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Abstract
A simple, rapid, and sensitive electrochemical biosensor based on a screen-printed carbon electrode (SPCE) was developed 
for onsite detection of E. coli in real time. This work analyzed the effect of aptamer conjugation and PBS buffer solution 
on the colloidal stability of the silver nanoparticles (AgNPs). Aggregations of the AgNPs after aptamer conjugation in PBS 
buffer were observed from the particle size distribution analysis. The AgNP-aptamer conjugation and its affinity towards 
E. coli (DH5α) were confirmed by UV–visible spectrophotometry, which showed a linear increment in the absorption with 
increasing E.coli concentration. The screen-printed carbon electrodes were modified by drop-casting of AgNPs, which were 
used as an effective immobilization platform for E. coli-specific aptamers. The modified electrode’s surface modification and 
redox behavior were characterized using cyclic voltammetry. Finally, E. coli was detected using differential pulse voltam-
metry with an optimized incubation time of 15 min. The developed biosensors showed a linear decrease in current intensity 
with an increase in the concentration of E. coli. The biosensor had a relative standard deviation (RSD) of 6.91% (n = 3), 
which showed good reproducibility. The developed biosensors are highly sensitive and have a limit of detection (LOD) as 
low as 150 CFU/ml. The biosensor showed good selectivity for E.coli coli when comparing the signal response obtained 
for bacteria other than E.coli. Also, the biosensor was found stable for four weeks at room temperature and showed high 
recoveries from 95.27% to 107% during the tap water sensitivity validation.
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Introduction

Waterborne enteric pathogens like bacteria, viruses, and 
protozoa in domestic water supplies carry a significant 
human health risk. About 3.4 million people are globally 
affected, and over 1.23 million children have died of diar-
rhoea, mainly caused by waterborne bacteria (WHO, 2000). 
Also, diarrhoea causes the death of one in every ten children 
worldwide (WHO 2014). Traditionally, the faecal coliform 

bacteria have been used as an indicator organism to analyze 
water quality and detect pathogenic bacteria in water (U.S. 
Environmental Protection Agency, 1976). Sewage and ani-
mal waste can contain various disease-causing microorgan-
isms. Escherichia coli (E. coli) is a type of faecal coliform 
bacterium commonly found in the intestines of animals and 
humans. It indicates sewage or animal waste contamination 
(Khan et al. 2020). Therefore, a fast and efficient sensing 
platform for bacteria is urgently needed for the early diag-
nosis of bacterial diseases.

Conventional bacterial detection employs various com-
plex methods that include microscopy, cell culture assays, 
DNA sequencing, polymerase chain reaction (PCR), and 
enzyme-linked immunosorbent assay (ELISA) (Foddai 
et al. 2020). The abovementioned methods are time-con-
suming and costly as they involve a series of preliminary 
experiments like the lysis of cells and the extraction, quan-
tification, amplification, and purification of DNA. Thus, 
these detection methods are associated with manual errors, 
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false-positive results, and expensive equipment. The coli-
form test is time-consuming (> 24 h) and performed by 
skilled staff in well-equipped laboratory conditions (Elmund 
et al. 1999; Shen et al. 2019).

The next generation of analytical detection techniques 
biosensors comprises an integrative arrangement of bio-
chemical and physiochemical detection methods and are 
employed for regular surveillance in food processing indus-
tries. It’s a simple, fast, and sensitive technique to detect 
several foodborne pathogens, compared to the other compli-
cated commercial methods. This biosensor technology can 
be successfully implemented to reduce the previously men-
tioned efforts and assay time. A biosensor is a device that 
generates measurable signals by integrating transducer ele-
ments with receptors like tissue, microorganisms, cells, anti-
bodies, enzymes, nucleic acids, aptamers, bacteriophages, 
etc. (Templier et al. 2016). A bioreceptor recognizes the tar-
get analyte and a transducer converts the recognition event 
into a measurable electrical signal. The amplifier receives 
the electrical signal transmitted from the transducer and 
converts it into the required waveforms. The processor then 
analyzes the stored amplified signal and displays it as an out-
put. The detection is purely based on the intrinsic properties 
of the analytes, such as charge, molecular weight, dielectric 
permittivity, electrical impedance, etc.

Label-free biosensing technologies have made enormous 
progress in recent years, as they are inexpensive, rapid, and 
require much less reaction volume. Recent developments in 
nanotechnology and its implementation in sensing method-
ologies are promising approaches to improving the perfor-
mance of biosensors. At the same time, advancements in 
micro- and nanofabrication methods resulted in compatible 
miniature devices for onsite applications (Vikesland 2018). 
Noble metals like gold and silver nanoparticles have been 
extensively studied for sensor and imaging applications. 
Generally, these metals are chemically inert but possess 
unique physicochemical properties at the nanoscale (Wu 
et al. 2011). The physical and electrochemical changes that 
occur due to the binding of the biorecognition agent on the 
surface of nanoparticles define the role of metal nanoparti-
cles (MNPs). Depending on their properties and functionali-
ties, these MNPs can be used as an immobilizing platform 
(Sabouri et al. 2014), an electron transfer accelerator (Li 
et al. 2010), a catalyst for chemiluminescence reactions 
(Zhong et al. 2014), a refractive index modifier (Sugawa 
et al. 2015), or an amplifier for mass change (Yan et al. 
2015).

Silver nanoparticles (AgNPs) are the fascinating nanopar-
ticles used in biosensing applications among several metal 
nanoparticles. AgNPs have been used as transducers that 
facilitate electron exchange on the electrode surface and pro-
duce measurable signals proportional to the concentration 
of analytes. The AgNPs-based sensing platform has made 

significant progress in monitoring the environment and food 
quality because of its high sensitivity and excellent biocom-
patibility (De and Kalita 2021). Over the last two decades, 
efforts have been made toward developing novel analytical 
methods for detecting pathogens using AgNPs and their 
nanocomposites. Zheng et al. (2018) developed a mercapto 
phenylboronic acid functionalized AgNPs-based colorimet-
ric sensor to detect bacteria. Yu et al. (2020) developed an 
aptamer-based high-throughput colorimetric biosensor for 
detecting S. aureus with a detection limit of 81 CFU/ml.

Although colorimetric detection is highly sensitive, the 
requirements of a UV–visible spectrophotometer and immu-
noassay analyzer prove a limitation for its use in remote 
areas. Also, this process involves several steps that extend 
the assay time. Mathelie-Guinlet et al. (2019) demonstrated 
a voltammetric biosensor for detecting E. coli using poly-
clonal antibodies as a recognition agent immobilized on 
silica nanoparticles on a modified gold electrode. The bio-
sensor had a response time of 30 min and a considerably 
high limit of detection (LOD) of 103 CFU/ml, limiting the 
applicability of the sensor. Altintas et al. (2018) detected E. 
coli with a LOD of 50 CFU/ml by developing antibody- and 
enzyme-based microfluidic biosensors.

Antibodies cannot remain stable over a wide range of 
pH and temperature compared to nucleic acids. Aptamers 
have advantages over enzymes and antibodies due to their 
high specificity and robustness; thus, aptamers are widely 
used as recognition agents in different biosensor develop-
ments. A sandwich-type aptamer-based electrochemical 
immunosensor was demonstrated by Bu et al. (2020) for 
detecting a pathogenic strain of E. coli at a low concentration 
of 32 CFU/ml. The authors have described the modification 
of gold electrodes with DNA aptamers specific to E. coli 
O157:H7. The binding of methylene blue-magainin I nano-
composite to the captured E. coli cells causes a change in 
the current signals, which is analyzed by cyclic voltammetry 
(CV) and differential pulse voltammetry (DPV).

Several authors illustrated the modification of screen-
printed electrodes (SPEs) based electrochemical biosen-
sors for bacteria detection. Siller et al. (2020) modified the 
screen-printed gold electrode by immobilizing an E. coli-
specific aptamer to develop an impedimetric biosensor. 
Screen-printed carbon electrodes (SPCEs) modified using 
single-walled carbon nanotubes for facilitating the self-
assembly of the E. coli-specific aptamer were illustrated by 
Housaindokht et al. (2018). Also, SPCEs were modified with 
a nanocomposite of boron–carbon nanorods and nickel nano-
particles to increase the sensitivity and immobilize E. coli-
specific aptamers through poly-lysine linking (Kaur et al. 
2020). Conventional gold and glassy carbon electrodes lose 
their functionality over time due to repetitive use, and their 
replacement could be more affordable. SPEs can overcome 
this issue as these are one-time-use disposable electrodes, 
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proving a better alternative to the costly and bulky conven-
tional electrodes. However, the complex procedure for modi-
fying electrodes involves expensive chemicals and multiple 
steps, which increases fabrication and assay costs. Devel-
oping a simple and effective SPCE modification method is 
essential to addressing the above issues.

The present work demonstrates the modification of 
SPCEs using AgNPs as an immobilizing platform for E. 
coli-specific DNA aptamers and an effective transducing ele-
ment for detecting bacteria in water samples. The differential 
pulse voltammetry method was used with optimized param-
eters to analyze electrochemical sensing and the functional-
ity of the developed biosensor. The developed biosensor is 
highly sensitive and can detect a concentration of bacteria as 
low as 150 CFU/ml in an optimum response time of 15 min. 
The calibration studies of the biosensor were performed at 
standard conditions using 10 mM phosphate buffer saline at 
pH 7.4, whereas validation studies were done using spiked 
tap water samples. The proposed biosensor showed good 
recovery, reproducibility, and stability.

Materials and methods

E. coli DH5α strain was obtained from MTCC, India. A thiol 
(SH) modified single-stranded DNA aptamer of the sequence 
below (Kim et al. 2013) was purchased from Eurofins.

5′GCA​ATG​GTA​CGG​TAC​TTC​CGT​TGC​ACT​GTG​CGG​
CCG​AGC​TGC​CCC​CTG​GTT​TGT​GAA​TAC​CCT​GGG​CAA​
AAG​TGC​ACG​CTA​CTT​TGC​TAA​3′ (90-mer).

A resuspension buffer of pH 7.4 was added to the com-
mercially synthesized aptamer, and aliquots were pre-
served at −20 °C. Screen-printed carbon electrodes were 
purchased from Zensor. Silver nitrate, sodium borohy-
dride, polyvinylpyrrolidone (PVP), KCl, NaCl, KH2PO4, 
Na2HPO4, MgCl2, potassium ferrocyanide, potassium 
ferricyanide, Tris HCl, ethylene diamine tetraacetic acid 
(EDTA), and tris-(2-carboxyethyl)-phosphine (TCEP-HCl) 
were purchased from Sigma-Aldrich. LB broth and agar 
powder were purchased from Himedia. A 10 mM stock 
solution of AgNO3 was prepared by adding 170 mg of 
AgNO3 to DI water, and the stock was diluted 10 times 
to get a solution of 1 mM. Sodium borohydride 20 mM 
stock was prepared by adding 75 mg in 100 ml, and then 
it was diluted to a 3 mM concentration (4.5 ml of the 
20 mM solution was added to 25.5 ml of DI water). 0.3% 
(w/v) PVP was prepared by adding 60 mg to 20 ml of 
DI water. Phosphate buffer saline (PBS) pH 7.4 (folding 
buffer) was prepared by adding 4 g NaCl, 0.1 g KCl, 0.72 g 
Na2HPO4, 0.123 g KH2 PO4, and 0.047 g MgCl2 (1 mM) 
to 300 ml of DI water. pH was adjusted to 7.4 using 0.1 N 
HCl, and DI water was added to make 500 ml as the final 

volume. Tris–EDTA (TE) buffer (resuspension buffer) was 
prepared by adding 0.121 g Tris HCl (10 mM) and 0.038 g 
EDTA (0.1 mM) in 60 ml DI water. pH was adjusted to 
7.4 using 0.1 N HCl, and DI water was added to make the 
final volume of 100 ml.

Preparation of known E. coli concentration

The E. coli culture was grown overnight in LB broth at 
37 ◦C and diluted 10 times in PBS buffer at pH 7.4. The 
culture was centrifuged, and the pellet was resuspended in 
a PBS buffer. The concentration was calculated by serial 
dilutions and colony counting on the agar plate. 100 µl of 
10–5 diluted culture stock was plated on agar plates under 
a laminar biosafety cabinet and kept for 24 h. The E. coli 
concentration was calculated from Eq. 1.

Synthesis of silver nanoparticles (AgNPs)

A 30 ml of a 3 mM sodium borohydride solution was 
kept in an ice bath for 15 min under continuous stirring. 
After that, 5 ml of 1 mM silver nitrate solution was added 
dropwise slowly (approximately one drop per second) and 
mixed continuously until the solution turned colorless to 
faint yellow. Then, 1 ml of 0.3% (w/v) PVP was added 
as a stabilizer, and the solution was stirred continuously 
for about 30 min. Finally, the sample was preserved in an 
amber glass bottle at 4 ◦C for future use. The synthesized 
AgNPs were characterized using a transmission electron 
microscope (TEM), UV–visible spectroscopy, dynamic 
light scattering (DLS), and a zeta potential analyzer.

Aptamer‑AgNP conjugation

A PBS buffer containing 5 mM MgCl2 (refolding buffer) 
was added with the thiol-modified aptamer to prepare the 
final concentration of 5 µM aptamer. The solution was 
heated at 90–95 °C for 5 min to refold the single-stranded 
DNA aptamer and cooled to room temperature. 200 µl of 
5 µM aptamer was incubated with 20 µl of 5 mM TCEP 
in the dark box for 1 h. Later, the solution was added to 
1 ml of AgNPs, which made the final concentration of the 
aptamer 1 µM. The solution was then incubated in the dark 
box at room temperature for 24 h. Then, the solution was 
centrifuged at 13,000 rpm for 30 min, and the pellet was 
washed with DI water. These washing steps were repeated 
three times. After that, the pellet was resuspended in DI 
water for storage.

(1)
CFU∕ml

=
Sum of the number of colonies counted

Number of plates × Volume of culture plated inml × Dilution
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Circular dichroism analysis

The secondary structure of the aptamer-conjugated AgNPs 
present was analyzed using circular dichroism (CD) spec-
trometry with JASCO (J1 500) at 300 to 200 nm wavelength. 
A 5 µM aptamer in 10 mM PBS buffers of pH 7.4 was used 
as a standard sample for comparative analysis.

UV–visible spectroscopy analysis

A 100 µl of aptamer-conjugated AgNPs solution was added 
to 900 µl of PBS buffer to prepare a control sample. At the 
same time, the same amount of aptamer-conjugated AgNP 
solutions was added to 900 µl of PBS buffer with different 
E.coli concentrations. The concentrations used were 0 CFU/
ml, 15 × 105 CFU/ml, 30 × 105 CFU/ml, 45 × 105 CFU/ml, 
60 × 105 CFU/ml, 75 × 105 CFU/ml, 90 × 105 CFU/ml, and 
105 × 105 CFU/ml. The mixtures were kept at room tem-
perature for 15 min before recording absorbance spectra by a 
UV–visible spectrophotometer for 200–700 nm wavelengths.

Electrode modification and characterization

The SPCE was modified by drop-casting an AgNPs solu-
tion of 5 µl onto the working electrode surface and dry-
ing at 50 °C for 30 min (Perez-Rafols et al. 2017). After 

modification of the SPCE, CV was performed at a scan rate 
of 100 mV/s in the range -0.4 to + 0.4 for 10 cycles to strip 
out the loosely attached AgNPs and then washed with DI 
water for SEM analysis. Afterward, 5 µl of 5 µM aptamer 
solution was dispensed onto the working electrode and kept 
for drying at 4 ◦C for 24 h. Then, AgNPs and aptamer-mod-
ified SPCEs were washed three times using 200 µl of PBS 
buffer. Finally, 5 µl of 0.1 mM 2-mercaptoethanol was added 
to the modified electrodes and dried at room temperature 
to block the space and prevent the nonspecific binding of 
bacteria on the electrode. Figure 1 schematically shows the 
process steps for SPCE surface modification. Scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy 
(EDS) were performed to verify the presence of AgNPs on 
the SPCE surface.

A portable Potentiostat Emstat3® (Palmsens) was used to 
conduct the electrochemical analysis. CV on the bare SPCE 
and modified SPCE was performed at − 1.0 to 1.0 V and a 
scan rate of 100 mV/s using PBS buffer with 2.5 mM potas-
sium ferricyanide and potassium ferrocyanide.

Time optimisation for aptamer‑E. coli binding

The E. coli swim randomly in different directions and do not 
immediately appear on the sensing surface. The E. coli bind-
ing time was optimized by incubating a fixed concentration 

Fig.1   a Schematic illustration shows process steps of SPCE surface 
modifications that include drop-casting of the silver nanoparticles, 
attachment of thiol-modified aptamers, and blocking exposed areas 
of nanoparticles by 2-mercaptoethanol. b Potassium ferrocyanide and 

ferricyanide redox reagents were added to the solution just before the 
detection of E. coli, and c an experimental setup for the detection of 
bacteria using SPCE
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of E. coli (15 × 102 CFU/ml) on the aptamer-modified SPCE 
for 5, 10, 15, and 20 min. After that, the differential pulse 
voltammetry (DPV) signals of E. coli-bound SPCE were 
recorded by a potentiostat for − 1 to 1 V at a pulse of 0.02 V 
for 0.02 s and a scan rate of 0.025 V/s.

Electrochemical analysis for E. coli detection

The DPV signals of aptamer and AgNP-modified SPCEs 
were recorded in an electrochemical cell containing vari-
ous concentrations of E.coli in PBS buffer and 2.5 mM 
potassium ferricyanide and potassium ferrocyanide. DPV 
signals were measured at − 1 to 1 V, at a pulse voltage of 
0.02 V for 0.02 s, and a scan rate of 0.025 V/s. The detec-
tion efficiency and limit of detection of modified SPCE were 
determined by measuring the DPV signal at E. coli concen-
trations of 150 CFU/ml, 15 × 102 CFU/ml, 15 × 103 CFU/
ml, 15 × 104 CFU/ml, 15 × 105 CFU/ml, and 15 × 106 CFU/
ml. The peak current was recorded from the DPV plot. All 
the experiments were carried out in duplicate. The current 
change concerning the log of E. coli concentration was plot-
ted to get the regression curve.

Results and discussion

Silver nanoparticle characterization

AgNPs were synthesized by the chemical reduction method, 
in which sodium borohydride reduces the silver nitrate in 
the presence of the colloidal stabilizer polyvinylpyrrolidone 
(PVP). In this reaction, excess sodium borohydride (3 mM 
instead of 2 mM) was used to stabilize and increase the lon-
gevity of the AgNP colloid (Divsar et al. 2015). TEM images 
in Fig. 2a, b reveal that AgNPs are spherical and have a size 
distribution of 6.28 nm to 16.27 nm.

Figure 3a shows the DLS estimated hydrodynamic diam-
eter and polydispersion index (PDI) of AgNPs dispersed in 

distilled water are about 41.84 nm (84.3% intensity) and 
0.175, respectively. The large particle size in the DLS study 
might be due to the aggregation of particles in distilled 
water. PDI is a measure of the heterogeneity of the nanopar-
ticle size. International Standards Organizations (ISOs) have 
established that PDI values less than 0.05 are more common 
in monodispersed samples. In contrast, PDI values greater 
than 0.7 indicate the polydisperse distribution of particles 
(Mudalige et al. 2019). Therefore, the AgNP colloid is con-
sidered a monodispersed sample according to the obtained 
PDI value. Zeta potential is the electrical potential at the 
slipping plane, which is the interface between the mobile 
fluid and the fluid attached to the nanoparticle surface. A 
high zeta potential (> ± 30 mV) ensures good dispersibil-
ity and colloidal stability of nanoparticles in the liquid, as 
enough repulsive force prevents aggregation of the particles 
(Shnoudeh et al. 2019). The mean zeta potential of synthe-
sized AgNPs was obtained at − 24.7 mV. The highest intense 
peak of the zeta potential was observed at − 31.9 mV, con-
firming the good colloidal stability of the particles (Fig. 3b).

Figure 3c, d show the size distribution profiles of AgNPs 
and aptamer conjugated AgNPs in 10 mM PBS buffer, 
respectively. The salts of the PBS buffer disrupt the equilib-
rium between electrostatic repulsion and break the stability 
of AgNPs, which causes the aggregation of nanoparticles 
and an increase in particle size (Christau et al. 2017).

Silver nanoparticle‑aptamer conjugation

Metals such as gold (Au), silver (Ag), copper (Cu), and iron 
(Fe) are known to possess an affinity for sulfur (Hultberg 
et al. 1997). However, Cu nanoparticles are prone to insta-
bility in an open environment and tend to oxidize into CuO, 
resulting in reduced conductivity and stability (Yabuki and 
Tanaka 2011, Ma et al. 2022). Consequently, synthesizing 
Cu nanoparticles requires an inert gas system, making it 
challenging. Furthermore, the conjugation of thiol-modi-
fied aptamers on metal nanoparticles is a time-consuming 

Fig. 2   a TEM analysis of 
spherical silver nanoparticles 
synthesized by the chemical 
reduction method. The size 
distribution shows that the 
diameters of nanoparticles are 
in the range of 6–17 nm, and (b) 
a high-resolution TEM image of 
a single silver nanoparticle
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process that requires up to 24 h. This long exposure of Cu 
nanoparticles in buffer solution causes surface oxidation, 
hindering the formation of the Cu–S bonds. Similarly, pure 
Fe nanoparticles are not preferred due to their high tendency 
to oxidize quickly (Kelgenbaeva et al. 2014). There is no 
mention of direct thiol conjugation on iron oxide (Fe3O4) 
nanoparticles in the literature, as the presence of oxygen 
may block the interaction between Fe and S. Also, these 
nanoparticles get agglomerated in chain-like structures very 
easily (Xu et al. 2022). Even though the noble Au nanopar-
ticles conjugate with thiol-modified aptamers, high material 
cost limits their large-scale applications. Ag nanoparticles 
provide advantages over other nanoparticles and are; there-
fore, they were selected for the conjugation with thiol (-SH) 
modified aptamers. The aptamer was thiol modified at the 
5’ end using C6 S–S phosphoramidite. The thiol groups are 
strong nucleophiles; thereby, unprotected thiol groups spon-
taneously form disulfides and dimers of aptamers, rendering 
the aptamers useless. The thiol groups were protected using 
disulfide phosphoramidite during the aptamer modification 
to avoid the formation of aptamer dimers.

Before the conjugation of aptamers with Ag, a potent 
reducing agent, TCEP was used as a reducing agent for 
aptamers to break the S–S bonds and form the -SH group. 
A high affinity of sulfur toward noble metals helps in the 
conjugation of the thiol-modified aptamer with silver 
through chemisorption or covalent bond formation (Yu and 
Li 2019; Zienkiewicz-Strzalka et al. 2018). AgNPs can be 
effectively functionalized with DNA molecules through a 
strong Ag–S bond. A short heating period of about 5 min is 
required before reduction to get the aptamer refolded in its 
proper 3-dimensional conformation. The addition of diva-
lent cations like Mg2+ is essential to maintaining the looped 
structure of the aptamer (Hetzke et al. 2019). The incuba-
tion period and the size of AgNPs influence the process of 
aptamer-AgNP conjugation. Lower-size nanoparticles pro-
vide a high surface-to-volume ratio, essential for an influen-
tial and significant number of molecules binding (Rahnama 
et al. 2021).

The conjugation of thiol-modified aptamers with AgNPs 
was confirmed by studying the UV–visible absorption spec-
tra of AgNPs, aptamers, and aptamer-conjugated AgNPs. 
Based on surface plasmon resonance (SPR) properties, 

Fig. 3   a Size distribution profile of silver nanoparticles (AgNPs) in distilled water; b Zeta potential distribution of AgNPs in distilled water with 
size distribution profiles of c AgNPs in 10 mM PBS pH 7.4; and d aptamer conjugated AgNPs in 10 mM PBS pH 7.4
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PVP-capped AgNPs showed a characteristic UV–visible 
absorbance peak at around 397 nm, and aptamer (DNA) 
shows an absorbance peak at about 260 nm, as shown in 
Fig. 4 (Derayeaa et al. 2017). At the same time, the conju-
gated nanoparticles show both absorbance peaks and con-
firm the successful conjugation of aptamer and nanoparticle 
(Fig. 4).

Additionally, CD spectroscopy analysis of aptamers, 
unmodified AgNPs, and aptamer conjugated AgNPs over the 
wavelength of 200 to 300 nm was used to observe structural 
changes of the aptamer upon target binding. Figure 5 shows 
no optical chirality for the unmodified AgNPs, whereas a 
strong optical chirality is observed for the aptamer in the UV 
region. The nonconjugated aptamers show a negative peak at 
around 250 nm and a positive peak at around 280 nm, identi-
fying the aptamer’s stem-loop (hairpin) structure (Yoshitomi 
et al. 2020; Zheng et al. 2011). Since the CD signals of 
aptamer-conjugated AgNPs show no shift in the peak posi-
tions, this study confirms no structural reassembling of the 
aptamer after conjugation with nanoparticles (Prante et al. 
2019). A decrement in the positive and negative troughs in 
the CD signals for aptamer-conjugated AgNPs is due to the 
interaction of the aptamer molecules with Ag colloid and 
thus confirms the conjugation of the aptamer onto AgNPs 
(Kurt et al. 2016).

Affinity of the aptamer towards E. coli DH5α

The selected aptamers have a nearly similar extent of affinity 
towards most of the E. coli strains and a minimum bind-
ing affinity towards bacteria other than E. coli (Kim et al. 
2013). The author did not analyze the binding affinity of 
the aptamer towards the E. coli DH5α strain. Therefore, 
UV–visible spectrophotometry was used to understand bind-
ing affinity and confirm the attachment of the aptamer to the 
E. coli DH5α strain in the study.

An increase in the ionic strength or addition of salt causes 
aggregation of nanoparticles exhibiting the change in the 
SPR region (Mavani and Shah 2013); therefore, the addition 
of AgNPs in PBS buffer significantly reduces the absorb-
ance peak intensity. The particle size distribution of AgNPs 
before and after aptamer conjugation in DW and PBS was 
studied by DLS as presented in Fig. 3a, c, d, and the peak 
values are summarized in Table 1. Increased size and low 
zeta potential of AgNPs indicate aggregation of the nanopar-
ticles in PBS buffer (Table 1, Fig. 3c). The increase in parti-
cle size and PDI index of AgNPs on conjugation with aptam-
ers is probably due to the effects of salts present in PBS. 
However, this aggregation is not observed as irreversible.

Fig.4   UV–visible spectra of 
aptamer-conjugated silver nano-
particles (AgNPs) compared 
with those of unconjugated 
AgNPs and free aptamers. The 
bioconjugation of AgNPs with 
aptamers is confirmed by the 
absorption peaks at 260 nm (for 
DNA) and 397 nm (for AgNPs). 
Experiments were conducted 
using 1 ml of each sample
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Fig. 5   Circular dichroism spectra of silver nanoparticles (AgNPs), 
free aptamer (1 µM), and aptamer conjugated to AgNPs (1 ml AgNPs 
treated with 1  µM of aptamer concentration). Each experiment was 
conducted in DI water with a sample volume of 500 µl. A decrement 
in the peak intensities confirms the bioconjugation of the AgNPs with 
aptamers
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The aptamers have a high affinity for E. coli; thus, incu-
bation of aggregated AgNPs with the bacterial suspension 
causes redispersion of the conjugated AgNPs in the solu-
tion. The absorbance peak of UV–visible spectrophotometry 
was significantly increased on incubation of aptamer-AgNPs 
with E. coli, which resulted in the binding of AgNP-aptamer 
on the E. coli cells and redispersion in PBS buffer (Fig. 6). 
A similar observation has been reported by Sepunaru et al. 
(2015), who described the change in SPR and increased 
absorbance peak intensity of AgNPs on binding with E. coli. 
The absorbance peak value increases linearly with increas-
ing E. coli concentrations. The equation of the linear regres-
sion curve Y = 0.0002X + 0.0103 is obtained with an R2 
value of 0.96, indicating a good agreement of experimental 
results of UV–visible spectrophotometry with analytical per-
formance. The redispersion phenomena of aptamer-AgNPs 
and the above correlation of absorbance with concentration 
propose that aptamer has a high affinity for E. coli.

Electrode modification and electrochemical analysis

The SPCE used in the current work is a miniature version of 
the conventional electrodes. The drop-casted AgNPs serve 
as an immobilization platform for thiol-modified aptamers 
and electron transporters. Aptamers modified with a thiol 
(-SH) group at the terminal nucleotide were conjugated to 
the silver nanoparticles as the sulfur has a strong affinity for 
noble metals like silver (Labib et al. 2012). Aptamers are 
single-stranded nucleic acids that act as recognition elements 
and selectively bind to the targeted E. coli.

Electrode characterization

The characterization of the modified electrode is essential for 
understanding the degree of functionalization, redox reac-
tions, and uniformity in modifications, which are essential 
to carrying out errorless sensing experiments. After clean-
ing the AgNp-modified SPCE, SEM analysis and EDS map-
ping were carried out to confirm the presence of AgNPs on 

Table 1   DLS particle size 
distribution and zeta potential of 
AgNP in DW and PBS

Composition Particle size distribution (d.nm) PDI Zeta potential

AgNP in DW Peak 1: 41.84 nm (84.3%)
Peak 2: 11.08 nm (15.7%)

0.175 − 24.7

AgNP in PBS Peak 1: 212 nm (71.3%)
Peak 2: 24.72 nm (20.1%)
Peak 3: 3.36 nm (8.7%)

1.00 − 6.85

AgNP-Aptamer in PBS Peak 1: 84.84 nm (90.6%)
Peak 2: 4.755 nm (9.4%)

1.00 − 9.32

Fig. 6   UV–visible spectro-
photometric analysis of the 
aptamer-conjugated AgNPs 
with increasing E. coli concen-
trations. The linear increment in 
the absorption concerning the 
E. coli concentrations is shown 
in the inset. Each experiment 
was done in 10 mM PBS, pH 
7.4, and a sample volume of 
1 ml
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the electrode surface, which will eventually prove the firm 
attachment of the AgNPs to the electrode surface. The SEM 
micrograph (Fig. 7a) shows the homogeneous distribution 
of the fine nanoparticles all over the electrode surface. EDS 
mapping represents carbon (C K) in green and silver (Ag 
L) in red in Fig. 7b, c, respectively. Figure 7d represents 
the distribution of Ag over C, and the graphical EDS data 
presented in Fig. 7e showing the respective peaks for Ag 
confirms the presence of AgNPs on the electrode surface.

A cyclic voltammetry analysis confirms the aptamer 
binding onto the electrode surface by analyzing the redox 
reaction occurring at the electrode–electrolyte interface. 
The redox reaction mediated by potassium ferrocyanide 
and potassium ferricyanide as redox species is presented in 
Eq. 2. 

AgNPs have high surface free energy due to their high 
surface-to-volume ratio, which causes signal amplifica-
tion. Therefore, AgNPs drop-casted SPCE electrode shows 
an increase in peak current intensity of the oxidation and 
reduction peaks due to the enhancement of conductivity of 
the electrode. Also, AgNPs are very compatible with bio-
molecules. On immobilizing the aptamer on the electrode, 
a decline in peak current occurred due to the electrostatic 
repulsion between the negatively charged aptamer (DNA) 
and the ferrocyanide-ferricyanide species (Ma et al. 2014). 
The sequential decline in anodic current peak (Ipa) and 
cathodic current peak (Ipc) after the addition of aptamer 
indicates successful functionalization of the aptamer on the 

Reduction

Oxidation

Fe (CN)6
3- + e- Fe (CN)6

4- (2)

Fig. 7   a SEM micrograph of SPCE decorated with drop-casted AgNPs. EDS mapping of AgNP modified SPCE showing C K, and Ag L, c EDS 
graph showing peaks of C and Ag elements
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electrode surfaces (Labib et al. 2012). The redox peak cur-
rent and intensities decrease significantly as the aptamers 
cover a large electrode area (Fig. 8). Further, the deposition 
of 2-mercaptoethanol covers the electrode active surface 
area, causing resistance to the charge transfer at the electrode 
surface. CV analysis of bare SPCE and modified electrodes 
shows an anodic peak (oxidation) at around + 0.45 V and a 
cathodic peak (reduction) at around − 0.19 V, as shown in 
Fig. 8.

A considerable amount of aptamer can remain loosely 
bound to the electrode surface and disperse into the solution 
during electrochemical experiments. Washing is essential to 
remove unbound aptamer molecules and avoid experimental 
errors. 2-mercaptoethanol has a thiol group, which has an 
affinity for AgNPs. Therefore, any exposed area of AgNPs 
after aptamer modification will be covered by 2-mercaptoe-
thanol. This step is necessary to avoid nonspecific binding 
of E. coli, which may lead to technical errors during sensing 
experiments.

Optimisation of the incubation time

Although biorecognition agents like DNA aptamers are 
highly sensitive and specific, they require a particular time 
to interact and bind with the targets, as E. coli continuously 
swims and tumbles in random directions. In the electro-
chemical analysis and detection of the bacterial population 

in the water sample, it is necessary to find the optimum bind-
ing time through which a significant signal change can be 
obtained. DPV signals were recorded for variable periods 
at a fixed concentration of E. coli (15 × 102 CFU/ml). The 
current vs. time plot in Fig. 9 shows a significant decrease 
in the current signals until the incubation time of 15 min, 
and no substantial change in the current was observed after 
15 min. The findings in the above study suggested that a 
binding time of 15 min is an optimum response time for the 
biosensor. Therefore, all the electrochemical analysis was 
carried out by incubating the aptamer-modified SPCE with 
E. coli dilutions for 15 min.

Biosensor calibration curve and selectivity

The change in electrochemical signal concerning the bac-
teria concentration was analyzed by differential pulse vol-
tammetry (DPV), a voltammetric technique with enhanced 
discrimination of Faradic currents, i.e., electron transfer to 
and from the electrode. DPV is a highly sensitive method 
because of the minimization of the capacitive current or 
background charges (Simoes and Xavior 2017). DPV stud-
ies can provide improved selectivity for observing the dif-
ferences in redox processes compared to CV studies. The 
experiments were conducted at various pulse voltages from 
10 to 50 mV for 0.02 s at a 25 mV/s scan rate to optimize the 
pulse voltage and get recognizable signals. A pulse voltage 
of 20 mV was found ideal for efficient signal discrimina-
tion for bare and modified electrodes and at different analyte 
concentrations.
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-20
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A
)
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Fig. 8   Cyclic voltammetry analysis of each modification step, includ-
ing bare unmodified SPCE, AgNP drop-casted SPCE (Ag-SPCE), 
aptamer-functionalized Ag-SPCE, and 2-mercaptoethanol blocking 
the unbound sites on the aptamer-functionalized Ag-SPCE sensor. 
The electrode modifications were confirmed as AgNP drop casting 
increases the redox peak intensity, whereas aptamer functionaliza-
tion reduces the redox peak intensity. Experimental conditions: Each 
experiment was performed using 5 ml of 10 mM PBS pH 7.4 contain-
ing 2.5 mM Fe(CN)6
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Fig. 9   Plot of current (I) vs. incubation time for optimizing the 
response time. The current response does not decrease significantly 
after 15 min, considered an optimum incubation time for aptamer-E. 
coli binding on the electrode surface
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Finally, the detection of E. coli was performed by AgNPs 
and aptamer-modified SPCE at optimized response time and 
pulse voltage. The DPV results show a decrease in peak cur-
rent with an increase in E. coli concentration (Fig. 10a, b) 
due to the blockage of electron transfer by aptamer-captured 
bacterial cells. The bacteria attached to the electrode surface 
cause resistance to the charge transfer from the electrode 
to the Fe(CN)6

3−/4−. As a result, the increase in bacterial 
concentration in the solution increases the number of bacte-
rial attachments on the sensor surfaces and decreases the 
current intensity. The current change is attributed as ∆I and 
plotted against the log of E.coli concentration to get a regres-
sion line expression, illustrated in Fig. 10b and presented 
in Eq. 3.

Equation 3 denotes that the change in current (∆I) across 
the sensor is directly proportional to the log of E. coli con-
centration (X). A high R2 value of 0.98 supports the con-
clusion that the correlation between the current signal and 
the logarithmic value of the E. coli concentration can be 
utilized to quantify the presence of bacteria in the water 
sample. The actual E. coli concentration (C) in CFU/ml can 
be determined by calculating the antilog of X, as represented 
in Eq. 4. To analyze the selectivity, DPV was carried out on 
the 15,000 CFU/ml concentration of three different bacterial 

(3)ΔI = 0.2934 X + 0.838

(4)C = Antilog X

strains, viz., Serratia marcescens, Bacillus subtilis, and 
Staphylococcus aureus, in PBS pH 7.4, using the developed 
biosensor, and the signals obtained were compared with the 
same concentration of E. coli. Figure 11 shows that all three 
bacterial strains other than E. coli show very little intensity 
of the current change (ΔI) compared to that of E. coli, prov-
ing the excellent selectivity of the proposed biosensor.

Fig. 10   a DPV measurements in the presence of increasing E.  coli 
concentrations. b Regression curve for E.  coli detection plotted as 
current change (∆I) vs. log of concentration. Experimental condi-
tions: Each experiment was performed using 5 ml of coli concentra-

tion prepared in 10 mM PBS pH 7.4 containing 2.5 mM Fe(CN)6
3−/4− 

as a redox reagent. The E. coli concentrations used are 150 CFU/ml, 
15 × 102 CFU/ml, 15 × 103 CFU/ml, 15 × 104 CFU/ml, 15 × 105 CFU/
ml, and 15 × 106 CFU/ml

Fig. 11   Current change (∆I) data from DPV analysis of the three 
different bacterial strains obtained individually and compared with 
E. coli. Experimental conditions: 15,000 CFU/ml of concentration of 
each strain prepared in 10 mM PBS, pH 7.4
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RSD, LOD, and validation and stability of biosensor

Reproducibility is an essential parameter for a new 
method, evaluated by the relative standard deviation 
(RSD) value. The measurements of DPV current signals 
at each concentration of E. coli were replicated three 
times. The RSD values of three replicates at 150 CFU/ml, 
15 × 102 CFU/ml, and 15 × 103 CFU/ml were obtained as 
6.91%, 2.75%, and 1.47%, respectively, which show good 
reproducibility of results. The higher deviation is observed 
at lower concentrations, as the attachment of a sufficient 
number of bacteria to cause a noticeable current change 
is challenging. The E. coli concentration of 150 CFU/
ml was found to be the limit of detection (LOD) and the 
limit of quantification (LOQ) for the proposed biosensor. 
Brosel-oliu et al. (2018) demonstrated an impedimetric 
aptamer sensor for detecting E. coli O157:H7 with a LOD 
of 100 CFU/ml. The authors used the vapor phase silani-
zation method to modify the tantalum silicide electrode 
with 3-mercaptopropyltrimethoxysilane for binding the 
thiol-modified aptamer. Queiros et al. (2013) fabricated 
an aptamer-based impedimetric biosensor by immobiliz-
ing a thiol-modified aptamer on a gold electrode surface 
to detect E. coli outer membrane proteins. A DNA probe-
based electrochemical biosensor was developed by Xu 
et al. (2017) for the detection of E. coli O157 genomic 
DNA. The author immobilized the captured DNA onto 
a graphene oxide-chitosan-modified glassy carbon elec-
trode using EDC-NHS linker molecules. These biosensors 
are designed for repetitive use; however, their function-
ality reduces over time and requires the pretreatment of 
the samples. A reduced graphene oxide-based field effect 
transistor sensor was developed by Saha et  al. (2018) 
using aptamer-conjugated magnetic nanoparticles to 
detect E. coli in aqueous samples. The author mentioned 
aptamer functionalization of the nanoparticles using EDC-
NHS coupling and about an hour of incubation time for 
aptamer-E. coli binding. Vu et al. (2021) have reported the 
electrochemical detection of E. coli O157 by immobilizing 
antibodies onto gold nanoparticles via EDC-NHS linkage. 

However, the antibodies have some limitations: they are 
expensive, difficult to synthesize, thermally sensitive, and 
unstable compared to the aptamer. Dinshaw et al. (2017) 
demonstrated a highly sensitive electrochemical aptasen-
sor for detecting Salmonella with a LOD of 10 CFU/ml 
by using a reduced graphene oxide-chitosan composite as 
an immobilization platform. The thiol-modified aptamers 
were functionalized on the electrode through glutaralde-
hyde crosslinking with amino groups of chitosan. Their 
methodology of sensor fabrication is the most complicated 
and time-consuming, and it requires linking molecules like 
EDC-NHS. The biosensor fabrication method proposed in 
the current study directly immobilizes the aptamer on the 
AgNPs, requires no linker molecules, and provides high 
sensitivity in a short incubation time.

Further, the applicability of the aptamer-AgNPs-modi-
fied bacterial sensors was verified using tap water samples 
spiked with known concentrations of E. coli. The pH of the 
sample medium was neutral (7.2). Potassium ferrocyanide 
and ferricyanide redox reagents of 2.5 mM concentration 
(molar ratio 1:1) were added to the sample before record-
ing the DPV response. The percentage recovery and error 
were calculated using Eq. 5 and Eq. 6, respectively.

The analysis presented in Table 2 shows that sensors have 
recoveries ranging from 95.27% to 107%, indicating satisfac-
tory accuracy of the proposed biosensor for detecting bac-
teria. The stability of the biosensor was assayed using the 
LOD concentration of 150 CFU/ml for four weeks at room 
temperature. The biosensor was found to be stable, as the 
ΔI signals shown in Table 3 were within the range of the 
standard deviation.

Conclusions

The study illustrates the use of silver nanoparticles as a 
functionalization platform for aptamer-based sensor devel-
opment. The bioconjugation of silver nanoparticles with 
aptamers can be successfully implemented in electrochemi-
cal biosensing applications to detect bacteria. Silver nano-
particles were used as an effective platform for immobilizing 
bacteria-specific aptamers while modifying screen-printed 
electrodes. Silver nanoparticles were used as an effective 

(5)% Error =
(known concentration − detected concentration)

known concentration
× 100

(6)% Recovery = 100 − % Error

Table 2   Validation of the biosensor with E. coli spiked water samples

Known concentration Detected concentration % Recovery % Error

200 CFU/ml 190.54 CFU/ml 95.27 − 4.73
2000 CFU/ml 1949.84 CFU/ml 97.49 − 2.51
60,000 CFU/ml 64,565.42 CFU/ml 107  + 7

Table 3   Stability of the 
biosensor

DPV for 150 CFU/ml
ΔI (average ± SD)

1st week 2nd week 3rd week 4th week

1.37927 ± 0.112415 µA 1.436625 µA 1.437325 µA 1.376615 µA 1.370155 µA
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platform for immobilizing bacteria-specific aptamers while 
modifying screen-printed electrodes. The screen-printed 
carbon electrodes are used to develop advanced biosensors, 
which are miniaturized three-electrode systems, compact in 
design and portable to remote areas. These biosensors are 
ideal for onsite detection of the bacteria in real-time as they 
exhibit a response time of about 15 min and do not require 
pretreatment, sophisticated lab facilities, and skilled person-
nel. Detecting bacteria in tap water demonstrated a proof of 
concept for rapid, selective, and easy onsite detection. The 
prepared biosensors exhibit high sensitivity, with a LOD 
of 150 CFU/ml. The biosensor demonstrated a pronounced 
selectivity for E.coli compared to the response signals 
obtained from other bacteria. The biosensors displayed good 
reproducibility, as indicated by a relative standard deviation 
(RSD) of 6.91% (n = 3). Moreover, the biosensor remained 
stable at room temperature for four weeks and exhibited 
excellent recovery rates ranging from 95.27% to 107% dur-
ing the tap water sensitivity validation. The screen-printed 
electrodes are comparatively cheaper than conventional 
electrodes but cannot be used repeatedly, thus decreasing 
the cost per assay. Also, there is an advantage concerning 
the loss of functionality over time due to the repeated use of 
conventional electrodes. Moreover, SPCEs make the device 
compact and favorable for transport. High reproducibility, 
sensitivity, recoveries from spiked samples, and a lower limit 
of detection make developed biosensors reliable and robust 
sensors for practical application.
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