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Abstract
The detection of acyl homoserine lactones (AHLs) can render their use as biomarkers and it may provide a chance to fight 
against food contamination and bacterial pathogens. For this purpose, in this study, an electrochemical biosensor was designed 
for the detection of AHLs to prevent harmful bacterial activities. The electrochemical biosensor was constructed by coating 
of zinc phthalocyanine bearing stabile TEMPO radical groups (TEMPO-ZnPc) on a glassy carbon electrode (GCE) and it was 
utilized for AHL detection. GCE/TEMPO–ZnPc electrode acted as amperometric biosensor for 3-oxo-C12-HSL,  C10-HSL, 
 C8-HSL,  C6-HSL, and  C4-HSL molecules, the sensor electrode only selectively sensed 3-oxo-C12-HSL molecule among the 
tested AHL molecules. The sensing measurements showed that 3-oxo-C12-HSL produced by Pseudomonas aeruginosa was 
detected between 2.32 × 10–6 and 39.9 × 10–6 mol dm−3 concentrations with 1.8 × 10–6 mol dm−3 limit of detection (LOD) 
in water. Additionally, the electrochemical biosensor was successfully applied for the detection of AHLs in milk samples. 
The sensing results indicated that GCE/TEMPO–ZnPc electrode can be used as rapid, sensitive, and selective biosensor for 
the detection of foodborne pathogens.
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Introduction

In recent years, foodborne pathogens have great importance 
for public health since they cause food contamination, 
severe foodborne infections, and also deaths in some cases 
[1]. The Centers for Disease Control and Prevention (CDC) 
reported 9.4 million illnesses, 56,961 hospitalizations, and 
1351 deaths per year due to 31 known foodborne pathogens 
in US. These foodborne infections can also cause long-term 
complications [2]. To overcome this problem, several studies 

focused on controlling these pathogens and developing alter-
native strategies because they can easily develop resistance 
to antimicrobials [1].

An important problem in the food industry is the micro-
biological contamination of processing equipment [3]. It has 
been reported that contamination of milking equipment may 
arise from the washing process due to the possible presence 
of contaminants in water. Also, contamination problems may 
occur in packaging processes. For example, it was indicated 
that prolonged storage of raw milk gave rise to the growth 
of psychotropic bacteria, particularly Pseudomonas spp.[4, 
5]. Unfortunately, controlling these contaminant bacteria in 
food processing cannot be achieved effectively due to the 
presence of biofilm formation. It was demonstrated that 
some Gram-negative bacteria (Aeromonas spp., Serratia 
marcescens, and Pseudomonas spp.) may form biofilms on 
several surfaces such as glasses, plastics, and food such as 
meat (red pigmentation) and green-leafy vegetables [5–9]. 
Furthermore, there is a major risk of cross-contamination 
due to biofilm formation. Therefore, biofilm formation must 
be taken into consideration for the prevention of food con-
tamination. Many pathogenic bacteria utilize QS system, a 
communication mechanism of bacteria with others, 
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to control their virulence factors and biofilm formation via 
small diffusible signaling molecules [9–11]. In Gram-nega-
tive bacteria, these molecules are called N-acyl homoserine 
lactones (AHLs) and vary in the length (4–18 carbon atoms) 
and substitution at the C-3 position of acyl side chain.  C4, 
 C6, and  C8 homoserine lactones (HSLs) are known as short-
chain carbon AHLs, whereas  C9,  C10,  C12, and 3-oxo-C12 
homoserine lactones are known as long-chain carbon AHLs 
[11–14]. When the concentration of these signaling mole-
cules reaches a threshold level, bacteria alter their group 
behaviour due to their population density. QS-mediated sev-
eral features play a major role in bacterial pathogenicity 
[15–17]. It has been reported that P. aeruginosa pathogenic-
ity is associated with 3-oxo-C12-HSL and  C4-HSL produc-
tion. Also, Aeromonas spp. and Serratia spp. may form bio-
film through the production of  C4-HSL and  C6-HSL [18–20]. 
In this respect, AHLs may be utilized as potential biomark-
ers and may serve as an alternative strategy for the preven-
tion of food contamination by Gram-negative bacteria. The 
conventional plating techniques are commonly used methods 
for the detection of foodborne pathogen, but they require 
more time (days to a week) and effort [21, 22]. Foodborne 
pathogens can be also monitored by further developed rapid 
detection methods which are categorized into nucleic acid-
based, biosensor-based, and immunological-based methods 
[21]. However, these methods have some important limita-
tions. For example, nucleic acid-based methods (simple 
PCR, multiplex PCR, real-time PCR, NASBA, LAMP, oli-
gonucleotide DNA microarray) have mostly high specificity 
and sensitivity but generally, they have high costs and 
require trained personnel. These nucleic acid-based assays 
give results within 5–12 h [22–24]. Distinguishing between 
viable and non-viable cells in polymerase chain reaction 
(PCR) methods can be sometimes difficult. Immunological 
methods detect foodborne pathogens on the basis of interac-
tions between particular antibody and specific antigen using 
polyclonal and monoclonal antibodies. The sensitivity and 
specificity of immunological methods are determined 
according to the binding potential of the antibody to antigen 
[22]. Enzyme-linked immunosorbent assay (ELISA) has 
several disadvantages such as low sensitivity, possibility of 
false-negative results and cross-reaction with antigens, 
requirement for pre-enrichment to produce the cell surface 
antigens, and labeling of antibodies or antigens. Addition-
ally, degradation of an enzyme or antibody because of high 
temperature and changing pH is one of the problems that can 
be encountered [23–26]. A number of new strategies are 
needed to overcome the shortcomings of these methods to 
detect foodborne pathogens with cost- and time-effective, 
accurate measurements, not being affected by environmental 
factors, with high specificity and sensitivity [27]. Biosensors 
are analytical devices used for the detection of biological 
analytes. Biosensors typically include a biological 

recognition element, a target compound, and a transducer. 
The response is converted into a detectable signal by a trans-
ducer and analyte concentration can be obtained. Electro-
chemical, optical, mechanical, and calorimetrical measure-
ments can be performed by biosensors. High sensitivity and 
selectivity, stability against environmental conditions (tem-
perature, pH, etc.), repeatability, simplicity of preparation, 
and time and cost effectiveness are essential properties for a 
biosensor. Also, biosensors do not require sample pre-
enrichment in contrast to others [21, 28]. The working prin-
ciple of immunosensors is generally based on immobilizing 
antigen–antibody to the transducer surface and converting 
the changing parameters into a detectable electric signal. 
Unfortunately, antigen–antibody reaction can be easily 
affected by environmental changes. It has been documented 
that effective detection of foodborne pathogens could be 
achieved by electrochemical biosensors and they were con-
siderably fast, highly sensitive, and useful [29–32]. Recently, 
several electrochemical sensors were reported for AHL 
detection in the literature [33, 34]. However, there is not a 
study on the selective sensing of an AHL molecules among 
different once. For instance, W. Fang and coworkers reported 
a novel screen-printed mast cell-based electrochemical sen-
sor for detecting N-3-oxododecanoyl homoserine lactone 
 (3OC12-HSL) using electrochemical impedance spectros-
copy (EIS) and they sensed  3OC12-HSL in the range of 
0.1–1 μM with the detection limit of 0.094 μM. However, 
they used rat basophilic leukemia (RBL-2H3) mast cells 
encapsulated in alginate/graphene oxide (NaAgl/GO) hydro-
gel as recognition element and they did not report a selectiv-
ity test among different AHL molecules [33]. Similarly, Leo 
and coworkers reported a review based on the recent pro-
gress and applications of various electrode constructions in 
electrochemical biosensors for foodborne bacterial pathogen 
detection and they discussed the status and future prospects 
of electrochemical biosensors [34]. Slow response time, 
interference effects, low accuracy of measurements, and 
selectivity were reported as the main disadvantages of the 
reported electrochemical biosensors. Moreover, these bio-
sensors provide bioreceptors, such as antigen–antibody, 
enzymes, DNA, bacteriophages, and cell structure or cells 
immobilized on an electrochemical transducer. The high cost 
and chemical and thermal instability of these bioreceptors 
are reported as the main challenge of these type sensors. To 
overcome the basic disadvantages of the electrochemical 
biosensors, it is suggested that the following four major fea-
tures must be necessarily provided in an electrochemical 
biosensor: the stability of measurement, repeatability of the 
tests, high sensitivity, rapid applicability, and specificity to 
target molecules. Therefore, here we aimed to provide the 
desired properties of an electrochemical biosensor for the 
detection of AHL molecules. For this purpose, we con-
structed a metallophthalocyanine (MPc)-based 
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electrochemical biosensor, which acts as biomimetic biore-
ceptor. Therefore, MPc biosensors are widely used in elec-
trochemical sensors due to their unique optic, catalytic, 
redox, and structural properties. In our previous paper, we 
have reported the synthesis, electrochemical responses of 
TEMPO–ZnPc (2,2,6,6-tetramethyl-1 piperidinyloxy 
zinc(II) phthalocyanine), and sensor application of ascorbic 
acid [35]. TEMPO–ZnPc illustrated multi-electron reversi-
ble reduction and oxidation processes, which indicated its 
redox functionality in various electrochemicaltechnologies, 
such as electrochemical sensor applications. Therefore, we 
reported its activity for the sensing of ascorbic acid selec-
tively. Here we aimed to investigate its possible usage as 
AHL sensor. To eliminate the disadvantages of reported 
electrochemical sensors mentioned above, we used 
TEMPO–ZnPc as the biomimetic receptor molecule for 
AHL detection instead of the bioreceptors in the electro-
chemical biosensor. Electrode modification techniques deter-
mine selectivity and sensitivity of a sensor in electrochemi-
cal sensor studies. Electrode conductivity and sensor 
properties can be improved by various electrode-coating 
techniques such as electropolymerization, cast film forma-
tion, and click electrochemistry [36–39]. We selected cast 
film formation technique to modify the surface of the 
electrode.

Experimental

Materials

The experimental studies are carried on with high-purity 
chemicals. Dimethylsulfoxide (DMSO) (Merck, K38436331 
807, 99.9% purity) and ultra-pure water (≥ 18 MΩ cm, 
Milli-Q, Millipore) are used as solvents. Tetrabutylammo-
nium perchlorate (TBAP) (Fluka Analytical, 86,893, ≥ 99% 
purity) and lithium perchlorate (Aldrich, 431,567-50G) are 
used as ion carrier reagents in the solutions. TEMPO-ZnPc, 
(Zinc (II) phthalocyanine peripherally functionalized with 
2,2,6,6-tetramethyl-1 piperidinyloxy (TEMPO) radicals) was 
synthesized. N-Hexanoyl-dl-homoserine lactone (≥ 97.0% 
HPLC), N-octanoyl-dl-homoserine lactone (≥ 97.0% 
HPLC), N-decanoyl-dl-homoserine lactone (≥ 97.0% 
HPLC), N-butyryl-dl-homoserine lactone (≥ 97.0% HPLC), 
and N-(3-oxododecanoyl)-l-homoserine lactone were pur-
chased from Sigma-Aldrich.

Preparation of AHL molecules

N-Butyryl-dl-homoserine lactone (Sigma-Aldrich, ≥ 97.0% 
HPLC) produced by foodborne pathogen Aeromonas spp. 
and P. aeruginosa, N-hexanoyl-dl-homoserine lactone and 
N-octanoyl-dl-homoserine lactone, produced by foodborne 

Serratia marcescens, 3-oxo-C12-HSL produced by Pseu-
domonas aeruginosa were used in our study. A range from 
 C4 to 3-oxo-C12 AHLs were purchased from Sigma-Aldrich 
and stored at − 20 °C. AHL molecules were diluted with 
DMSO to prepare 0.01 mg/ml stock solution which was uti-
lized for the sensor test.

Electrochemical measurements

The electrochemical applications and measurements were 
made with a potentiostat (GAMRY Instruments, Reference 
600 Potentiostat/Galvanostat/ZRA) utilizing a three-elec-
trode cell configuration at 25 °C. For cyclic voltammetry 
(CV), square wave voltammetry (SWV) and electrochemical 
impedance spectroscopy (EIS) measurements, the working 
electrode was a bare or modified glassy carbon electrode 
(GCE) with a surface area of 0.196  cm2. A Pt wire was used 
as the counterelectrode. Saturated calomel electrode (SCE) 
was employed as the reference electrode and separated from 
bulk of the solution by a double bridge. SWV measurements 
were performed in 0.1 mol dm−3  LiClO4 aqueous solutions. 
During electrochemical impedance spectroscopy (EIS) 
measurements 0.01 mol dm−3 ferrocene was added to the 
electrolyte as a redox mediator. The system was purged with 
high-purity nitrogen for at least 15 min prior to each run to 
remove dissolved oxygen and to maintain a nitrogen atmos-
phere over the solution during the measurements.

Electrode modification and sensor measurements

Modified electrodes were prepared with cast film coating 
technique. In this modification, 5.0 µl of 5.0  10–4 mol dm−3 
of TEMPO–ZnPc solution was dropped on the surface of the 
glassy carbon electrode (GCE) and then the electrode was 
dried in Pasteur oven at 60 °C (Electro-Mag M-3025 P). The 
modified electrode (GCE/TEMPO-ZnPc) was washed with 
distilled water and used as the sensor electrode.

CV and SWV responses of GCE/TEMPO–ZnPc elec-
trode were recorded during the titration of the electrolyte 
with AHL molecules to determine sensing activity of the 
modified electrode. 0.10 mol dm−3  LiClO4 aqueous solu-
tion was used as the electrolyte of the electrochemical 
measurements in the electrochemical cell of three-electrode 
cell configuration. GCE/TEMPO–ZnPc was used as the 
working electrode, and Ag/AgCl and Pt wire were used as 
the reference and counter-electrodes, respectively. Before 
sensing measurements, blank tests of the working electrode 
were carried out with CV, SWV, CA, and EIS techniques 
sequentially to determine stability of the working electrode. 
When the responses of blank measurements reached a steady 
state, AHL solutions were gradually added with increasing 
amounts. Then all electrochemical measurements with CV 
and SWV were carried out again in a sequential manner.
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To determine practical usage of GCE/TEMPO–ZnPc 
electrode as AHL sensor, electrochemical responses of the 
modified electrode were tested in AHL-contaminated milk 
samples. First, 10 ml of package milk was sterilized for sen-
sor test. 4 ml of sterilized milk containing 0.10 mol dm−3 
tetrabutylammonium perchlorate (TBAP) was transferred 
into electrochemical cell. The redox responses of GCE/
TEMPO–ZnPc electrode were tested in the milk solu-
tion before sensing measurements. The redox peak of the 
electrode at 0.72 V behaved almost chemically stable and 
retained 92% of its initial peak current after ten successive 
SWV scans. After this point, the electrolyte was titrated 
with 3-oxo-C12-HSL molecule and SWV responses of 
GCE/TEMPO–ZnPc electrode were recorded with respect 
to increasing AHL concentration.

Results and discussion

Electrode modification and characterization

Rich electrochemical properties of TEMPO–ZnPc com-
plex make it an alternative functional material for electro-
chemical applications. For instance, in our previous study, 
TEMPO–ZnPc complex behaved as an active ascorbic acid 
sensor [35]. In this study, we examined electrochemical-
sensing activity of TEMPO–ZnPc complex for AHL mol-
ecules. To prepare a sensor electrode, TEMPO–ZnPc com-
plex was coated on GCE with cast film coating technique 
to construct the GCE/TEMPO–ZnPc sensor electrode. As 
shown in Fig. 1, GCE/TEMPO–ZnPc electrode shows a 
quasi-reversible oxidation peak at 0.73 V vs. Ag/AgCl in 
PBS at pH 7.4. This peak is easily attributed to the oxidation 

of the TEMPO groups of the complexes with respect to elec-
trochemical and spectro-electrochemical analyses reported 
in the literature [35].

To determine the conductivity of the modified GCE/
TEMPO–ZnPc electrode, electrochemical impedance spec-
troscopy (EIS) measurements were performed. As shown 
in Fig. 2, when the bare GCE electrode was coated with 
TEMPO–ZnPc, its real impedance decreased from 550 to 
400 Ω, which shows increasing conductivity of the GCE 
after the modification with TEMPO–ZnPc. Increasing the 
conductivity via coating with a conductive material with 
respect to GCE may be due to the redox activity of the 
complex, which may accelerate electron transfer rate of the 
electrode.

Sensing measurements

Redox activity and proper conductivity of the electrode were 
analyzed (Figs. 1 and 2), which illustrated possible usage of 
the electrode as active electrochemical sensor. Before test-
ing the sensing activity of GCE/TEMPO–ZnPc electrode, 
SWV responses of the bare GCE electrode were recorded 
during the titration with AHL to analyze the redox activity 
of bare GCE for the AHL molecule. AHL molecules did not 
illustrate redox activity on the bare GCE. Before the sensing 
measurements of GCE/TEMPO–ZnPc electrode, its stabil-
ity tests were performed. According to the stability test of 
the modified electrode, the redox peak of the electrode at 
0.73 V behaved almost chemically stable and retained 92% 
of its initial peak current after ten successive SWV scans and 
finally reached a completely stable response. After reaching 
a stable response with the sensor electrode, the electrolyte 

Fig. 1  Cyclic voltammetry (CV) results for GCE/TEMPO–ZnPc elec-
trode and bare electrode in PBS at pH 7.4

Fig. 2  Electrochemical impedance spectroscopy (EIS) of TEMPO–
ZnPc electrode and bare GCE electrode in an aqueous solution of 
0.01 mol dm−3 ferrocene and 0.1 mol dm−3 LiClO4



1321European Food Research and Technology (2020) 246:1317–1324 

1 3

was sequentially titrated with 3-oxo-C12-HSL,  C10-HSL, 
 C8-HSL,  C6-HSL,  C4-HSL molecules and SWV responses of 
GCE/TEMPO–ZnPc electrodes were recorded with respect 
to increasing AHL concentrations. SWV responses of GCE/
TEMPO–ZnPc electrode show that the current intensity of 
the peak at 0.73 V considerably decreased with respect to the 
increasing concentrations of all AHL molecules. However, 
the effect of each AHL to the current changes considerably 
differs from each other.

GCE/TEMPO–ZnPc electrode gives significantly differ-
ent electrochemical responses for 3-oxo-C12-HSL than the 
others. While the peak currents of GCE/TEMPO–ZnPc elec-
trode decrease without any shift on the peak potential for 
 C10-HSL,  C8-HSL,  C6-HSL,  C4-HSL molecules, a peak shift 
with the current decrease is observed only for 3-oxo-C12-
HSL. Figure 3 illustrates the SWVs of GCE/TEMPO–ZnPc 
electrode recorded during titration with 3-oxo-C12-HSL. 
While the peak current sharply decreases with respect to the 
increasing concentration of 3-oxo-C12-HSL, the peak poten-
tial also shifts from 0.73 to 0.88 V with respect to increasing 
3-oxo-C12-HSL concentration. Altering the peak responses 
of the TEMPO groups of GCE/TEMPO–ZnPc electrode 
indicated that radical groups of TEMPO probably interact 
with the amino group of AHL molecules which decreases 
the redox activity of the TEMPO groups. Differences 
between the sensing responses of 3-oxo-C12-HSL and other 
AHL molecules may be sattributed to the structural differ-
ences of these molecules. While 3-oxo-C12-HSL molecule 
has three carbonyl groups adjacent to the amino group in the 
molecule, other molecules have only two carbonyl groups 
and these structural differences most probably alter the inter-
action strength of AHLs with TEMPO radicals and this dif-
ference influences the amount of change in the intensity of 

the peak current. These voltammetric differences indicate 
that GCE/TEMPO–ZnPc electrode can selectively sense 
3-oxo-C12-HSL molecule with high sensitivity. As shown 
in Fig. 4, GCE/TEMPO–ZnPc electrode senses 3-oxo-C12-
HSL between 2.32 × 10–6 and 39.9 × 10–6 mol dm−3 AHL 
concentrations with 1.8 × 10–6 mol dm−3 of limit of detec-
tion (LOD). Sensing ranges are found between 12.50 × 10–6 
and 87.50 × 10–6 mol dm−3 for  C4-HSL, between 5.00 × 10–6 
and 20.00 × 10–6 mol dm−3 for  C6-HSL, between 7.50 × 10–6 
and 40.00 × 10–6 for  C8-HSL, and between 4.00 × 10–5 and 
40.00 × 10–5  mol  dm−3 for  C10-HSL. There are several 
studies in the literature on the detection of different HSL 
molecules with the electrochemical biosensors, but this is 
the first example on the selectively sensing of 3-oxo-C12-
HSL molecule among various HSL molecules. For exam-
ple, to detect AHLs in bacterial supernatants of Aeromonas 
hydrophila and P. aeruginosa, magnetic glassy carbon elec-
trode (MGCE) was found to be successful by differential 
pulse voltammetry (DPV) technique [40, 41]. Sun et al. 
constructed an electrochemical sensor for the measure-
ment of Gram-negative bacterial quorum signaling mol-
ecules (AHLs) and sensed C4-HSL, C6-HSL, C8-HSL, and 
3-oxo-C6-HSL in nanomolar ranges. However, they did not 
report a selectivity among these HSL molecules [40]. In 
another study, Baldrich et al. developed an electrochemi-
cal biosensor to detect AHLs using oxo-C12-HSL, and they 
reported that the sensor exhibited high reproducibility and 
accurately detected oxo-C12-HSL in a low nanomolar range 
in 2 h [42]. Literature survey clearly shows that although 
there are numerous studies on electrochemical biosensors 
for the sensing of different AHLs in nanomolar ranges, long 
analysis time and the selectivity problem of these sensors 

Fig. 3  Square wave voltammograms of TEMPO–ZnPc GCE in an 
aqueous solution of 0.1  mol  dm−3  LiClO4 with gradual addition of 
3-oxo-C12-HSL

Fig. 4  Calibration line: the relationship between square wave vol-
tammetry (SWV) peak current and 3-oxo-C12-HSL concentration in 
water
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are reported as the main challenge. The constructed GCE/
TEMPO–ZnPc electrode could be a possible candidate for 
the solution of these reported challenges with a good selec-
tivity for the sensing of 3-oxo-C12-HSL with a fast analysis 
time. As shown in Fig. 3 3-oxo-C12-HSL could be sensed 
between 0.50 and 1.0 V with SWV at 0.100 mVs−1 scan rate. 
This showed that the maximum analysis time is 5 s for the 
sensing of target species, which is considerably faster than 
conventional techniques and classical ELISAs. For example, 
Salmain et al. reported a label-free immunosensor for staph-
ylococcal enterotoxin A (SEA) in buffered solutions using 
the quartz crystal microbalance with dissipation (QCM-D) 
and they reported that total analysis time of their designed 
immunosensor was 15 min [43].

The reproducibility of GCE/TEMPO–ZnPc electrode was 
tested with the comparisons of the SWV responses of five 
identical electrodes in blank solution. These tests indicated 
that 5.6% relative standard deviation (RSD) was observed, 
which shows reasonable reproducibility of the electrodes. 
Repeatability of the electrodes was tested by ten sequential 
SWV measurements which were carried out in the solu-
tion containing 10.0 μmoldm−3 3-oxo-C12-HSL. The rela-
tive standard deviation (RSD) among these measurements 
was found as 3.6%. To investigate the stability of the GCE/
TEMPO–ZnPc electrode, four identical electrodes were pre-
pared and three of them were stored at atmospheric condi-
tions and the fourth one was stored under vacuum at 25 °C. 
Then SWV response of these electrodes were recorded 
sequentially on different days. Change of current intensity 
of the peak of each electrode at 0.73 V was followed in the 
solution containing 10.0 μmoldm−3 3-oxo-C12-HSL. These 
analyses indicate that the GCE/TEMPO–ZnPc electrodes 
stored at atmospheric conditions kept 90% of the current 
response until the 5th day and they lost 50% of their current 
responses on the 10th day. Differently, the electrode stored 
under vacuum at room temperature kept 95% of its stability 
in 10 days. These stability tests indicated that the electrodes 
considerably lost their stability when they were stored at 
atmospheric conditions due to the tendency of the radical 
TEMPO groups of GCE/TEMPO–ZnPc electrode to react 
with molecular oxygen under atmospheric conditions. Thus, 
for a long-time storage, it should be stored under vacuum.

Sensing measurements in milk

Sterilized milk was titrated with 3-oxo-C12-HSL molecule 
and SWV responses of GCE/TEMPO–ZnPc electrode were 
recorded with respect to increasing AHL concentration. Fig-
ure 5a shows the decrease in the peak current with respect 
to increasing concentration of 3-oxo-C12-HSL in milk and 
shift in the peak potential from 0.70 to 0.76 V. According to 
Fig. 5b, in milk, GCE/TEMPO–ZnPc electrode’s response is 
linear for the detection of 3-oxo-C12-HSL between 5.6 × 10–6 

and 87.5 × 10–6 mol dm−3 with 3.7 × 10–6 mol dm−3 limit 
of detection (LOD). Consequently, the detection of AHL 
molecule concentration has also been shown to provide a 
quantitative analysis of the presence of bacteria in the envi-
ronment. Jiang et al. demonstrated that 2.00 × 10–6 mol dm−3 
AHL concentration corresponds to  107 cfu/ml P. aeruginosa 
[40]. According to the concentration range of AHL mol-
ecules in this study, the bacterial contamination of milk is 
found to be in the order of  107 cfu ml−1 P. aeruginosa.

Conclusions

To date, several techniques have been utilized to detect food-
borne pathogens but alternative strategies with cost- and 
time-effectiveness, accuracy, high specificity, and sensitiv-
ity are to be developed. In this study, a novel electrochemi-
cal biosensor based on TEMPO–ZnPc was constructed to 
detect AHL molecules in water and milk samples. While 
GCE/TEMPO–ZnPc electrode selectively detected 3-oxo-
C12-HSL with moderate sensitivity, good reproducibility, 

Fig. 5  a SWV of TEMPO–ZnPc GCE in milk containing different 
concentrations of 3-oxo-C12-HSL. b Calibration line: the relation-
ship between SWV peak current and 3-oxo-C12-HSL concentration 
in milk
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repeatability, and stability of the electrode indicate possible 
usage of it as an alternative biosensor for AHL detection 
to determine foodborne pathogens such as Aeromonas spp., 
Serratia spp., and P. aeruginosa only within 5 s. Easy elec-
trode preparation and fast interaction of the redox active 
complex with AHLs make our designed sensor a cost and 
time effective, simply applicable, specific, and sensitive 
detection method for AHLs. In addition, this biosensor can 
be successfully used to eliminate disadvantages of conven-
tional plating and immunological methods and it may serve 
as a potential tool for the detection of bacterial contamina-
tion in clinical diagnosis or food analysis.
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