIP samples.
There are changes in the bond vibrations observed in MIP as
compared to NIP as follows. In NIP the occurrence of a weak peak at
3400 cm−1 is assigned to the presence of N–H stretching vibrations
of the pyrrole ring. The weak band at 1800 cm−1 is due to C–H
stretching. The characteristic peak at 1600 cm−1 corresponds to the
C=C stretching and the peak at 1100 cm−1 is due to C–C stretching

Scheme 1. Schematic representation of the MIP formation and electrochemical response.

Figure 1. FTIR spectra of (i) NIP and (ii) MIP.
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confirming the formation of PPy.35 The FTIR spectra of MIP
samples after removing bacterial cells are recorded the same as in
NIP in the range of 4000 to 500 cm−1 to confirm polymerization. All
the peaks that are of NIP are matching in both cases. Although the
peak positions are the same, there is a change in shape and intensity
was observed. There are few extra peaks are also observed due to the
interaction between PPy and lipopolysaccharide, peptide bonds
present in the outer membrane of the bacterial cell. The peak we
get around at 900 cm−1, 1000 cm−1 and 1100 cm−1 which are due to
C–H stretching and CH out of plane deformation, vinyl indene bond
stretching, CN stretching in aromatic rings, and phosphorous oxy
acids respectively, which were of few bacterial cells remained in
MIP after removal.

Electrochemical study

Electrochemical behavior of MIP (K. pneumonia)/ITO elec-
trode at different pH of PBS solution.—The pH value has a
significant role in the electrochemical reaction between the analyte
and electrode. Therefore, 0.2 mM PBS buffer solution having
[Fe(CN)6]

3−/4− redox species at different pH values varying from 6 to
8 pH was used to see the effect of pH by the DPV curve in the potential
range from −0.8 to 0.8 on MIP/ITO electrode. As shown in Fig. 2a, the
peak current changes with the change in pH value. More specifically, the
electrochemical response of MIP gradually decreased as the pH
increased from 6.5 to 7.4 and then increased to pH 8.0. This study
showed that K. pneumonia cells (0.05 OD) interact more with imprinted
cavities at pH 8.0 by showing higher DPV peak current values.
Therefore, pH 8.0 buffer was used for further observations.

Response time study.—The time required to bind the analyte
molecule with the MIP surface depends on the incubation time. It
has an important role in the performance of the sensor. Therefore,
response time studies were analyzed by using DPV curve within the
time interval 0 to 12 min, and the peak currents are plotted in
Fig. 2b. This study was carried out with K. pneumonia bacteria cell
(0.05 OD) added to the buffer in an electrochemical cell containing
MIP and the DPV peak current was noted after every 3 min. It was
observed that the peak current decreased at 3 min and later there is
no significant change in the current. Therefore, it was concluded that
approx. 3 min is required for the interaction of the bacterial cell with
the MIP electrode. Thus, every reading of the response study after
introducing the bacterial cell was taken after 3 min.

Electrode study and scan rate.—To analyze the electroactivity of
NIP + bacteria/ITO, MIP/ITO, and NIP/ITO electrodes, the CV
(at scan rate 50 mV s−1) and DPV studies in the potential range of
−0.4 V to 0.6 V were carried out. Figures 3a and 3b showed the CV

and DPV current response of (i) NIP + bacteria/ITO, (ii) NIP/ITO
and (iii) MIP/ITO electrodes. It was observed that the peak current
of NIP/ITO and NIP with bacteria/ITO have almost the same current
with a slight increase in the peak voltage. Whereas, in MIP (iii), the
peak current was increased It was observed that the current increased
drastically for MIP/ITO electrode after the bacterial cell was
removed from the polymer matrix by simply washing and ultra-
sonication. This may be due to the formation of cavities on PPy after
the removal of bacterial cells. So, the electroactivity of the electrode
increased and thereby increasing the CV and DPV peak currents of
MIP. These changes in the peak current and FTIR study showed that
bacterial cell was successfully removed from the polymer matrix in
MIP.

The electrokinetics behavior of MIP/ITO electrodes was analyzed
by the CV study by changing the scan rate from 10 to 100 mV s−1.
This study gives an idea about the kinetics of the reaction which
occurs at the interface of the electrode and electrolyte solution
(Fig. 3c). Between the peak current Ipa (anodic) and Ipc (cathodic)
to the square root of √v there is a linear relationship observed as shown
in the inset of Fig. 3c which indicates the diffusion-controlled
electrochemical process which depends on the diffusion of electrolyte
species.36,37

The Ipa/Ipc ratio of the MIP electrode was found to be 0.80
indicating the irreversible electron transfer kinetics for MIP/ITO
electrode36,38 in the medium. The interface kinetic parameters of the
electrodes such as surface area (Ae), the electron transfer coefficient
(Ks) [calculated using Eq. 1], the surface concentration of absorbed
electroactive species (γ*) [calculated using Eq. 2], Diffusion
coefficient (D) [calculated using Eq. 3], were estimated to analyze
the movement of electrons. The Randles-Sevcik equation (Eq. 3)
determined the diffusion coefficient (D) as mentioned in the study of
Lakshmi et al.39

= / [ ]Ks mnFV RT 1

γ = / [ ]⁎ n4RTI F AV 2a
2 2

= /( × ) [ ]A n C VD I 2.99 10 3a
2 5 2 2 3 2

Where n = 1 for ferri-ferro buffer, F = 96485, R = 8.314,T =
300 K,V = 50 mV s−1.
C = concentration of buffer = 0.1 M.
A = area of the electrode.
m = Ea-Ec.

The obtained values are Ks = 0.519, γ* = 1.734*10−8, D =
1.46*10−12. The results show that there exists good conductivity for
charge transfer between the electrolyte and the electrode.

Figure 2. Electrochemical study of MIP electrode: (a) effect of pH. (b) Incubation time/response time study.
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Electrochemical Response Study

For the analysis of the electrochemical response, DPV is the
more suitable technique than CV because it has higher sensitivity.
Therefore, for the sensing of analyte (K. pneumonia bacteria), the
DPV technique was conducted on MIP/ITO electrode in the potential
range from −0.4 to 0.6 V at various concentrations of bacteria cells
from 1 CFU to 105CFU (1, 10, 100, 1000, 104, 105 CFU) with 3 min
incubation time at room temperature. From Fig. 4 (enlarge peak
position in inset of Fig. 4a), it was observed that as the concentration
of bacterial cells increased from 1 to 105 CFU, the peak current
decreased linearly and became constant (no change) after adding 105

CFU bacterial concentration. Hence, the 105 CFU concentration was
the saturation concentration because above this concentration
cavities on the MIP electrode were saturated and no further decrease
in current was observed. Also, the lowest limit of detection is 1 CFU
for the developed sensor. Figure 4b showed the calibration curve
with an error bar between the different concentrations of K.
pneumonia and the change in DPV peak current of MIP/ITO. The
sensitivity was calculated using the slope of the calibration plot/area
of the working electrode as 3 μA ml−1 CFU cm−2. The limit of
detection was calculated using 3σ/slope of the calibration plot as 1
CFU ml−1, where “σ” is the standard deviation of the intercept.

These results show that the detection of K. pneumonia bacteria
using this method is useful and better than other methods as
mentioned in Table I. The PPy prepared by oxidative polymerization
reaction has a positive charge along the polymer backbone, which
has the ability to entrap negatively charged bacteria from polymeric
film.40 Gram-negative bacteria have lipid, a thin layer of peptido-
glycan, lipid-protein bilayer in the outer membrane cell wall that
helps in the binding. So basically, the membrane contains proteins,

phospholipids, and lipopolysaccharides.41 This lipopolysaccharide
contains more charge per unit surface area than any phospholipids
due to the exposure of the carboxyl groups and phosphoric groups
which are readily ionized. So, this charge becomes anionic at a
slightly basic pH 8. Therefore, this outer membrane face of a
bacterial cell is highly charged, and additionally, the most necessary
property is the polymer backbone has a positive charge which
recompenses to the anionic molecule in the structure.42 Carboxylic,
hydroxyl, and phosphate are anionic functional groups that are
exposed to the outer cell membrane of gram-negative bacteria. Thus,
positive charge containing polymer entrapped bacterial cell through
hydrogen, Vander Waals forces and dipole-dipole interactions and
hydrophobic interactions.43 As these are weak interaction forces, the
template could be removed by ultrasonication for template- free
recognition site produced. When different bacterial concentrations
were added, the bacterial cells started interacting with PPy film, so
the electroactivity, as well as DPV peak current, decreased.

Both values are practically good and show the precision of the
consistency and accuracy of the sensor for real-time diagnosis. In
view of the fact that K. pneumonia bacteria are present in the urine,
the spiked detection in urine samples by this sensor will be helpful.

Control Study

This study shows the electrochemical behavior of NIP/ITO at
different OD (CFU) of bacterial cells and confirms the lack of the
reactivity of NIP electrodes with bacteria. As there are no specific
cavities present in NIP, it did not interact with the bacterial cell.
Figure 5a shows that as the CFU concentration increases, there is no
significant change in the DPV current of the NIP/ITO electrode. This
proved that on the MIP electrode surface, specific interaction was

Figure 3. (a) Comparative CV and (b) DPV study of: (i) NIP+ bacteria/ITO electrode, (ii) NIP/ITO electrode and (iii) MIP/ITO electrode. (c) CV curve of MIP/
ITO electrode at a and different scanning rates (10–100 mV s−1) in PBS buffer (pH 8) containing 5 mM feri/ferro mediator. Inset (c) shows the peak current (Ipa
and Ipc) with √v (top) and peak potentials with √v (bottom).
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involved between the K. pneumonia and imprinted active sites
(cavities).

Interference Study

Interference study gives an idea about the specificity of the sensor
which is an important and essential parameter to define the
performance as well as the characteristics of the sensor. For this,
different elements of human urine such as uric acid [0.03 g per ml],
potassium ions (K+) [0.25 g per100 ml], magnesium ion (Mg++)
[0.015 g per ml], urea [2 g per 100 ml] were used as interferents.
Also, other bacteria cells of Lactobacillus and E. coli (10 CFU each)
were also tested for interference. Figure 5b shows the DPV peak

current of MIP/ITO electrode with different interferents. As the
various interferents are added into the electrolyte, there is no
significant change in peak current observed. But upon adding the
10 CFU K. Pneumonia cells, the current decreased to 33 μA, with
the highest difference from that of other components, indicating that
the K. pneumonia cells are specifically interacting with the MIP/ITO.

Spiked Sample Study

For this study, a healthy human urine sample was collected and
spiked with K. pneumonia at different concentrations as used in the
response study. The spiked urine samples (20 μl each) were added to
the electrochemical cell and the DPV peak current was noted at each

Figure 4. (a) DPV current response of MIP/ITO electrode as a function of bacterial cell amount (1 to 105 CFU) (magnified view of peak current in inset). (b)
Calibration curve of the peak current with bacterial cell count (CFU) (mL CFU−1cm−2).

Figure 5. (a) Control study in NIP/ITO electrode via DPV peak current V/s bacterial concentration (1 to 105 CFU ml−1). (b) Interferents response on MIP/ITO
electrode. (c) Comparison of Spiked in peak current in MIP/ITO electrode with bacterial concentration. (d) Reproducibility study of MIP/ITO electrode.
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Table II. Recovery percentage and RSD % (relative slandered deviation) of K. pneumonia.

Bacterial cell added to the urine sample
(CFU)

DPV peak current for sensing
(μA)

DPV peak current for spiked sample
(μA)

Relative standard deviation
(RSD %)

Recovery
(%)

0 56.065 55.942 0.16% 99.781
1 54.102 54.102 0% 100
10 53.366 53.612 0.33% 100.46
100 51.956 53.366 1.89% 102.69
1000 51.5880 52.262 0.92% 101.3
10000 50.115 51.772 2.30% 103.3
100000 54.852 51.158 4.93% 93.26
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concentration (red) and plotted in comparison with response study
values (black) as shown in Fig. 5c. As the concentration of bacteria
(K. pneumonia) increased sequentially, the peak current decreased in
spiked samples. From the known concentration of spiked K.
pneumonia cells (1 to 105 CFU per ml), the relative standard
deviation (RSD) and the percent recovery were measured and shown
in Table II.

Reproducibility Study

To assure the reproducibility of electrodes, the electrochemical
behavior of five electrodes prepared in identical conditions with the
similar total area was studied using DPV. Figure 5d shows the DPV
peak current of different electrodes and found that, all electrodes
have comparable current values with an RSD of 1.84% indicating
the better reproducibility of the electrodes.

Conclusions

In the present study, MIP based electrochemical sensor for K.
pneumonia bacteria detection was successfully fabricated for the first
time using a conducting polymer polypyrrole (PPy). The MIP has
complementary cavities against the imprinted bacteria. The synthesis
of MIP has great attention due to the simple, cost-effective,
biocompatibility of the polymer matrix. Due to oxidative polymer-
ization reaction positively charged PPy formed along with the
polymer backbone chain which easily captured the negatively
charged bacteria inside polymeric film via electrostatic interaction
which is a weak interaction. Therefore, bacteria were easily removed
from the polymer matrix by ultra-sonication and then finally washed
with ethanol and DI. The morphological and functional character-
izations were performed by FTIR and DPV to check the incorpora-
tion and subsequent removal of bacteria. The fabrication of
electrodes for the detection of K. pneumonia bacteria using the
synthesized MIP was done by the electrophoretic deposition method.
The developed MIP-based sensor showed excellent sensitivity of
3 μA ml CFU-cm−2, LOD (limit of detection) 1.352 CFU ml−1, linear
detection range 1 to 105 CFU per ml. The sensitivity of the present
MIP may be further improved by changing the polymer monomers or
by incorporating some nanomaterials into the MIP matrix.
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