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Abstract
Acinetobacter baumannii (A. baumannii) which is one of the most problematic causative agents of nosocomial infections, 
worldwide, can severely cause morbidity and mortality within the healthcare community and present a particular threat to 
intensive care unit patients. The infection caused by these bacteria strains is a major cause for concern among healthcare 
professionals and is prompting changes in both antibiotic regiments and hospital disinfection techniques. Different protocols 
have been employed for the identification of samples or hospital equipment, colonized by A. baumannii, so that appropriate 
decontamination procedures can be carried out. In this work, we introduced a new diagnostic test for A. baumannii with 
a molecularly imprinted polymer (MIP). The MIP was carried out on the surface of the glassy carbon electrode applying 
the electropolymerization of the dopamine monomer with the template of A. baumannii. The electrochemical techniques, 
such as cyclic voltammetry and impedance spectroscopy, were performed in order to characterize the NIP and MIP modi-
fied electrode in the hexacyanoferrate redox system as an electrochemical probe. The sensor exhibited a linear range of 
102–107 CFU L−1 for detecting A. baumannii with a detection limit of 30 CFU L−1. This sensor was successfully used to 
test the recovery of A. baumannii in human blood serum samples. According to our knowledge, this is the first report on a 
MIP sensor to detect A. baumannii.
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Introduction

One of the members of the genus Acinetobacter, A. bau-
mannii, has recently been recognized as the main cause of 
antibiotic-resistant infections. Moreover, such resisting spe-
cies can lead to an outbreak in local diseases and environ-
mental pollution and can also play an important role in this 
outbreak. A. baumannii which is one of the worst pathogens 
in hospitals spreads infection at intensive care unit (ICU) 
around the world [1–4] The global mortality caused by A. 
baumannii in 2014 was approximately 35% [5]. The methods 
for the detection and identification of A. baumannii mainly 

include polymerase chain reactions (PCR) [6], culture-based 
assays [7], mass spectrometry [8] and fluorescence [9]. How-
ever, these methods are often time-consuming and difficult. 
Some patients lost the best treatment because they failed 
receiving prompt diagnosis. Therefore, finding a simple 
method and saving time are vital for the diagnosis of A. 
baumannii.

Lately, a combination of the molecularly imprinted 
technology with an electrochemical sensor, an important 
molecular diagnostic tool for increasing the ability to 
select electrochemical sensors, has been reported to be a 
good design strategy [10, 11]. MIP has sites that are highly 
selective ones containing the target molecule [12].In this 
sense, MIP is becoming an important analytical tool [13]. 
Moreover, MIP is polymerized in the presence of target 
molecules known as composite materials and has spe-
cific bonding sites for the targeting molecules [14]. After 
removing the target molecules by removing the physical 
methods or chemical elution, binding sites within the MIP 
become complementary, in structure and size, to the target 
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molecules to the extent that can specifically detect the target 
molecules [15, 16]. As compared to other techniques, elec-
tro-polymerization is remarkable for electrochemical analy-
sis due to its good reproducibility and ease of preparation 
[17, 18]. In this sense, a wide range of molecules and mac-
romolecules can be imprinted [19–21]. In this research, the 
electrochemical sensor based on A. baumannii-imprinted 
polydopamine(PDA) was described. This sensor was a very 
selective and sensitive electrochemical sensor for A. bau-
mannii in the real sample.

Experimental

Instruments and reagents

Dopamine and K4[Fe(CN)6]/K3[Fe(CN)6] were used without 
any further purification, and all other reagents were pur-
chased from Merck (www.merck​.com) or Fluka. A. bauman-
nii, Escherichia coli, Klebsiella pneumoniae, Salmonella 
enteritidis, Pseudomonas aeruginosa and Shigella flexneri 
were provided by the Department of Microbiology Ilam Uni-
versity, Iran.

Differential pulse voltammetry (DPV), cyclic voltam-
metry (CV) and impedance spectroscopy (EIS) measure-
ments were carried out with µ-AUTOLAB electrochemical 
analysis. In all experiments, a solution in 0.1 mol L−1 KCl, 
5 mmol L−1 [Fe(CN)6]3−/4− was used. Ag/AgCl electrode 
as the reference, a modified glassy carbon electrode (GCE) 
as the working electrode and a platinum wire as the counter 
electrode were used. EIS measurements were used within the 
frequency range of 0.1–10 kHz with 5 mV amplitude. Field 

emission scanning electron microscopy (FE-SEM) was used 
to study the surface morphology of the samples (Model: 
Hitachi S4160).

Preparation of the sensors molecularly imprinted 
polymer

The GCE was cleaned with alumina powder. The GCE 
was then sonicated in a mixture of water and ethanol. 
During the next stage, the bare GCE was performed by 
the polymerization of dopamine monomer according to 
the article [22]. Briefly, electropolymerizing conditions 
were performed to phosphate buffer (PB) solution (pH 
7.4), containing 0.05 M dopamine and 107 CFU L−1 A. 
baumannii, which was then degassed with nitrogen for 
10  min. Electropolymerization was performed using 
cyclic voltammetry by 13 cycles, − 0.5 to 0.5 V versus 
Ag/AgCl, scan rate of 20 mV s−1. Finally, electrodes were 
rinsed with water and, then, washed 2 h in order to remove 
the template in the washing solution (0.01 M SDS and 
10 mM HNO3 in water) with stirring. As a control, a non-
imprinted polymer modified electrode (NIP) was prepared 
in accordance with the same method and without the tem-
plate. The schematic representation for the fabricated MIP 
and the assay protocol for A. baumannii detection were 
given in Scheme 1.

Bacteria preparation

A fresh colony from each bacterial was taken and cultured 
on Luria–Bertani (LB) broth and, then, incubated at 37 °C 
for 18 h. Afterward, the concentration of the culture was 

Scheme 1   The electrochemical polymerization of the MIP film, the elution and detection process of the sensor

http://www.merck.com
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adjusted to 0.5 McFarland turbidity (107 bacteria) in mL. 
The serial dilution (102, 103, 104, 105, 106 and 107) was 
made using PB solution (pH 7.4). Moreover, P. aeruginosa, 
E. coli, S. enteritidis, S. flexneri and K. pneumoniae were 
used to investigate the sensor specificity.

Results and discussion

Electrochemical characterization

The step-by-step morphological structures of the elec-
trodes modified by FE-SEM were investigated. As shown in 
Fig. 1a, the FE-SEM displays a uniform MIP film distributed 
on the surface of the electrode. Figure 1b illustrates that after 
washing A. baumannii at the MIP/GCE surface, the SEM 
image of the electrode was obtained with many pores in the 
MIP/GCE surface.

The CV technique was described for the electrochemical 
behavior of MIP/GCE and NIP/GCE in solutions containing 
5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] and 0.1 M KCl (Fig. 2a). 
In this sense, the bare GCE illustrates (curve a). After elec-
tropolymerization, the peak current decreased significantly 

(curve b). This shows that the polymerization has occurred. 
When the modified electrode was immersed in sodium dode-
cyl sulfate (SDS) (0.01 M)/HNO3 (10 mM) for 2 h, outgrowing 
peaks for [Fe(CN)6]3−/[Fe(CN)6]4− were improved because 
the cavity has been created on the surface of the electrode 
resulting from the removal of the template (curve c). The elec-
trochemical behavior of the [Fe(CN)6]3−/[Fe(CN)6]4−,after 
removal, on NIP/GCE was also investigated. As shown in 
(curve d), the NIP/GCE curves have no apparent differ-
ences. After incubating the MIP/GCE in A. baumannii 
102 CFU mL−1 solution for 70 min, A. baumannii was again 
absorbed into the copolymer film and, then, the peak current 
decreased (curve e).

EIS is an efficient tool for studying the interface proper-
ties of the modified electrodes; the half-rotating impedance 
diameter is equal to the electron-transfer resistance (Rct). 
Figure 2b shows the EIS of (curve a) the bare GCE. In addi-
tion, after electropolymerization, a very high-frequency 
semicircle (curve b) was obtained. This may indicate that 
there is a non-conductive layer on the surface of the elec-
trode (MIP/GCE). When A. baumannii was removed from 
the electrode surface, by the washing solution, the semicir-
cular resistance was decreased. This means that the elec-
tron-transfer has become easier as pores at about the size of 
A. baumannii were created on the surface of the modified 
electrode (curve c). The electrochemical behavior of the 
[Fe(CN)6]3−/[Fe(CN)6]4−, after the removal on NIP/GCE, 
was not changed in a semicircle frequency as it was simi-
lar to (curve d). Afterward, the semicircle increased after 
rebinding the template in the MIP (curve d), indicating that 
the MIP film was successfully prepared. These results are 
consistent with the CV curve and confirm that there are cavi-
ties formed during the electropolymerization in the presence 
of the template.

Electrochemical response of the proposed MIP to A. 
baumannii

Under the optimized experimental conditions, the MIP 
response to an increase in the concentration of A. bauman-
nii is shown. As seen in Fig. 3a, increasing the concentra-
tion of A. baumannii increases the semicircular resistance 
(Rct). According to the concentration of A. baumannii in a 
linear range; 102 to 107 CFU mL−1, the linear equation could 
be depicted as ΔRct = 5.7755 [A. baumannii] (CFU ml−1) 
+ 2.1669, the correlation coefficient (R2) was 0.9726 and 
its detection limit was 30 CFU mL−1 as shown in Fig. 3b 
(based on S/N = 3). In this sense, it is in Table 1 that the 
sensor is compared to other methods for the detection of A. 
baumannii. 

Fig. 1   SEM photographs of the MIP/GCE before (a) and after (b) 
elution the A. baumannii 
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Fig. 2   (A) CV results of bare 
GCE (a), dopamine elec-
tropolymerization (b), the A. 
baumannii were removed (c), 
NIP/GCE after in anelution (d), 
and MIP/GCE after rebind-
ing with A. baumannii (e). (B) 
Nyquist plots of bare GCE (a), 
dopamine electropolymeriza-
tion (b), the A. baumannii was 
removed (c) and MIP/GCE after 
rebinding with A. baumannii 
(d). In a 0.1 M KCl, 5 mM of 
[Fe(CN)6]3−/4− solutions

Fig. 3   EIS results for the MIP/
GCE exposed with different 
concentration of A. bauman-
nii including (a) 102, (b) 103, 
(c) 104, (d) 105, (e) 106 and (f) 
107 CFU mL−1 and its calibra-
tion plot for ΔR versus Log 
(concentration) of A. bauman-
nii in 5.0 mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1:1) in 
0.1 mol L−1 KCl. EIS was 
performed in a frequency 
range of 100 kHz to 0.05 Hz 
(EDC = 0.23 V)
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Selectivity, repeatability and incubation time 
of the sensor

The selective method is very important in an electrochemi-
cal sensor for template recognition and the detection based 
on molecularly imprinted polymer. Herein, 105 CFU mL−1 
solutions of P. aeruginosa, E. coli, K. pneumonia, S. ente-
ritidis and S. flexneri are chosen to check the selectivity in 
this sensor. As shown in Fig. 4, the response of A. baumannii 
at MIP/GCE electrode indicated that A. baumannii can be 
detected in the presence of other bacteria. The repeatabil-
ity of the sensor was investigated using the EIS method in 
5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] redox probe. This sensor 
was immersed in 102 CFU mL−1 A. baumannii solution and 
repeated for 5 electrodes. The relative standard deviation 
(RSD) of 4.2% was calculated for the sensor, which showed 
the appropriate value Fig. 5. In order to measure the effects 
of incubation, the time span from 0.5 to 3 h was studied. In 
an incubation time from 0.5 to 2 h, DPV response increased 
and, then, remained constant as shown in Fig. 6.

Table 1   Comparison of the 
method with other methods for 
detection of A. baumannii 

Method Linear dynamic range 
(CFU mL−1)

LOD (CFU mL−1) colony-
forming-unit

Reference

Fluorescence 1 × 104–5 × 107 2.3 × 103 [9]
Aptamer assay 100 [23]
Tail fiber protein-immobilized 

magnetic nanoparticle
104–105 [24]

In this study 102– 107 30 –

Fig. 4   Selectivity of the MIP/
GCE sensor for A. bauman-
nii detection. EIS response 
of the MIP/GCE incubated in 
105 CFU mL−1 solutions of A. 
baumannii, P. aeruginosa, S. 
flexneri, S. enteritidis, E. coli 
and K. pneumonia. Conditions: 
all of the bacterial solutions 
were prepared in PB solutions 
(0.1 mol L−1, pH 7.4)

Fig. 5   Histogram of the ΔR response for 5 electrodes which modi-
fied under the same conditions (5 mmol L−1 [Fe(CN)6]3−/4− (1:1) in 
0.1 mol L−1 KCl. EDC = 0.23 V). The error bars represent the standard 
deviation of three experiments
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A. baumannii measurement in real samples

Measuring the real sample is an important factor in the 
electrochemical sensor. Human blood serum samples 

were prepared from a local clinical laboratory to evalu-
ate the application of the proposed measurement system 
for real sample analysis. EIS technique and the standard 
addition method were used for A. baumannii detection. 
During the first step, the concentration of A. baumannii 
was adjusted to 0.5 McFarland turbidity. The blood serum 
sample was then diluted 5 times with PB solutions (0.1 M, 
pH 7.4). Afterward, we spiked the diluted serum samples 
with different concentrations of A. baumannii 102, 104 and 
106 CFU mL−1. The obtained recoveries for the spiked anti-
gen concentrations were in the range of 99.3 to 106.8%. 
The results in Table 2 show that, in this study, a sensor can 
be used to identify A. baumannii in real samples. In addi-
tion, PCR was performed for sensor validation as well as 
its sensitivity, Fig. 7.

Conclusion

In this study, the modified electrochemical sensor with PDA 
imprinted film for simple, rapid and direct detection of A. 
baumannii has been developed for the first time. The PDA 
copolymer which modified the electrochemical sensor gave 
powerful polymer capacity and performance. The cavities 
made in the imprinted films represent a favorable selection 
of A. baumannii. In addition, this method is very easy to be 
prepared and can be used as a simple diagnostic method for 
other bacteria.

Fig. 6   Influence of elution time in 0.01  M SDS and 10  mM HNO3 
in water on the response of a MIP/GCE b NIP/GCE sensor in 5 mM 
[Fe(CN)6]3−/4− solution

Table 2   Detection of A. baumannii in some real samples (n = 3)

Sample Added value 
(CFU mL−1)

Detected 
(CFU mL−1)

Recovery (%) RSD (%)

1 102 9.93 × 101(± 0.04) 99.3 4.5
2 104 1.007 × 104(± 0.13) 100.7 4.8
3 106 1.068 × 106(± 0.05) 106.8 5.7

Fig. 7   PCR detection of the 
O-antigen acetylase gene in A. 
baumannii. The presence of 
the 400 bp amplicon indicates 
positive result for A. bauman-
nii at different concentra-
tions: lane M, 100 bp DNA 
size marker; lane 1, negative 
control; lane 2, positive con-
trol; lane 3, 102 CFU mL−1; 
lane 4, 103 CFU mL−1; lane 
5, 104 CFU mL−1; lane 6, 
105 CFU mL−1; lane 7, 
106 CFU mL−1; and lane 
8,107 CFU mL−1
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