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Abstract This article proposes a new electrochemical sensor for Escherichia coli (E. Coli) com-

posed of poly(o-phenylenediamine) (PoPD) and CdS/FeS nanocomposites (PoPD|CdS/FeS). The

preparation of the modified electrodes used for this purpose and their subsequent use as a sensor

comprise a simple, fast and reproducible technique. The characterization of the CdS/FeS nanocom-

posites and their subsequent inclusion on PoPD was performed by X-ray diffraction (XRD),

Raman, field emission scanning electron microscopy (FESEM), high-resolution transmission elec-

tron microscopy (HR-TEM) and computational methods; For the nanocomposites an average size

of 100 nm was obtained after applying a reduction potential for 5 s over the polymeric matrix. The

electrochemical characterizations confirmed that the inclusion of the nanocomposites improved the

amperometric response, allowing the developed material to be used as an electrochemical sensor for

E. Coli. The figures obtained gave the linear equation j = -6.89 � 10�14 � CFU + 5.64 � 10�5,

with an R2 of 0.995, for 10 replicates. Furthermore, the limit of detection (LOD) was 6.1 � 105

CFU/mL, and the limit of quantification (LOQ) was 6.1 � 106 CFU/mL.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Foodborne illnesses caused by bacterial pathogenic microor-
ganisms and/or their toxins have become a serious global pub-

lic health problem. Among pathogenic organisms, bacteria
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exist widely in foodstuffs (De Jesús et al., 2004; Is�ık et al.,
2020; Martin and Beutin, 2011). As one of the most harmful
bacteria related to foodborne diseases, Escherichia coli

(E. coli) lives within the digestive tracts of humans and poultry
and is well known to cause infection and disease when present
in contaminated foods, such as unpasteurized milk, beef, green

leafy vegetables, and water (Baraketi et al., 2020; Das et al.,
2020; Senkbeil et al., 2019; Tozzoli et al., 2019).

Sensitive detection of E. coli is an effective method to pre-

vent disease and guarantee food quality for human health. The
most common methods used to detect the presence of E. coli
are based on conventional microbiological culturing methods
but often require 48 h to obtain a confirmed result.

Recent research has worked on fluorescence techniques to
measure the presence of E. Coli quantitatively. J. Li et al.
has shown LOD close to 265 CFU/mL with this technique.

Other fluorescence techniques that report obtaining sensors
for E. Coli are those shown by Song et al. with LOD of 106

cell/mL. Both of these novel techniques involve a large number

of synthesis steps (J. Li et al., 2019; Li et al., 2020a).
Electrochemical biosensors have a tremendous potential to

become cheap and fast analytical tools (Abdelrasoul et al.,

2020; He et al., 1994; Zhao et al., 2020). Electrodeposition is
a relatively convenient, simple, and economical approach for
the preparation of modified electrodes for this purpose. New
metal composites can be easily controlled by adjusting the elec-

trodeposition conditions, such as the applied potential and
metal ion concentration (Chen et al., 2016; Rochelet et al.,
2015; Wang et al., 2019; Zhu et al., 2018).

The use of semiconductor nanoparticles (NPs) in applica-
tions such as biosensors, dye-sensitized solar cells (DSSCs)
(Shashanka et al., 2020), field effect transistors (FETs)

(Danielson et al., 2020; Lee et al., 2018), electricity generation
and light-emitting diodes (LEDs) (Chakraborty et al., 2020;
Danielson et al., 2020; Ning et al., 2019) has received enor-

mous attention. Among inorganic semiconductors, cadmium
sulfide (CdS) has been found to be an excellent photoactive
and charge transport material in optoelectronic devices, and
its direct band gap of 2.4 eV is appropriate for use as an accep-

tor in hybrid photovoltaic devices. It has been demonstrated
that the surface chemistry of hexagonal nanostructured CdS
films is responsible for their LED, photovoltaic, sensor and

electrical properties (Faraz et al., 2018; Lee et al., 2019;
Rahman, 2020).

In addition to CdS, iron sulfides (FeS) have received great

attention in the field of biosensors because they are used to
improve electron transport in enzymatic electrodes ex vivo
due to their electron mediation properties (enabling cyclic
reduction and oxidation between Fe2+/Fe3+) (Mahadevan

and Fernando, 2017; Mahadevan et al., 2016). Furthermore,
FeS NPs have been used in magnetic resonance, targeted drug
delivery and magnetic separation of biological components.

Currently, chemical reduction of metal ions and metal com-
plexes in solution is the most thoroughly developed and popu-
lar method for the synthesis of metallic NPs (M�NPs). For

example, Ni-NPs have been prepared using a number of differ-
ent reducing agents, such as NiCl2�6H2O, ethylene glycol, and
N-vinyl pyrrolidone (PVP) (Hernández et al., 2019).

The electroreduction of metal ions is widely used for
M�NP preparation on an electrode surface but is rarely used
for electrosynthesis in bulk solution. Nevertheless, many
researchers have developed methods to obtain M�NPs from
bulk solution, such as by adding surfactants such as PVP to
keep the nanostructures separate when a potential is applied.

Here, we introduce a novel in situ anodic electrosynthesis
platform for the preparation of CdS/FeS nanocomposites
inside of poly-o-phenylenediamine, starting with a mixture of

FeSO4 and CdSO4 in ethylene glycol as the solvent and PVP
as the surfactant. The results of X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and high-

resolution transmission electron microscopy (HR-TEM)
proved that the electrosynthesized CdS/FeS nanocomposites
are 100 nm in size. These CdS/FeS nanocomposites showed
great sensitivity to the presence/absence of E. coli (Fig. 1).

The new modified electrode is carried out by an easy, eco-
nomical and fast methodology, which only involves electro-
chemical techniques, allowing to obtain reproducible

electrodes in a short electrosynthesis time, as well as facilitat-
ing the rapid measurement of the E. Coli concentration in var-
ious samples.

2. Materials and methods

2.1. Reagents

Lithium perchlorate (LiClO4), N-vinyl pyrrolidone (PVP),

ethylene glycol, phosphoric acid (H3PO4), HPLC-grade ace-
tonitrile (99.8%, CH3CN), tetrabutylammonium hexafluo-
rophosphate (TBAPF6), o-phenylenediamine (oPD),

sulphuric acid (H2SO4, 98%), cadmium sulfate (CdSO4), fer-
rous sulfate heptahydrate (FeSO4) and hydrazine were com-
mercially provided by Aldrich.

Sodium thiosulfate (Na2S2O3), ethylene glycol, peptone,

yeast extract, sodium chloride (NaCl), potassium phosphate
dibasic (K2HPO4) and potassium dihydrogen phosphate
(KH2PO4) were commercially provided by Merck.

2.2. Electrosynthesis of PoPD

All solutions were prepared with fresh Milli-Q grade deionized

water obtained from a Synergy deionizer. All experiments were
performed at room temperature (20 �C) under argon atmo-
sphere in an anchor-type three-compartment cell. Fluorine-
doped tin oxide (FTO) with a geometric area of 1 cm2 was used

as the working electrode, and a platinum wire coil with a large
geometric area was used as the counter electrode. Ag/AgCl
was used as the reference electrode. All potentials quoted in

this work are thus referred to Ag/AgCl.
Poly(o-phenylenediamine) (PoPD) was synthesized by cyc-

lic voltammetry (CV) using the optimal potential window,

i.e., between 0.350 and 1.400 V, on FTO. A mixture solution
of 2 M H2SO4 (98%, Aldrich)/(CH3CN 99.8%, Aldrich) in a
1:4 ratio (% v/v) was prepared. The optimum starting unit

concentration was 0.01 M oPD to obtain the corresponding
polymer, namely, PoPD. CV profiles of PoPD were used to
determine the appropriate potential for the potentiostatic tech-
nique. It was found that the best oxidation potential for the

preparation of PoPD was 1.4 V. The electrochemical response
was surveyed in solutions containing 0.1 M TBAPF6 in CH3-
CN as part of the electrochemical characterization of this

material for future applications.



Fig. 1 Graphical abstract of E. Coli biosensor.
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2.3. Chemical and electrochemical synthesis of CdS/FeS
nanocomposites

A total of 0.295 g of PVP was added to a solution of 0.01 M
CdSO4, 0.01 M FeSO4, and 0.01 M Na2S2O3 in 30 mL of ethy-

lene glycol, and the mixture was stirred until the total dissolu-
tion of PVP was achieved. The resulting solution was heated to
130 �C with continues stirring for 2.5 h. Then, 500 mL of this

mixture was added to 25 mL of Milli-Q grade H2O with
0.1 M LiClO4 as the electrolyte. Electrosynthesis of all CdS/
FeS nanocomposites was conducted at room temperature

(20 �C) under a high-purity argon atmosphere in a three-
compartment anchor-type electrochemical cell. A three-
electrode arrangement was used consisting of FTO (1.0 cm2

geometric area) as the working electrode, and a platinum wire
coil with a large geometric area was used as the counter elec-
trode. Ag|AgCl, KCl (sat’d) was used as the reference elec-
trode. All the potentials in this study are referred to this

reference electrode.
CdS/FeS nanocomposite was synthesized by cyclic voltam-

metry (CV) using the optimal potential window, i.e., between

�1.4 and 0.3 V, on FTO.
The electrosynthesis of FTO|PoPD-FeS/CdS was synthe-

sized in two steps. In the first modification step, FTO was

coated with 10 cycles of PoPD, and then this modified elec-
trode was used with a working electrode in the same reaction
mixture mentioned above. By applying a reduction potential
at �1.3 V for 5 s.

2.4. E. Coli cultivation and electrochemical measurements

E. coli (ATCC 25922) was obtained from Sigma Aldrich and

regrown regularly on nutrient agar plates to ensure its viabil-
ity. The cultures were grown by aerobic cultivation at 37 �C
in a 25 mL flask filled with 5 mL of medium for 72 h. The
growth medium contained 10 g L�1 peptone, 5 g L�1 yeast
extract, and 5 g L�1 NaCl. To prepare the E. coli solution,

100 mL of the E. coli suspension was mixed with 100 mL of
phosphate buffer (1.1 g L�1 K2HPO4, 0.32 g L�1 KH2PO4

and 8.5 g L�1 NaCl, pH 7.4). Calibration curves and figures

of merit (limit of detection –LOD- and limit of quantification
–LOQ-) were obtained using 100 mL of phosphate buffer sup-
plemented with 100 mL of E. coli at an applied potential step of

�0.4 V because this value is the maximum sensitivity of the
working electrode. The LOD and LOQ were determined from
sensitivity curves and blank measurements.

2.5. Instruments and characterization

All electrochemical measurements were performed on a CH
Instruments electrochemical workstation potentiostat. HR-

TEM images were recorded on a Talos F200X-FEI high-
resolution transmission electron microscope operating at
200 kV. FESEM images were obtained by using a HITACHI

SU 3500 electron microscope. The atomic composition of the
samples was determined through energy dispersive X-ray spec-
troscopy (EDX) by employing an energy dispersive X-ray
analyser (Bruker, XFlash detector 410-M) coupled to the

SEM system. Structural characterization of the CdS and FeS
samples was examined by X-ray diffraction (XRD) by using
a Philips PW1840 diffractometer (30 kV, 40 mA, Cu Ka radi-

ation with k 1⁄4 1.5406 Å).

2.6. Binding free energy computational details

All DFT calculations reported in this study were performed
with the NWChem computational chemistry package (v6.6)
(Valiev et al., 2010). The geometries of the complexes were

optimized without any constraints with BLYP (Becke, 1988;
Lee et al., 1988) and B3LYP (Becke, 1993; Lee et al., 1988)
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functionals, both in vaccum and solvent phase. Dispersion
energy was considered using Grimme’s scheme plus BJ-
damping (Grimme et al., 2011). For C, N and H atoms, the

6-31G** basis set was used (Hariharan and Pople, 1973;
Hehre et al., 1972). For Cd and Fe atoms, LANL2DZ basis
set was adopted, which included the Hay and Wadt effective

core potential and a double-valence basis set (Hay and
Wadt, 1985). Ethylene glycol (dielectric constant is 40.25 at
298.15 K), was considered implicitly using the Conductor-

like Screening Model (COSMO) method (Klamt and
Schüürmann, 1993).

Geometry optimizations and frequency calculations were
performed at the same level of theory. No imaginary frequen-

cies were obtained, confirming that the optimized structures
were at a minimum of the corresponding potential energy sur-
face. Binding free energies (DGbind) were calculated employing

the rigid-rotor-harmonic-oscillator approximation at
298.15 K according to:

DGbind ¼ DGcompl � DGM2þ þ DGLð Þ ð1Þ
where DGcompl, DGL and DGM2þ , are the free energies of the

complex, ligand (monomer or oligomer) and metal cation,
respectively.

3. Results and discussion

3.1. Novel synthesis of CdS/FeS nanocomposites

3.1.1. Comparison of CdS/FeS nanocomposites prepared by
chemical and electrochemical methods

Fig. 2(A) and (B) show FESEM images comparing the com-
posites produced by the chemical and electrochemical meth-

ods. It is important to emphasize that both forms of
Fig. 2 FESEM images comparing the composites produced by the ch

analysis of the composite Fig. 2(A) for sulphur (green dots), cadmium

of the references to colour in this figure legend, the reader is referred
production have not been published before and could pro-
vide a method applicable to metal sulfides that have ade-
quate reduction potentials. Although both sulfides were

successfully produced after the addition of hydrazine as a
reducing agent, a homogeneous mixture was not entirely
formed (Fig. 2-(C)), and different agglomerations of one

or the other sulfide in the resulting powder were obtained
after filtration of the product. In addition, the powder’s
morphology is not uniform, comprising spherical shapes,

rods and blocks, which would hinder the inclusion of the
powder in polymer matrices obtained by electrochemical
methods due to the regular occurrence of growths and the
form of deposition.

In contrast, electrochemical reduction performed on an
FTO electrode using the same reaction mixture diluted 1:5 in
Milli-Q water resulted in homogenous rod-like growth on

the surface of the electrode (Fig. 2-(B)). The coating obtained
by potentiodynamic and potentiostatic methods is uniform
over the entire electroactive surface, dark green in colour,

and resistant to environmental conditions and exposure to dif-
ferent solvents, such as Milli-Q water, acetonitrile, ethyl alco-
hol and acetone.

Comparing both methods, the electrochemical method for
producing composites is the more economical alternative and
can achieve direct modification by using different working
electrodes in very short electrosynthesis times (3-s pulses)

and at low reduction potentials (-1.3 V).

3.1.2. Characterization of CdS/FeS prepared by the

electrochemical method

Fig. 3-(A) shows Raman spectra obtained in a range between
100 and 1200 cm�1. The two synthesis pathways are compared:
the spectrum of the sample obtained via the chemical method
emical -(A)- and electrochemical -(B)- methods. (C) FESEM-EDS

(blue dots) and ferrous (orange dots) elements. (For interpretation

to the web version of this article.)



Fig. 3 (A) Raman spectra, (B) XRD patterns of CdS/FeS nancomposite, CdS (#) and FeS (+), (C) HR-TEM CdS/FeS nanocomposite,

(D), (E) FESEM images with different magnification scales of CdS/FeS, (F)-(J) FESEM-EDS analysis of CdS/FeS for: (H)sulphur (green

dots), (I) cadmium (blue dots) and (J) ferrous (orange dots) elements.
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is shown in black, and the spectrum of the sample obtained by
the electrochemical method is shown in blue.

The spectrum of the sample prepared by the chemical
method shows two signals at 290 and 600 cm�1, corresponding
to FeS and CdS, respectively (Genchev and Erbe, 2016;

Haridas et al., 2019; Hellwig et al., 2000). Both signals are well
defined, possibly due to the weak interaction between the sub-
strates, showing that reduction by chemical means does not

yield a composite.
The spectrum of the sample prepared by the electrochemi-

cal method (blue line) presents a shift in the aforementioned

signals and the appearance of two new signals located at
389 cm�1 and 400 cm�1. These signals can be attributed to
the production of FeS and S, respectively. The spectrum for
the composite (blue line) shows a large amount of noise, pos-

sibly due to the high homogeneity of the composite, which was
initially corroborated by FESEM images of the electrode sur-
face (Fig. 3-(D) and (E)) and by the FESEM-EDS images,

which are shown in Fig. 3-(G), (H), (I), and (J), where S, Cd
and Fe atoms are shown with different colours to visualize
their highly homogeneous surface distribution. To verify that

the obtained composite was effectively composed of CdS and
FeS, XRD characterizations were performed. The correspond-
ing XRD pattern of the CdS/FeS nanocomposite are shown in
the Fig. 3-(b). XRD analysis shows two sets of diffraction

peaks, indicating that the electro-synthesized products are
composite materials with good crystallinity. Those marked
with ‘‘#” can be indexed to CdS, while the others marked with
‘‘+” can be indexed to FeS (JCPDS 23–1123) (Aghazadeh,

2018; Feng et al., 2018; Liao et al., 2009; Sonker et al.,
2020). Finally, the composite has a mostly nanowire architec-
ture, as indicated by the HR-TEM characterization (Fig. 3-

(C)). In addition to producing a homogeneous material, the
chemical method also produced nanostructured sulfides, which
is why nanocomposites and not composites are discussed.

3.1.3. DFT binding free energies

In order to know prior to modification, if the electro-obtaining
of the CdS / FeS composite is possible on PoPD, the possible

interactions of the metal cations of Fe+ 2 and Cd+ 2 have been
computationally modulated, in order to corroborate that there
will be no competition between cations and it will be possible

to obtain a stable composition on the polymer.
The free energy of binding is used to examine the thermo-

dynamic stability of the polymeric-M2+ complex prior to elec-
trochemical reduction, which allows the reduction of the metal

and the formation of its respective sulfide.
Although the formation of FeS predominates over that of

CdS, as seen in Fig. 2-(C), there is no incompatibility for both

species to be present on the polymeric matrix; These approxi-
mations have been carried out using small oligomer chains,
projecting their results for the polymer, since it is computation-

ally impossible to quantum mechanically describe a single
polymer chain (too many electrons), we calculate the free bind-



Table 1 Calculated DDGbind ¼ DGFe
bind � DGCd

bind at B3LYP/6-

31G** level of theory for different number of monomeric units,

both in vacuum and ethylene glycol (in kcal/mol).

Monomeric units Vacuum Solvent

1 �81.2 �72.0

2 �39.7 �54.0

3 –33.1 �37.1

6 –22.8 –

Fig. 4 (A) Voltammetric profiles of PoPD. Interfaces: FTO|0.01 M oPD + 2 M H2SO4 /CH3CN (1:4 ratio % v/v) mixture,

m = 50 mV s�1. (B) Voltammetric profiles during CdS/FeS electro-obtainment on PoPD. Interfaces: FTO-PoPD|25 mL (salt dissolution)

in 100 mL H2O milli-Q, m = 50 mV s�1. (C) PoPD-CdS/FeS (C-1), CdS/FeS (C-2) and PoPD (C-3) responses in 0.01 M TBA PF6 in

CH3CN. m = 100 mV s�1.
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ing energies for both metal ions that interact with a, two, three
and six monomer units (section 2.4).

Table 1 showsDDGbind ¼ DGFe
bind � DGCd

bind in vacuum and

implicit solvent (ethylene glycol). Regardless of the number
of monomers, Fe2+ binds to o-phenylenediamine more
strongly than Cd2+, which does not imply that this species is

not present or does not reduce on the polymer. Since, one
may argue that the interaction between a cation and a polymer
chain cannot be successfully described using small oligomers, it

is worth noting that DDGbind bind tends to converge to approx-
imately �20 kcal/mol. Therefore, it should hold at this level of
theory even if a larger number of monomers are considered.

3.2. PoPD synthesis and electrochemical modification with FeS/

CdS

Voltammetric profiles recorded by CV corresponding to the
electrosynthesis of PoPD on FTO are shown in Fig. 4A. After
several optimization attempts, it was established that the
appropriate window for electropolymerization in the elec-
trolytic medium employed was in the range of 0.35–1.400 V.

Electrodeposition of PoPD showed that the current density
increased from cycle 1 to 10, which means that the formation
of polymeric deposits occurred without electrode surface pas-

sivation due to the conductive nature of the material. In addi-
tion, CV profiles corresponding to the electrosynthesis of CdS/
FeS on FTO in a way similar to that on PoPD are shown in
Fig. 4-(B). After several optimization attempts with varying

salt concentrations, potential windows, solvents, etc. it was
established that the appropriate window for the electrosynthe-
sis of nanocomposites in the electrolytic medium employed

was in the range of �1.4–0.3 V using 0.01 M of the mixture
of salts in LiClO3 0.1 M. Electrosynthesis of CdS/FeS showed
two reduction peaks located at �0.88 V and �1.09 V, corre-

sponding to FeS and CdS, respectively.
The electrosynthesis of FTO|PoPD-FeS/CdS was finally

performed in two steps. In the first modification step, FTO

was coated with 10 cycles of PoPD, and then this modified
electrode was used with a working electrode in the reaction
mixture with the Cd and Fe salts mentioned in the Materials
and methods. By applying a reduction potential at �1.3 V

for 5 s, the PoPD could be modified with homogenously dis-
tributed nanospheres, which were characterized by FESEM
and which can be observed in Fig. 6-(D) and (E). This modifi-

cation was initially corroborated through the electrochemical
responses for each of the deposits obtained under the same
working conditions and windows. Thus, Fig. 4-(C) displays

the independent responses of PoPD and CdS/FeS and the syn-
ergy that occurs when both composites are present on the elec-



Fig. 6 (A) Electrochemical response from different stages of modification of FTO in presence of a solution of E. coli dissolved in

physiological phosphate buffer. Interfaces: FTO; FTO|CdS/FeS; FTO|PoPD, FTO|PoPD-CdS/FeS. m = 100 mV s-1. (B) Electrochemical

response of FTO|PoPD-CdS/FeS in absence and presence of E. coli physiological phosphate buffer. m = 100 mV s�1. (C) SEM image of

FTO|PoPD; (D) and (E) SEM images with different magnification scales of FTO|PoPD-CdS/FeS. (F) FTO|PoPD-FeS/CdS SEM images

after E. Coli measurement.

Fig. 5 (a) Electrochemical response of FTO|PoPD-CdS/FeS (n = 8) in E. Coli solution; (b) stability of the FTO|PoPD-CdS/FeS

electrode in phosphate buffer solution.

8764 L.A. Hernández et al.
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trode surface, in which the sum of both independent responses
in a single voltammogram is apparent.

3.3. Reproducibility and stability of FTO|PoPD-CdS/FeS
electrode

Reproducibility of the FTO|PoPD-CdS/FeS electrode was

evaluated in a Phosphate buffer solution with E. Coli
(6.2x107 CFU/mL). As shown in Fig. 5-(A), standard devia-
tions (s) of oxidation (Pox) and reduction (Pred) peaks

(n = 8), exhibit low variability with respect to the mean.
The calculated s values for Pox and Pred were 3.8 � 10�6 and
4.2 � 10�6, respectively. These results demonstrated, the good

reproducibility in the obtainment of the modified electrodes,
showing a good electrochemical response in E. Coli solutions.

The stability of the electrodes was evaluated in the same
solution without E. Coli. In Fig. 5-(B), FTO|PoPD-CdS/FeS

show a regular stability in phosphate buffer solutions until
the fifth cycle, exhibiting an average response, measured at
0.4 mV, of 104 lA cm�2 with s 9.32. From cycle number 6

onwards, a significant decrease in the oxidation peak begins,
with a variation rate of ca. 25%.

However, it is important to note, that the low-cost of fab-

rication, by using just electrochemical techniques, allows per-
ceiving its use as a disposable electrode.

3.4. Interaction of FTO|PoPD-CdS/FeS with E. Coli

Fig. 6-(A) shows the electrochemical response of all modified
electrodes in the presence of a solution of E. coli dissolved in
physiological phosphate buffer. Of all the responses, the best

electrochemical response was obtained from the electrode
modified with PoPD-CdS/FeS, presenting oxidation and
reduction peaks at higher current densities, which would make

this electrode suitable as a sensor for E. coli. Although the elec-
trode modified with only CdS/FeS also presented a good
response, the high concentration of metals could result in the

death of bacteria, making it impossible to detect the real con-
centration and leading to a greater variability in responses with
consecutive use of the same electrode. This reason highlights
the importance of mixing PoPD with these composites since
Fig. 7 Calibration plot for current responses generated by the FTO

(1.7 � 107–1.7 � 108 CFU/mL). (B) Example of the electrochemical r
the matrix, which has an organic component and is environ-
mentally stable in the dissolution mixture, does not kill bacte-
ria, producing robust responses when used consecutively in

solutions of E. coli.
When evaluating this electrode in the absence and presence

of the target analyte (Fig. 6-(B)), we noticed a significant dif-

ference in the response density, showing that the electrode is
also sensitive to the presence of bacteria. As has been corrob-
orated in the literature and as discussed above, small concen-

trations of CdS and FeS have already been tested in other
chemical matrices to increase the interaction of bacteria with
modified electrodes. High concentrations of these compounds
could destroy these bacteria, but since CdS and FeS are nanos-

tructured and exist in low percentages compared to the poly-
mer, they seem to be beneficial; one electrode can be
consecutively used for 10 measurements without consequent

passivation of the surface or death of the target analyte.
Fig. 6-(C), (D) and (E) compare the images obtained by

FESEM of the modified surfaces at 2 different magnifications

(3 mm and 1 mm). The images show the homogeneous surface
and low surface roughness of PoPD, and the final image of
the modified electrode clearly shows nanocomposites with an

average size of 100 nm homogeneously distributed over the
electrode after modification with CdS/FeS.

The PoPD-FeS/CdS electrode was analyzed with SEM after
measurement of E. Coli, to check for the presence of bacteria

cells on the modified electrode. Fig. 6-(F) shows the e. coli on
the electrode surface, demonstrating that the inclusion of FeS/
CdS nanocomposite on PoPD, provided a compatible surface

area for the promotion of contact between the microbes and
the conducting polymer.

3.5. FTO|PoPD-CdS/FeS as a biosensor for E. Coli

The voltammetric responses to different concentrations of
E. coli can be found in Fig. 7-(A). The current density increases

linearly with increasing concentration of the bacteria. To pre-
pare the calibration curve, 12 samples with concentrations of
1.7 � 107–1.7 � 108 CFU/mL were measured. From the linear
regression of each of the measured points, the equation j = -6.

89 � 10�14 � CFU + 5.64 � 10�5 with a correlation coeffi-
|PoPD-CdS/FeS biosensor as a function of E. Coli concentration.

esponse of the biosensor in presence of E. Coli.
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cient (R2) of 0.995 was obtained for 10 replicates. The LOD
was 6.1 � 105 CFU/mL, and the LOQ was 6.1 � 106 CFU/
mL. To evaluate the repeatability of the E. coli sensor, 6 elec-

trodes were prepared, which were used to measure the same
concentration of bacteria, and a relative standard deviation
of 6.2 � 107 CFU/mL, corresponding to a value of 4.8%,

was obtained, which shows low variability in measurements
obtained for the same concentration.

4. Conclusion

A new method of electrosynthesis for the formation of CdS/
FeS nanocomposites on PoPD was realized. The homogeneous

distribution of these nanocomposites was observed using dif-
ferent techniques, such as FESEM-EDS, HR-TEM, XRD
and Raman, corroborating the advantages of electrochemical

processes that can be used to modify the design of new matri-
ces to obtain electrodes that can detect E. coli. For PoPD, a
low surface roughness and compact morphology were
observed, facilitating the electrochemical collection of

nanocomposites with an average size of approximately
100 nm on its surface. Subsequent electrochemical analyses
demonstrated that the synergy involved in the process of

obtaining composites by electrochemical methods alone
improves the electrode response in the presence of the analyte,
in addition to allowing a rapid, simple and reproducible path-

way for electrode generation and the performance of
measurements.

The good reproducibility in obtaining the modified elec-
trodes has been evidenced against its redox couple in phos-

phate buffer solution, yielding s values of 3.8 � 10�6 and
4.2 � 10�6, for Pox and Pred, respectively.

The modified electrode displayed good stability, with a

variation of approximately 10% during the first 5 cycles.
Thereafter, current decrease begins to be more noticeable,
reaching a decay of about 25% between cycle 6 and 10.

The E. coli sensor gave a linear equation of j = �6.89 � 1
0�14 � CFU + 5.64 � 10�5 with an R2 of 0.995 for 10 repli-
cates. The LOD was 6.1 � 105 CFU/mL, and the LOQ was

6.1 � 106 CFU/mL.
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