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ABSTRACT: Shiga toxins (1, 2) regularly cause outbreaks and
food recalls and pose a significant health risk to the infected
population. Therefore, new reliable tools are needed to rapidly
detect Shiga toxin cost-effectively in food, water, and wastewater
before human consumption. Enzyme immunoassay and polymer-
ase chain reaction approaches are the gold standard detection
methods for the Shiga toxin. However, these methods require
expensive instruments along with expensive reagents, which makes
them hard to convert into point-of-use and low-cost systems. This
study introduces an electrochemical biosensing method that
utilizes silver nanoparticles (AgNPs) as electrochemical tags and
commercially available low-cost screen-printed carbon electrodes for detection. This study introduces the modification of reference
electrodes on commercially available screen-printed carbon electrodes to detect AgNPs dissolved in nitric acid. This biosensor
achieved a 2 ng/mL lowest measured concentration for Shiga toxin-1 in less than 3 h. These biosensor results also showed that the
AgNP-based sensor has better linearity (for graph between peak current vs concentration) and lower standard deviation compared to
gold nanoparticles (AuNP)-based electrochemical biosensors.

■ INTRODUCTION
The economic and health cost of Shiga toxin poisoning in
humans is significant,1−3 and it is becoming an ever-increasing
challenge lately.4,5 For example, a 2017 Centers for Disease
Control and Prevention report suggests that incidences of
Shiga toxin-producing Escherichia coli (STEC) infection per
100,000 population reported to Laboratory-based Enteric
Disease Surveillance increased by 132 % from 1997 to
2017.6 The estimated economic cost of STEC infections is
greater than $400 million annually.7,8 Shiga toxins damage
endothelial cells in the kidney and brain, causing renal failure
and neurological complications.9−11 Shiga toxin has more
hospitalizations per infection than other foodborne illnesses
caused by Salmonella or Campylobacter.12

The need for a reliable and sensitive detection method for
Shiga toxin stems from its infectious dosage in humans and
animals. A microgram quantity of Shiga toxin can be lethal and
cause kidney failure, neurological complications, as well as
necrosis of tissues.13 Yutsudo et al. estimated that 63.7 μg is a
lethal amount for a 45.5 kg human for Shiga toxin-1.14

Similarly, Tesh and Eiklid and Olsnes calculated LD50 in mice
equal to 20 and 450 μg/kg, respectively,15,16 making Shiga
toxin very dangerous.
Shiga toxin is a protein toxin included in the AB5 holotoxins.

Each holotoxin comprises a single A subunit noncovalently
bound to 5 identical B subunits.17 The B subunit binds to

lipids on the surface of the cell. It brings the holotoxin inside
the cytoplasm of a cell, where the A subunit catalytically
activates its A1 subunit, which stops protein synthesis.18−20

One A1 domain is enough to kill a cell. The mass of the B
subunit is 7.7 kDa, whereas the mass of the A subunit is 33
kDa. The two most common Shiga toxins are Shiga toxin-1 and
Shiga toxin-2.21−23 Both have different effects on different cell
types but induce apoptosis in different cell types.
Shiga toxin infection symptoms range from diarrhea to

hemorrhagic colitis with chances of developing hemolytic
uremic syndrome.24−27 Additionally, there is no practical way
to treat Shiga toxin poisoning.28−30 Some antibodies induce
the replication of phases, so antibody treatment is also not
recommended for poisoning.28−30 Due to the lack of available
treatments, detecting Shiga toxin before its consumption or
spreading as a preventive measure is necessary. Hence, rapid,
point-of-use, low-cost, and reliable detection of Shiga toxin-1 is
essential as a preventive tool. Detecting toxins in food or
wastewater is better to avoid disasters since treatment is highly
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challenging. Currently, enzyme immunoassay (EIA) and
polymerase chain reaction (PCR) approaches are the gold
standard detection methods for Shiga toxin.31 However, these
methods and relative works (like self-powered temperature
sensors with Seebeck effect transduction for photo thermal-
thermoelectric coupled immunoassay32) require expensive
instruments and reagents, making these methods hard to
convert into point-of-use and low-cost systems.
By comparison, electrochemical biosensors are easily

translated to point-of-use systems.33−35 This study uses an
electrochemical detection method using silver nanoparticles
(AgNPs) and low-cost, readily available screen-printed carbon
electrodes (SPCEs) to detect Shiga toxin-1.
The use of AgNPs has several benefits in meeting the

mentioned need for the detection of Shiga toxin-1. First, a 60
nm AgNP has 6.6 million atoms, and 100 % dissolution and
stripping in 1 s would create a signal of 1 pA (calculated based
on silver particle density and electron charge), which modern
instruments can measure (see the Supporting Information for
complete calculation). Hence, the detection of one toxin
molecule connected to an AgNP in an ideal system with
currently available technology would theoretically be possible.
The main limitation of the system would likely be related to
antibody binding efficiency.35 Also, the science/technology
behind the attachment of antibodies to AgNP is improving
rapidly.36,37 This improvement is driven by developments
involving gold nanoparticle (AuNP) modification with anti-
bodies,38−40 but AgNP modification uses similar chemistry as
is applied to the AuNPs.41,42,43

Additionally, the advantages of using AgNP-based electro-
chemical biosensors, specifically over AuNP-based electro-
chemical biosensors, are described as follows. First, for the yes/
no test (a test that only indicates results as positive or negative
instead of concentration), the current protocol could modify
the current setup, requiring just a fixed voltage battery with
nitric acid (HNO3) for point-of-use detection in remote areas
for possible use in the future. Second, AgNPs are 90 times
cheaper than AuNPs, which are often used for biosensors. The
electrochemical dissolution of nanoparticles also determines
their electrochemical efficiency, and AgNPs are easier to
dissolve and modify than AuNPs.44 The most significant
limitation of AgNPs is stability when the particles are coated
with citrate compared to AuNPs.44,45 That is why during the
modification of AgNPs, they should be carefully stored in
opaque containers. However, this can be avoided by using
aluminum foil-coated tubes during antibody modification.
After antibody modification, AgNPs become stable under
normal light conditions (initial observation, data are not
shown).
Due to the relatively low-cost and well-established protocols,

an AgNPs-based biosensor is proposed for use in this study.
Previous researchers have used AgNPs for biosensing
applications. However, none of them used screen-printed
carbon electrodes (SPCEs) to detect dissolved silver, as it
requires the addition of HNO3 in a buffer. HNO3 reacts with
the reference electrode of SPCE, which would give a higher
and more variable silver detection signal. This problem is
solved by treating the reference electrode with bleach, which
makes exposed silver into silver chloride. Due to the extremely
low Ksp (silver chloride (AgCl) solubility constant in water and
nitric acid), Ag + will not form and does not contribute to the
background signal. The innovation of this article is using

AgNP-based electrochemical detection with commercially
available SPCE for AgNP detection.
In summary, this article describes the modification and

characterization of commercially available SPCE for silver
detection, selecting the best pair of antibodies for Shiga toxin
detection and immunomagnetic separation (IMS)-based
detection of Shiga toxin using AgNPs, and compares these
results with those of our previously developed AuNP-based
Shiga toxin detection approach (Figure 1).

■ MATERIALS AND METHODS
Bioreagents. Shiga toxin-1 from E. coli (#161, List

Laboratories, Campbell, CA, USA), anti-Shiga toxin-1 (rabbit),
lgG (#761L, List Laboratories, Campbell, CA, USA)
(described as R-antibodies), anti-Shiga toxin, camelid anti-
body, and VHH (#761L, List Laboratories, Campbell, CA,
USA) (described as Vh-antibodies).

Chemical Reagents. PBS buffer (# 806552, Sigma-
Aldrich, MO, USA), mass spectroscopy grade water (#
900682, Sigma-Aldrich, MO, USA), acetonitrile (Catalog #
34998, from Sigma-Aldrich, Burlington, MA, USA); DSP
(dithiobis(succinimidyl propionate)) (Catalog # 22585, from
ThermoFisher Scientific, Cleveland, OH, USA); 3-mercapto-
propionic acid (MPA), 99 % (catalog # A13261, from Alfa
Aesar, Ward Hill, MA, USA); 60 nm unconjugated silver sols
(catalog # 807036, from Sigma-Aldrich, Burlington, MA,
USA); 20 nm unconjugated AuNPs (catalog #EM.GC20/
4Pierce, from BBI Solutions Portland, ME, USA); 20X borate
buffer (catalog #28341, from ThermoFisher Scientific,
Cleveland, OH, USA); nitric acid, 99.999 % trace metals
basis (catalog # 225711, from Sigma-Aldrich, Burlington, MA,

Figure 1. (A) Schematic diagram showing the protocol for the IMS-
based AgNP assay, showing the toxin incubated with antibody-coated
magnetic beads and silver particles. After this, the complex forms
(magnetic beads-antigen-AgNPs) are washed by a standard IMS
protocol. Finally, the remaining solution is dissolved and resuspended
in an electrolyte. (B) Completed sandwich immunoassay. The figure
is not up to the scale. Figure is made using biorender.com.
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USA); Dynabeads MyOne carboxylic acid Invitrogen (catalog
# 65012, Lot # 01188483, from ThermoFisher Scientific,
Cleveland, OH, USA); Pierce EDC, no-weigh form (catalog #
A35391, Lot # WL333565, from ThermoFisher Scientific,
Cleveland, OH, USA); and SPCE (catalog# TE100, from CH
instrument, Inc., Austin, TX, USA)

Antibody Conjugation to 60 nm AgNPs. 960 μL
portion of AgNPs (60 nm, 0.02 mg/mL) was mixed with 40
μL of 2 mM borate buffer to adjust the pH to 8.5. After that,
the AgNPs were modified with 10 μL of (multimonolayer)
MML solution. MML solution contains 1.0 mM DSP and 10
mM MPA in acetonitrile. The solution was rotated for 2 h in
rotating plates. Antibodies were attached to MML-modified
AgNPs by adding 5.0 μg of the desired antibodies and mixed
on a rotating plate for 3 more hours. Next, the solution was
added to 100 μL of 10 % (v/v) bovine serum albumin (BSA)
in 2 mM borate buffer and rotated for 6 − 8 h. Finally, AgNPs
were washed with centrifugation at 2500 g for 12 min,
removing the supernatant, and resuspending the AgNP pellet
into 1 mL of 1 % (v/v) BSA in 2 mM borate buffer. Dynamic
light scattering data are shown in Figure S3. The conjugation
of AuNP-antibody is similar to that of AgNP-antibody. Please
refer to our previous publication for a detailed description of
this protocol.47

Antibody Conjugation to Magnetic Beads. The
magnetic beads were modified with antibodies following
instructions from the Dynabeads_MyOne (Catalog # 65012)
manual from ThermoFisher.48 In summary, 1 mL of magnetic
beads was concentrated on the side wall of a 1 mL tube by a
magnet (as shown in Figure 1), followed by removing the
supernatant and resuspending the magnetic beads in 15 mM
MES buffer pH 6.0. Next, 100 μL of EDC was added, and the
magnetic beads were incubated on a roller for 30 min. After
that, the magnetic beads were washed with 15 mM MES
buffer. Subsequently, magnetic beads were incubated with 400
μg of the desired antibodies overnight on a roller. The next
day, magnetic beads were washed three times with 0.1 %
Tween −20 in PBS. The magnetic beads were resuspended in
0.1 % BSA dissolved in PBS.

Characterization of Modified Reference Electrode. To
convert the Ag/AgCl reference electrode’s outer surface
(surface exposed to liquid) from Ag to AgCl, 1.5 μL of bleach
was dripped onto the reference electrode of the SPCE, and the
SPCEs were kept in a humidity chamber for 30 min. Following
that, SPCEs were washed with 10 mL of DI water. Cyclic
voltammetry was performed with 1 mM ferro/ferri cyanide in 1
M KCl (50 μL) from −0.1 to 0.9 V with a 10 mV/s scan rate
and 10 mV step size.

Electrochemical Detection of Dissolved AgNPs.
AgNPs dissolved in 50 % HNO3 were detected by anodic
stripping voltammetry (ASV). Dissolved AgNPs were first
deposited on a working electrode by applying −0.5 V for 10
min. After depositing silver onto electrodes, it is stripped from
the electrode by a square wave voltammetry scan from −0.5 to
0.5 V (50 mV pulse size, 20 Hz frequency). A peak between 0
and 0.2 V was measured and correlated to Ag concentration.

Immunomagnetic Separation (IMS) with Gold Nano-
particles as an Electrochemical Label. R-antibody
modified 1 μm diameter paramagnetic particles (15 μL)
along with antigen (500 μL) and Vh-antibody modified 20 nm
AuNP (50 μL) were incubated for 1 h on a roller. Next, IMS
was used to wash an assay three times with 0.05 % Tween in
PBS. Subsequently, an assay was washed three times with 0.05

% Tween in PBS. Finally, an assay was resuspended in 0.1 M
HCl in PBS. Part of this solution (60 μL) was used for
electrochemical analysis, as described by Patel.47

IMS with AgNPs as an Electrochemical Label. R-
antibody-modified 1 μm-diameter paramagnetic particles (15
μL) along with antigen (500 μL) and Vh-antibody-modified
AgNP (50 μL) were incubated for 1 h on a roller. Next, an
assay was washed by replacing the supernatant with 0.05 %
Tween in PBS using IMS. Subsequently, an assay was washed
three times with 0.05 % Tween in PBS. Finally, 40 μL of
HNO3 was incubated in a centrifuge tube for 10 min to
dissolve silver nanoparticles, followed by adding 100 μL of
electrolyte (0.1 M HNO3 + 0.1 M of NaNO3). Part of this
solution (60 μL) was used for electrochemical analysis.

■ RESULTS
Modified Reference Electrode Potential Measure-

ment. After the SPCEs were modified with bleach, cyclic
voltammetry was carried out. The results are shown in Figure 2

and indicate that the reference electrode modified with bleach
has the same potential for ferro/ferricyanide (based on peak
position in cyclic voltammetry) as the reference electrode
without modification. This suggests that silver nanoparticles’
electrochemical peak would appear at the exact location and
does not need any changes in protocol to deposit or strip silver
ions and metal, respectively. Additionally, every SPCE is
different, and there is no clear trend of the effect of HNO3 on
a signal. However, there were random changes that affected the
linearity of the signal and the limit of detection of the signal
(data are not shown in the article).

Shiga Toxin-1 Detection Study by AuNPs. To
determine the limit of detection of Shiga toxin-1 using the
AuNPs-based electrochemical method, the assay with different
concentrations of Shiga toxin is performed. However, a high
standard deviation in the electrochemical signals was observed,
as shown in Figure 3. Hence, a one-way ANOVA followed by
an order difference report was generated using a student t-test.
This statistical analysis calculates p values between the various
experimental pairs blank-1 ng/mL, blank-10 ng/mL, blank-100
ng/mL, and 10 ng/mL-100 ng/mL are calculated as 0.36,
0.0.072, 0.073, and 0.99 respectively. Therefore, 10 and 100
ng/mL are detectable (compared to blank) but not
distinguishable. The signal for higher toxin concentration
seems to saturate, and evidence of likely hook’s effect can also
be observed for 1 μg/mL Shiga toxin-1 concentration.46

Overall, the dynamic range of AuNPs is limited for Shiga toxin-
1 detection. The variability in the signal for the AuNp-

Figure 2. Comparison of regular and bleach-modified reference
electrodes of the SPCE by cyclic voltammetry.
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conjugated toxin likely results from nanoparticle aggregation
and incomplete electrochemical dissolution of AuNp.

Shiga Toxin-1 Detection by AgNPs and Detector
Response Comparison between AuNPs and AgNPs. To
determine the limit of detection of Shiga toxin-1 using the
proposed electrochemical method, a series of tests with
different concentrations of Shiga toxin is performed. The
results presented in Figure 4A indicate that a detection limit of
2 ng/mL Shiga toxin-1 in PBS is possible with a good linear

relationship between analyte concentration and detector
response. It should be noted that this detection limit is within
the same order as the manufacturer’s Sandwich overnight
ELISA’s limit of detection. Also, a student t-test was run on the
blank to 10 ng/mL samples. Based on this statistical analysis, p
values between blank-1 ng/mL, blank-2 ng/mL, blank-5 ng/
mL, blank-10 ng/mL, and 5 ng/mL-10 ng/mL are calculated
as 0.90, 0.043, <0.001, <0.001, and <0.001, respectively. These
p values suggest that using AgNPs, 2 ng/mL Shiga toxin-1
detection is possible. Additionally, signals for 2, 5, and 10 ng/
mL are distinguishable. Figure 4B shows representative
sensograms for the electrochemical detection of Shiga toxin-1
using AgNP as an electrochemical label. Another set of data for
Shiga toxin-1, which was run on a different day, is described in
the Supporting Information (Figure S2).
By comparing Figures 3 and 4A, we can conclude that

AgNP-based detection is statistically better than AuNP-based
detection in terms of the detection limit and dynamic range for
toxin detection. The reason is that the AuNP-based signal has
more variability due to variations in electrochemical dis-
solution. In contrast, AgNP has more consistent chemical
dissolution, leading to less variation and better linear trends for
graphs of signal vs concentration. Further dilution buffer
exploration could likely improve the detection limit using the
same pair of antibodies and AgNPs.

■ DISCUSSION
In this study, we successfully developed an AgNP-based
electrochemical detection method for Shiga toxins-1 detection,
which is low-cost and faster compared to EIA and PCR with
the same order limit of detection. We used low-cost SPCEs
and modified their reference electrodes with an in-house
process for reliable and repeatable AgNP detection. Despite
using low-cost SPCEs, we have achieved the same order
detection (2 ng/mL) of Shiga toxin as sandwich-ELISA within
3 h, as described in the certificate of analysis of Shiga toxin
antibodies. To our knowledge, no directly comparable
electrochemical detection of Shiga toxin-1 exists in the
literature. Additionally, a thorough characterization of AgNP
electrochemical detection will be done by studying different
silver dissolution strategies using different carbon electrodes
(different amounts of oxygen groups on the carbon surface)
and the effect of AgNP modification on its stability for long-
term storage. This assay will be tested with Shiga toxin-
contaminated ground beef in future work. Additionally, due to
readily available portable batteries and potentiostats, trans-
lating this method into a point-of-use diagnostic process with
an automated electrochemical flow cell is the next step toward
automation.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
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The Supporting Information includes an experiment to
determine the optimal pair of antibodies for detecting
Shiga toxin-1 and replicated data of Shiga toxin-1
detection by AgNPs (PDF)

Figure 3. Plot showing the electrochemical detection of Shiga toxin-1
with the AuNP-based assay. (Error bars show standard deviations
with three samples for each concentration.)

Figure 4. Shiga toxin electrochemical detection: (A) Bar graph of
Shiga toxin-1 detection; inset represents a scatter plot of the same
graph. (B) Recorded signal of AgNP detections after baseline
correction. (Error bars show standard deviations of 3 samples for
each concentration.)
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