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Abstract: Malayan krait (Bungarus candidus) envenoming is a cause of significant morbidity and
mortality in many Southeast Asian countries. If intubation and specific antivenom administration
are delayed, the most significant life-threatening outcome may be the inhibition of neuromuscular
transmission and subsequent respiratory failure. It is recommended that krait-envenomed victims
without indications of neurotoxicity, e.g., skeletal muscle weakness or ptosis, immediately receive
10 vials of antivenom. However, the administration of excess antivenom may lead to hypersensitivity
or serum sickness. Therefore, monitoring venom concentrations in patients could be used as an
indicator for snake antivenom treatment. In this study, we aimed to develop a screen-printed gold
electrode (SPGE) biosensor to detect B. candidus venom in experimentally envenomed rats. The
gold electrodes were coated with monovalent Malayan krait IgG antivenom and used as venom
detection biosensors. Electrochemical impedance spectrometry (EIS) and square wave voltammetry
(SWV) measurements were performed to detect the electrical characterization between B. candidus
venom and monovalent IgG antivenom in the biosensor. The EIS measurements showed increases in
charge transfer resistance (Rct) following IgG immobilization and incubation with B. candidus venom
solution (0.1–0.4 mg/mL); thus, the antibody was immobilized on the electrode surface and venom
was successfully detected. The lowest current signal was detected by SWV measurement in rat
plasma collected 30 min following B. candidus experimental envenoming, indicating the highest level
of venom concentration in blood circulation (4.3 ± 0.7 µg/mL). The present study demonstrates the
ability of the SPGE biosensor to detect B. candidus venom in plasma from experimentally envenomed
rats. The technology obtained in this work may be developed as a detection tool for use along with
the standard treatment of Malayan krait envenoming.

Keywords: biosensors; venom; snake; antivenom; detection kit; Malayan krait

Key Contribution: A screen-printed gold electrode biosensor was developed for measuring the
concentration of B. candidus venom with electrochemical characterization by either EIS or SWV, and
this sensor can detect B. candidus venom in the serum of experimentally envenomed animals. The
SPEG biosensor is a promising tool for clinical applications.
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1. Introduction

In 2017, snakebite envenoming was once again recognized as a neglected tropi-
cal disease by the World Health Organization due to the lack of epidemiological sur-
veys and sufficient prevention techniques, including clinical training and affordable an-
tivenom/medications [1]. Envenoming following a venomous snakebite has become an
increasing economic burden on the public health system in many tropical countries, espe-
cially in Sub-Saharan Africa, South Asia, Southeast Asia and South America [2–4].

In Thailand, there are three different species of krait. They are Bangarus fasciatus
(banded krait), Bungarus flaviceps (red-headed krait) and Bungarus candidus (Malayan
krait) [5]. Of these, B. candidus (Malayan krait) is classified as a category 1 venomous
snake due to its widespread distribution and incidences of envenomings, which result
in high levels of death and disability [6–8]. Progressive neuromuscular paralysis lead-
ing to respiratory failure is likely to be the most significant outcome observed following
Malayan krait envenoming [9,10]. The mechanism behind this neuromuscular blockage
is attributed to the inhibitory actions of presynaptic phospholipase A2 (PLA2)/beta (β)
neurotoxins, postsynaptic/alpha (α) neurotoxins and three-finger toxins (3FTx) in krait
venoms [11–13]. Moreover, abnormal blood pressure, tachycardia, elevated creatine kinase
and electrolyze imbalance have also been reported in laboratory and clinical studies [14–17].
These life-threatening outcomes can be prevented and relieved by intubation and/or the
early administration of specific antivenoms.

The Queen Saovabha Memorial Institute (QSMI) of the Thai Red Cross Society is the
only snake antivenom manufacturer in Thailand. The antivenom is developed from the
IgG of venom-immunized horses. The QSMI produces mono-specific snake antivenoms
and neuro-polyvalent antivenom for Malayan krait envenoming. Clinically, antivenom is
administered for neurotoxic snake envenoming as soon as one or two systemic neurotoxic
symptoms, e.g., ptosis, external ophthalmoplegia or other skeletal muscle paralysis symp-
toms, are detected [18]. More antivenom than the standard recommendation (>50–100 mL)
is necessary to treat krait envenoming due to presynaptic neuromuscular inhibition [17,19].
However, this antivenom can potentially cause severe allergic reactions or serum sickness.
Techniques to measure the levels of snake venom in the blood of envenomed patients
would help clinicians determine the appropriate amount of antivenom to administer for
more effective therapeutic outcomes and fewer adverse reactions.

Previously, methods to detect and measure snake venom in envenomed victims in-
volved several immunological assays, e.g., the enzyme-linked immunoassay (ELISA), the
optical immunoassay and the avidin–biotin optical immunoassay [20–23]. However, the
nonspecific reactivity of antibodies may alter the detection accuracy [24]. This might result
from the longer antigen–antibody incubation time, which affects the sensitivity of the test.
Moreover, low sensitivity and frequent false-positive results are significant problems in
venom enzyme immunoassays [25]. In addition, a complex target SELEX-based identifi-
cation of DNA aptamers was recently developed for use in the detection of B. caeruleus
(common krait) envenoming [26].

Currently, electrochemical biosensors appear to be an essential tool for many biomed-
ical diagnoses [27]. Electrochemical impedance spectroscopy (EIS) is a sensitive tech-
nique used to detect or measure biomolecular interactions on the surface of an electrode.
Impedance changes are activated by incremental depositions on the surface of active elec-
trodes, such as bioreceptors and target–bioreceptor complexes [28,29]. EIS is a promising
method for quantifying molecules based on antibody reactions as recognition molecules on
electrodes or cell impedimetric immunosensors, including bacteria, viruses, parasites and
inflammatory markers [28–31]. This technique provides a powerful, informative and rapid
electrochemical response; the target is not destroyed; the methods are easy to perform;
and the process is inexpensive. Therefore, EIS has widespread applications [32]. If used
clinically, the electrochemical biosensor technique would deliver more rapid results and
data interpretation than conventional ELISA.
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In this study, we applied an electrochemical technique using screen-printed gold
electrodes (SPGEs) to measure B. candidus venom in experimentally envenomed rats. The
knowledge obtained from this study can be developed for clinical applications in order to
measure venom concentrations after snakebite envenoming.

2. Results
2.1. Examination of B. candidus Antivenom Specificity
2.1.1. Dot Blot Hybridization and Indirect ELISA for B. candidus Venom Detection

Dot blotting and indirect ELISAs were performed to investigate the recognition of
snake antivenoms containing venom-specific IgG and B. candidus venom.

In dot blots, B. candidus venom (1, 2, 4 µg) was spotted onto nitrocellulose membranes
and probed separately with different antivenoms (i.e., B. candidus antivenom, BCAV; Ophio-
phagus hannah antivenom, OHAV; and Naja kaouthia antivenom, NKAV; Figure 1a). The
data showed different binding capacities between the three snake antivenoms and the
B. candidus venom (Figures 1a and S1). However, the B. candidus venom was detected by
all the antivenoms. The highest density was detected in the chemiluminescence intensity
between the B. candidus venom (1, 2 and 4 µg: Figure 1a) and the BCAV.
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2a). A Western blot analysis (Figures 2b and S2) indicated that most proteins in the venom 
were detected by the monovalent BCAV. 

Figure 1. The binding capability of Malayan krait (B. candidus) venom to different antivenoms. (a) Dot
blot hybridization and (b) indirect ELISA. ** indicates significantly different from NKAV, OHAV and
phosphate-buffered saline (PBS) (p-value < 0.05, one-way ANOVA).
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In an indirect ELISA, the B. candidus venom and BCAV exhibited the highest chemilu-
minescence compared with the OHAV and NKAV (Figure 1b). The A450 signal of the BCAV
was also highest among all the monovalent antivenoms and showed a high sensitivity to
the B. candidus venom at 0.1 and 1 ng.

2.1.2. Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS–PAGE) and
Western Blotting

The SDS–PAGE analysis of the B. candidus venom indicated that the venom possessed
thick and high-intensity bands in the MW range below 17 kDa under reduced and nonre-
duced conditions (Figure 2a). A low-intensity protein was observed within the range
of 20–35 kDa in the reduced and nonreduced venoms with no remarkable differences
(Figure 2a). A Western blot analysis (Figures 2b and S2) indicated that most proteins in the
venom were detected by the monovalent BCAV.
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tion; Figure 3). A significant increase in Rct was observed following incubation with the B. 
candidus venom (0.2–0.4 mg/mL: Figure 4a). The EIS measurement data for each venom 
concentration were detected in triplicate. The correlation between Rct and the B. candidus 
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Figure 3. The EIS measurements show the changes in charge transfer resistance (Rct) in different 
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electrode, (C) the BCAV (IgG)-coated electrode with blocking activity by mercaptohexanol and (D) 
following incubation with BC venom (0.1 mg/mL). Experiments were carried out in triplicate. 

Figure 2. (a) SDS–PAGE and (b) Western immunoblot analysis of B. candidus venom on a 12%
separating gel with a 5% stacking gel. Venoms were treated in nonreducing (NR) or reducing buffer
(R) prior to loading and electrophoresis and stained with X-press Blue. Western immunoblotting of
reduced B. candidus venom incubated with monovalent BCAV.

2.2. EIS Measurement for B. candidus Venom Detection under SPGE Biosensor

An increase in the charge transfer resistance (Rct) from the EIS measurement under
the SPGE biosensor was observed following BCAV (0.1 mg/mL) incubation (immobiliza-
tion; Figure 3). A significant increase in Rct was observed following incubation with the
B. candidus venom (0.2–0.4 mg/mL: Figure 4a). The EIS measurement data for each venom
concentration were detected in triplicate. The correlation between Rct and the B. candidus
venom concentration was linearly related (Figure 4b, n = 3).
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Figure 3. The EIS measurements show the changes in charge transfer resistance (Rct) in different
modification steps of the SPGE biosensor, including (A) a bare electrode, (B) the BCAV (IgG)-coated
electrode, (C) the BCAV (IgG)-coated electrode with blocking activity by mercaptohexanol and (D)
following incubation with BC venom (0.1 mg/mL). Experiments were carried out in triplicate.
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Figure 4. EIS measurement for B. candidus venom with the SPGE biosensor. (a) EIS measurements
showed the Nyquist spectrum of the signal detected using the biosensor with different concentrations
of B. candidus venom (0.1–0.4 mg/mL) and PBS (negative control). (b) Linear correlation between
relative resistance and B. candidus venom concentration within the range of 0.1 to 0.6 mg/mL (PBS
was used as a negative control). EIS was conducted in 5 mM of [Fe(CN6)]3−/4− within the frequency
range of 5.0 to 50,000 Hz. * indicates significantly different from the negative control (PBS, n = 3;
p-value < 0.05, one-way ANOVA).

2.3. SWV Analysis of B. candidus Venom Concentration in Plasma from Non-Envenomed Rats

To determine the ability of the biosensor to detect B. candidus venom in plasma,
B. candidus venom (between 0.75 µg/mL and 6 µg/mL) was added to plasma from non-
envenomed rats (Figure 5a). The amount of venom in the plasma was displayed as a
change in the current (Figure 5a) under the SWV measurements. The increase in venom
concentration was shown as a lower current peak compared to PBS. The B. candidus venom
concentration in the plasma was calculated by using an equation of a standard curve that
was plotted as the peak current change (µA) versus the venom concentration (µg/mL)
(Figure 5b) (NB). The equation from the standard curve was also used for the B. candidus
venom concentration in the envenomed rats (Section 2.4). The B. candidus venom (6 µg/mL)
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in the plasma was detected as a significant change in the SWV current, while the O. hannah
and T. wagleri (Tropidolaemus wagleri) venoms (6 µg/mL) did not cause significant changes
in the current, as determined by the SWV measurements (Figure 5c; n = 3).
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Figure 5. The SWV measurements of B. candidus venom. The different SWV currents (∆I) of the
B. candidus venom in rat serum at various concentrations were detected (a) and plotted for the
standard curve ((b); n = 3). (c) The different SWV currents (∆I) of the B. candidus venom (6 µg/mL)
in rat plasma compared with the O. hannah and T. wagleri venoms (6 µg/mL) in serum. * indicates
significantly different from PBS. ** indicates significantly different from the O. hannah and T. wagleri
venoms, including PBS (p-value < 0.05, one-way ANOVA; n = 3).

2.4. SWV Analysis of B. candidus Venom Concentration in Plasma from Envenomed Rats

In the preliminary experiments, the B. candidus venom was administered to the rats
at doses of 50, 100 and 200 µg/kg (i.v.; n = 3). The venom doses higher than 100 µg/kg
resulted in the death of the rats within 2 to 3 h. Therefore, a dose of 100 µg/kg was chosen
for further studies as it provided an optimal time frame for the study.

In the anesthetized rats, plasma was collected 30, 60, 120 and 180 min after the ad-
ministration of the B. candidus venom (100 µg/kg, i.v., Figure S3). The electrochemical
measurements showed a decrease in the SWV current relative to the time of sample collec-
tion (Figure 6a). The lowest SWV current was detected in the plasma collected 30 min after
the B. candidus venom administration. In comparison, the rat plasma collected 60, 120 and
180 min after the B. candidus venom administration did not show marked differences in the
SWV current (Figure S3). Based on calculations using the data from the standard curve, the
maximum venom concentration was detected in a plasma sample collected after 30 min
(4.3 ± 0.7 µg/mL; n = 5; Figure 6b). The lowest venom concentration was found in a plasma
sample collected after 60 min (2.4 ± 0.3 µg/mL; n = 5; Figure 6b).
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indicated, after B. candidus venom administration, and (b) average SWV current change (∆I) versus
the concentration of B. candidus venom in the rat plasma (n = 5) (b). * indicates significantly different
from plasma collected 30 min after the administration of the B. candidus venom (p-value < 0.05,
one-way ANOVA).

3. Discussion

Monovalent BCAV has been reported to minimize hospitalization time for patients
envenomed by B. candidus in Thailand [33]. In addition, while B. fasciatus monovalent
antivenom (BFAV) has been shown to neutralize the effects of three species of kraits in
Thailand [34], neither BFAV nor BCAV were able to cross-neutralize the in vitro skeletal
muscle effects of venoms from other Bungarus species [35].

Several snake venom enzyme immunoassays (EIAs) have been previously investigated
to identify species and venom levels [20,21]. However, poor sensitivity and potential false-
positive results are significant drawbacks when detecting and measuring venom concen-
trations in blood samples from envenomed victims. Moreover, the long antigen–antibody
incubation time of conventional ELISAs is likely to be a limitation when a measurement of
circulating snake venom levels is urgently needed. In this study, we applied screen-printed
gold electrodes (SPGEs) as electrochemical biosensors for measuring B. candidus venom
concentrations in plasma from experimentally envenomed rats. This device can be fur-
ther developed as an effective tool to help clinicians promptly monitor snake venom in
envenomed patients.

As the SPGEs must be incubated with BCAV for the characterization of electrochemical
biosensors, we confirmed the specificity of the BCAV using dot blot hybridization, indirect
ELISA and Western immunoblotting. Overall, the BCAV exhibited high specificity and
bound almost every protein band of B. candidus venom in Western immunoblotting. The
B. candidus venom–BCAV specificity was also confirmed by dot blot hybridization and
an indirect ELISA. However, low binding activity between the B. candidus venom and
the OHAV or NKAV was observed, suggesting some cross-reactivity; this might occur
because the composition of the B. candidus venom may exhibit some similarities in venom
compositions, e.g., three-finger toxins, Kunitz-type serine protease inhibitors, phospho-
lipase A2 or phosphodiesterase [11,36,37]. The cross-reactivity of snake antivenom and
other snake venoms in the enzyme immunoassay may cause difficulty in distinguishing
different snake venoms, especially at low concentrations [25]. The purification of specific
antibodies to major toxic components in B. candidus venom might be a solution for this
cross-reactivity problem.

In the present study, electrochemical impedance spectroscopy (EIS) was used to charac-
terize the reactivity between B. candidus venom and BCAV. EIS is a powerful technique used
to analyze interfacial properties related to biorecognition events that occur at the electrode
surface, such as antibody–antigen recognition, substrate–enzyme interactions, or whole-cell
capture [32]. Hence, EIS could be applied to several biomedical diagnoses, especially in
the areas of parasitology, virology and microbiology. To the best of our knowledge, in this
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study, we used EIS for the first time to measure the concentration of B. candidus venom. We
initially evaluated the ability of BCAV-coated SPGEs to detect B. candidus venom by incu-
bating them with a B. candidus venom solution (0.1–0.4 mg/mL). Their venom-detecting
ability was presented as an increase in charge transfer resistance (Rct). The increase in Rct
after IgG (BCAV) immobilization indicates that the antibody was successfully immobilized
on the electrode surface, whereas a higher increase in Rct was found following venom
incubation (Figure 3). This effect occurs due to the reduction in the electron transfer rate
caused by the activation of the redox process and indicates that the BCAV interrupted the
access of redox species to the transducer surface and blocked electron transfer [38]. This
result suggests that the binding activity between the antibody and the B. candidus venom
complex hinders the electron transfer process.

To measure B. candidus venom in rat plasma, square wave voltammetry (SWV) was
chosen along with EIS measurements. Initially, varying concentrations of B. candidus venom
(0.75–6.0 µg/mL) were applied to obtain the standard curve of the snake venom level in
non-envenomed rat plasma. Following the intravenous administration of the B. candidus
venom (100 µg/kg, equivalent to 30 µg in a rat weighing 300 g), plasma samples were
collected after 30, 60, 120 and 180 min. The decreasing SWV current signal was related to
the increasing venom concentration. The cross-reactivity between the B. candidus venom
biosensor and the other snake (i.e., O. hannah and T. wagleri) venoms was not observed,
as a significant change in the SWV current failed to be detected following the test using
unenvenomed rat plasma mixed with the O. hannah and T. wagleri venoms. This suggests
the specificity of the SPGE biosensor for B. candidus venom. Minimal changes in the SWV
currents after the application of the plasma with the O. hannah and T. wagleri venoms were
detected, suggesting that these snake venoms share the same enzymatic composition [12].
The BCAV–venom complex on the surface of the SPGEs was blocked and hindered the
electron transfer reaction, resulting in a reduction in the SWV current. The SWV current (∆I)
was calculated as ∆I = I0 − I1, where I0 and I1 refer to the current before and after incubation
with the venom, respectively. Our data showed that the lowest SWV current was detected in
plasma that was collected after 30 min, suggesting the highest amount of B. candidus venom
in the blood circulation of experimentally envenomed rats. A fluctuation in the plasma
venom concentration was observed (especially after envenoming for 60 min), which could
result from snake venom pharmacokinetics and the route of administration [39]. A plateau
in the serum venom concentration starting from 120 min following envenoming was also
demonstrated [39]. Other mechanisms may be involved in addition to absorption and
distribution, such as binding to some structures in the central compartment [39]. However,
there were some limitations regarding using unconscious animals in this study, as the
anesthesia may alter physiological processes, i.e., blood pressure or heart rate, following
B. candidus venom administration [16]. Further investigations need to be performed in
larger conscious animals, such as rabbits, and a more frequent sample collection for at least
24 h is required. Moreover, further clinical investigations are needed prior to applying the
biosensor to envenomed victims, especially information regarding the limitations of the
SPGE biosensor in detecting snake venom in patient plasma, which may have a variation
in venom concentrations. In the current study, B. candidus venom (100 µg/kg, IV) was
only applied to the experimental rats, which may not represent the actual amount of snake
venom in humans. A clinical trial performed by using plasma from B. candidus-envenomed
patients would confirm the reliability of this biosensor in clinical applications.

4. Conclusions

In the present study, a biosensor using SPGEs was developed for the detection of
B. candidus venom with electrochemical characterization by either EIS or SWV, and this
sensor can detect B. candidus venom in the serum of experimentally envenomed animals.
The SPEG biosensor is a promising tool for clinical diagnosis and forensic investigation.
However, there might be some aspects regarding antibody specificity and sensitivity that
need to be further investigated. The accuracy and reliability of the biosensor for measuring
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snake venom concentrations in humans need to be further evaluated. This technique might
be an effective approach to helping clinicians monitor and choose the appropriate snake
venom treatment for Malayan krait-envenomed victims.

5. Materials and Methods
5.1. Venom Preparation and Antivenom

Freeze-dried Malayan krait (B. candidus) venom, monovalent B. candidus antivenom
(BCAV; Lot No.: BC00115), Ophiophagus hannah antivenom (OHAV; Lot No. LH00120) and
Naja kaouthia antivenom (NKAV; Lot No. NK00321) were obtained from Queen Saovabha
Memorial Institute (QSMI) of the Thai Red Cross Society, Bangkok, Thailand. Tropidolaemus
wagleri venom was a gift from Dr. Muhamad Rusdi Ahmad Rusmili (International Islamic
University Malaysia). The venoms were milked from several snakes collected in Thailand
and Malaysia by directly attaching a microhematocrit tube to each fang. Pooled venom
was transferred to a 1.5 mL microcentrifuge tube, frozen at −20 ◦C and freeze-dried. The
venom samples were then weighed, labeled and stored at −20 ◦C. When needed, the
venom was weighed and dissolved in distilled water. The venom remained on ice during
the experiments.

5.2. Animal Ethics and Care

Male Sprague–Dawley rats, purchased from Nomura-Siam International Co., Ltd.,
(Bangkok, Thailand), were housed in stainless steel containers with free access to food
and drinking water. All animal experiments were approved by the Subcommittee for
Multidisciplinary Laboratory and Animal Usage of Phramongkutklao College of Medicine
and the Institutional Review Board, Royal Thai Army Department, Bangkok, Thailand
(Documentary Proof of Ethical Clearance No. IRBRTA S077b/64_Xmp; date of approval;
23 September 2021) in accordance with the U.K. Animal (Scientific Procedure) Act, 1986,
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised 1978).

5.3. Anesthetized Rat Preparation and Blood Sample Collection

This procedure was performed as previously described [16]. Briefly, male Sprague–
Dawley rats weighing 300–350 g were anesthetized using Zoletil® (20 mg/kg, i.p.) and
Xylazine® (5 mg/kg, i.p.). Additional anesthetic was administered as required. A midline
incision was made in the cervical region, and a cannula was inserted into the right jugular
vein for venom administration. A carotid artery was inserted for the monitoring of blood
pressure and sample collection, and a tracheal cannula was inserted for artificial respiration,
if required. Blood pressure was recorded using a pressure transducer filled with heparinized
saline (25 U/mL) and monitored on a MacLab system (ADInstruments). If needed, normal
saline (100 µL, 0.9% NaCl) was administered (i.v.) to maintain the blood volume. The body
temperature of the rats was maintained by a heat lamp. At various time points (i.e., 30, 60,
120 and 180 min post-injection of venom or saline), 0.5 mL of blood was collected from the
carotid artery in Eppendorf tubes. The samples were centrifuged at 5500 rpm for 10 min,
the supernatant was stored at −20 ◦C for no longer than 12 h, and the levels of B. candidus
venom were determined. At the conclusion of the experiment, the animals were euthanized
by an overdose of anesthetic agents (i.v.).

5.4. Dot Blot Hybridization and Indirect ELISA for Snake Venom Antigen Detection

B. candidus venom was serially diluted by 2-fold (1, 2, and 4 µg) with PBS and spotted
onto nitrocellulose membranes separately. Excess snake venom was removed by extensive
washing and blocked with 5% skim milk for 1 h at 4 ◦C. After washing, 10 µg/mL of
each snake monovalent antivenom (i.e., B. candidus antivenom; Lot No. BC00115: BCAV,
Ophiophagus hannah antivenom; Lot No. LH00120: OHAV, Naja kaouthia antivenom; Lot No.
NK00321: NKAV, Queen Saovabha Memorial Institute of the Thai Red Cross) was incubated
with antigen-immobilized nitrocellulose membrane at 4 ◦C for 1 h. The snake venom and
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snake antivenom cross-reactivity was visualized with HRP-conjugated goat anti-horse
IgG (1:5000, Thermo Fisher Scientific, Waltham, MA, USA). Finally, the membrane was
detected with a LumiFlash™ chemiluminescent substrate (Enegenesis Biomedical, Taipei,
Taiwan). In addition, an indirect ELISA was performed to determine antigen recognition.
Briefly, B. candidus venom (0.1, 1 ng) was coated on a 96-well plate as the target antigen.
After washing and blocking, 10 µg/mL of BCAV, NKAV and OHAV were added to the
immobilized antigen wells separately. Then, HRP-conjugated goat anti-horse IgG (1:10,000)
was added and incubated for 1 h. After washing, the colorimetric reaction was developed
with a TMB substrate, followed by 1 N of HCl to stop the reaction. The reaction was
quantified by measuring the absorbance at 450 nm (A450).

5.5. Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS–PAGE)

The B. candidus venom (10 µg) in reducing and nonreducing sample buffers was
resolved and electrophoresed at 90 V in a 12% separating gel with a 5% stacking gel [40].
Protein bands were visualized by staining with X-Press Blue Protein Stain (Himedia,
Kennett Square, PA, USA), followed by destaining with distilled water. A TriColour Broad
Protein Ladder (Biotechrabbit GmbH, Henigsdorf, Germany) was electrophoresed in the
gel as a protein molecular weight marker. The gel was scanned using a Chemi Imager,
Alliance Mini HD9 Auto (UVITEC, Cambridge, UK) [41].

5.6. Western Immunoblotting

B. candidus venom (10 µg) was resolved on a 12% SDS–PAGE gel and transferred onto
a polyvinylidene difluoride membrane (Merck Millipore, Billerica, MA, USA) using wet
electroblotting (Cleaver Scientific, Warwickshire, UK) at 300 mA for 45 min. The membrane
was then blocked in 5% skim milk in TBST (20 mM Tris, 0.5 M NaCl, 0.5% Tween-20)
to prevent nonspecific binding and incubated with a primary antibody (i.e., monovalent
BCAV diluted 1:500-fold in TBST with 5% skim milk) overnight at 4 ◦C. The membrane
was then washed with TBST buffer three times for 30 min. Immunoreactive bands were
visualized using appropriate secondary antibodies (horseradish peroxidase-conjugated
rabbit-anti-horse-IgG, Sigma, UK) and a western chemiluminescence ECL detection reagent
(Cyanagen Srl; Bologna, Italy). The membrane was scanned using a Chemi Imager, Alliance
Mini HD9 Auto (UVITEC, Cambridge, UK).

5.7. Invention of Gold Electrode Biosensor for Measuring B. candidus Venom Concentration

BCAV (5 µL: 50 µg/mL) was immobilized onto active screen-printed gold electrode
(SPGE: Metrohm, 6.1208.210, LB Barendrecht, The Netherlands; Figure 7a) surfaces and
incubated at 4 ◦C overnight. The electrodes were washed thoroughly with phosphate-
buffered saline (PBS) to remove excess BCAV and blocked with mercaptohexanol (MCH:
5 µL of 0.5 mM) for 10 min at room temperature to reduce nonspecific binding. Then,
the SPGEs were washed with distilled water and applied as a biosensor for B. candidus
venom detection.

5.8. Electrochemical Analysis

Electrochemical characterization was carried out using a PalmSens4 potentiostat
(PalmSens BV, GA Houten, The Netherlands; Figure 7b) and PS Trace 5.8 software. The
SPGE biosensor was washed with PBS before the measurements and activated with cyclic
voltammetry (CV). CV was applied with a potential of −0.3 V to 0.6 V at a scan rate
of 50 mVs−1 using a redox indicator. To determine the snake-venom-detecting ability
of the SPGEs, different concentrations of venom or collected rat plasma were incubated
with the SPGE biosensor for 10 min and then rinsed with PBS. Afterwards, 100 µL of
5 mM [Fe(CN)6]4−/3− was added, and all the electrode surfaces were immersed. Biosensor
characterization was performed by electrochemical impedance spectrometry (EIS, Figure 7c)
and square wave voltammetry (SWV, Figure 7d). The EIS measurements were performed
by applying a current range of 100 nA–100 mA with the scan type fixed at Edc = 0.00 V and
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Eac = 0.006, a frequency of 50,000–5.0 Hz and t Max. The OCP was 1.0 s, and the stability
criterion was 0.0 mV/s. The SWV measurements were performed by applying a potential
range of −0.3 to 0.6 V with a step potential of 3 mV, an amplitude of 80 mV and a frequency
of 8 Hz.

1 
 

 Figure 7. Diagram of the electrochemical biosensor: (a) SPGE biosensor; (b) Plasmence4; (c) EIS
measurement; and (d) SWV measurement.

5.9. Characterization of the Electrochemical Biosensor by EIS

The electrochemical sensor modified on the gold electrode surface was characterized
by EIS using 5 mM of [Fe(CN)6]4−/3−. The EIS value exhibited changes the charge transfer
resistance (Rct) in each modification step (Figure 3). The equivalent electrical circuit fitting
in this experiment was a mixed kinetic and diffusion control (Randles cell) circuit [42],
consisting of a series of active electrolyte resistors (Rs) and a parallel combination of double
layer capacitors (Cdl) connected to the charge transfer resistance (Rct) and the Warburg



Toxins 2024, 16, 56 12 of 14

impedance (W) of a faradaic reaction (Figure S4). The Warburg coefficient, σ, is 1 kΩ·s−1/2

in this case, and the other values are Rs = 1 kΩ, Rct = 1 kΩ, and Cdl = 10 nF.

5.10. Data Analysis and Statistics

The statistical analysis of the data was carried out using a one-way analysis of variance
(ANOVA) followed by a Bonferroni multiple comparison test, where a p-value < 0.05 was
considered statistically significant (Prism 6.0; GraphPad Software, La Jolla, CA, USA). The
data are expressed as the mean ± SEM.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxins16010056/s1: Figure S1: Original dot blot; Figure S2:
Original SDS = PAGE and Western immune blotting; Figure S3: The SWV measurement curve of
B. candidus venom measured after being injected into rats at 30 (a), 60 (b), 120 (c) and 180 (d) min on
individual biosensors; Figure S4: Warburg diffusion element.

Author Contributions: Conceptualization, J.C. and K.C. (Kiattawee Choowongkomon); methodology,
J.C., K.C. (Kiattawee Choowongkomon) and S.S.; validation, S.S., K.C. (Kiattawee Choowongkomon)
and J.C.; formal analysis, S.S.; investigation, S.S., S.B., N.R. and K.C. (Katechawin Chaeksin); resources,
T.V. and N.S.; data curation, S.S.; writing—original draft preparation, J.C.; writing—review and
editing, J.C., S.S. and W.C.H.; visualization, J.C.; supervision, N.S.; project administration, J.C.;
funding acquisition, N.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Medical Council of Thailand (Police General Jongjate
Aojanepong Foundation) and the Kasetsart University Research and Development Institute (grant no.
FF (KU)25.64 and grant no. FF (KU)51.67).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Subcommittee for Multidisciplinary
Laboratory and Animal Usage of Phramongkutklao College of Medicine and the Institutional Review
Board, Royal Thai Army Department, Bangkok, Thailand (Documentary Proof of Ethical Clearance
No.: IRBRTA S077b/64_Xmp; date of approval: 23 September 2021), in accordance with the U.K.
Animal (Scientific Procedure) Act, 1986, and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 8023, revised 1978).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy policy.

Acknowledgments: The research publication received funding support from the Medical Council of
Thailand (Police General Jongjate Aojanepong Foundation) and the Office of Research and Develop-
ment, Phramongkutklao Hospital and Phramongkutklao College of Medicine (ORD PMK/PCM).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chippaux, J.P. Snakebite envenomation turns again into a neglected tropical disease! J. Venom. Anim. Toxins Incl. Trop. Dis. 2017,

23, 38. [CrossRef]
2. Ahmed, S.; Koudou, G.B.; Bagot, M.; Drabo, F.; Bougma, W.R.; Pulford, C.; Bockarie, M.; Harrison, R.A. Health and economic

burden estimates of snakebite management upon health facilities in three regions of southern Burkina Faso. PLoS Negl. Trop. Dis.
2021, 15, e0009464. [CrossRef] [PubMed]

3. Kasturiratne, A.; Wickremasinghe, A.R.; de Silva, N.; Gunawardena, N.K.; Pathmeswaran, A.; Premaratna, R.; Savioli, L.; Lalloo,
D.G.; de Silva, H.J. The global burden of snakebite: A literature analysis and modelling based on regional estimates of envenoming
and deaths. PLoS Med. 2008, 5, e218. [CrossRef]

4. Gutierrez, J.M.; Calvete, J.J.; Habib, A.G.; Harrison, R.A.; Williams, D.J.; Warrell, D.A. Snakebite envenoming. Nat. Rev. Dis. Prim.
2017, 3, 17079. [CrossRef] [PubMed]

5. Chanhome, L.; Cox, M.J.; Wilde, H.; Jintakoon, P.; Chaiyabutr, N.; Sitprija, V. Venomous Snakebite in Thailand I: Medically
Important Snakes. Mil. Med. 1998, 163, 310–317. [CrossRef] [PubMed]

6. World Health Organization. Venomous snakes of the South-East Asia Region, their venoms and pathophysiology of human
envenoming. In Guidelines for the Management of Snake-Bites, 2nd ed.; World Health Organization: Geneva, Switzerland, 2016;
Volume 2.

https://www.mdpi.com/article/10.3390/toxins16010056/s1
https://www.mdpi.com/article/10.3390/toxins16010056/s1
https://doi.org/10.1186/s40409-017-0127-6
https://doi.org/10.1371/journal.pntd.0009464
https://www.ncbi.nlm.nih.gov/pubmed/34153048
https://doi.org/10.1371/journal.pmed.0050218
https://doi.org/10.1038/nrdp.2017.79
https://www.ncbi.nlm.nih.gov/pubmed/28980622
https://doi.org/10.1093/milmed/163.5.310
https://www.ncbi.nlm.nih.gov/pubmed/9597848


Toxins 2024, 16, 56 13 of 14

7. World Health Organization. Guidelines for the Management of Snake-Bites. In Guidelines for the Management of Snake-Bites; World
Health Organization: Geneva, Switzerland, 2010.

8. Viravan, C.; Looareesuwan, S.; Kosakarn, W.; Wuthiekanun, V.; McCarthy, C.J.; Stimson, A.F.; Bunnag, D.; Harinasuta, T.; Warrell,
D.A. A national hospital-based survey of snakes responsible for bites in Thailand. Trans. R. Soc. Trop. Med. Hyg. 1992, 86, 100–106.
[CrossRef] [PubMed]

9. Tan, N.H.; Poh, C.H.; Tan, C.S. The lethal and biochemical properties of Bungarus candidus (Malayan krait) venom and venom
fractions. Toxicon 1989, 27, 1065–1070. [CrossRef]

10. Warrell, D.A.; Looareesuwan, S.; White, N.J.; Theakston, R.D.; Warrell, M.J.; Kosakarn, W.; Reid, H.A. Severe neurotoxic
envenoming by the Malayan krait Bungarus candidus (Linnaeus): Response to antivenom and anticholinesterase. Br. Med. J. (Clin.
Res. Ed.) 1983, 286, 678–680. [CrossRef]

11. Rusmili, M.R.; Yee, T.T.; Mustafa, M.R.; Hodgson, W.C.; Othman, I. Proteomic characterization and comparison of Malaysian
Bungarus candidus and Bungarus fasciatus venoms. J. Proteom. 2014, 110, 129–144. [CrossRef]

12. Rusmili, M.R.A.; Othman, I.; Abidin, S.A.Z.; Yusof, F.A.; Ratanabanangkoon, K.; Chanhome, L.; Hodgson, W.C.; Chaisakul, J.
Variations in neurotoxicity and proteome profile of Malayan krait (Bungarus candidus) venoms. PLoS ONE 2019, 14, e0227122.
[CrossRef]

13. Khow, O.; Chanhome, L.; Omori-Satoh, T.; Ogawa, Y.; Yanoshita, R.; Samejima, Y.; Kuch, U.; Mebs, D.; Sitprija, V. Isolation, toxicity
and amino terminal sequences of three major neurotoxins in the venom of Malayan krait (Bungarus candidus) from Thailand.
J. Biochem. 2003, 134, 799–804. [CrossRef]

14. Chanhome, L.; Sitprija, V.; Chaiyabutr, N. Effect of Bungarus candidus (Malayan krait) venom on general circulation and renal
hemodynamics in experimental animals. Asian Biomed. 2010, 4, 421–428. [CrossRef]

15. Trinh, K.X.; Khac, Q.L.; Trinh, L.X.; Warrell, D.A. Hyponatraemia, rhabdomyolysis, alterations in blood pressure and persistent
mydriasis in patients envenomed by Malayan kraits (Bungarus candidus) in southern Viet Nam. Toxicon 2010, 56, 1070–1075.
[CrossRef]

16. Chaisakul, J.; Rusmili, M.R.; Hodgson, W.C.; Hatthachote, P.; Suwan, K.; Inchan, A.; Chanhome, L.; Othman, I.; Chootip, K. A
Pharmacological Examination of the Cardiovascular Effects of Malayan Krait (Bungarus candidus) Venoms. Toxins 2017, 9, 122.
[CrossRef] [PubMed]

17. Tongpoo, A.; Sriapha, C.; Pradoo, A.; Udomsubpayakul, U.; Srisuma, S.; Wananukul, W.; Trakulsrichai, S. Krait envenomation in
Thailand. Ther. Clin. Risk Manag. 2018, 14, 1711–1717. [CrossRef]

18. Rojnuckarin, P.; Suteparak, S.; Sibunruang, S. Diagnosis and management of venomous snakebites in Southeast Asia. Asian
Biomed. 2012, 6, 795–805. [CrossRef]

19. Sharma, S.K.; Koirala, S.; Dahal, G. Krait bite requiring high dose antivenom: A case report. Southeast Asian J. Trop. Med. Public
Health 2002, 33, 170–171. [PubMed]

20. Huang, Y.P.; Yu, Y.J.; Hung, D.Z. Sandwich enzyme-linked immunosorbent assay for Taiwan cobra venom. Vet. Hum. Toxicol.
2002, 44, 200–204.

21. Dong le, V.; Eng, K.H.; Quyen le, K.; Gopalakrishnakone, P. Optical immunoassay for snake venom detection. Biosens. Bioelectron.
2004, 19, 1285–1294. [CrossRef] [PubMed]

22. Dong le, V.; Selvanayagam, Z.E.; Gopalakrishnakone, P.; Eng, K.H. A new avidin-biotin optical immunoassay for the detection of
beta-bungarotoxin and application in diagnosis of experimental snake envenomation. J. Immunol. Methods 2002, 260, 125–136.
[CrossRef]

23. Viravan, C.; Veeravat, U.; Warrell, M.J.; Theakston, R.D.; Warrell, D.A. ELISA confirmation of acute and past envenoming by the
monocellate Thai cobra (Naja kaouthia). Am. J. Trop. Med. Hyg. 1986, 35, 173–181. [CrossRef]

24. Ho, M.; Warrell, M.J.; Warrell, D.A.; Bidwell, D.; Voller, A. A critical reappraisal of the use of enzyme-linked immunosorbent
assays in the study of snake bite. Toxicon 1986, 24, 211–221. [CrossRef] [PubMed]

25. Kulawickrama, S.; O’Leary, M.A.; Hodgson, W.C.; Brown, S.G.; Jacoby, T.; Davern, K.; Isbister, G.K. Development of a sensitive
enzyme immunoassay for measuring taipan venom in serum. Toxicon 2010, 55, 1510–1518. [CrossRef]

26. Anand, A.; Chatterjee, B.; Dhiman, A.; Goel, R.; Khan, E.; Malhotra, A.; Santra, V.; Salvi, N.; Khadilkar, M.V.; Bhatnagar, I.; et al.
Complex target SELEX-based identification of DNA aptamers against Bungarus caeruleus venom for the detection of envenomation
using a paper-based device. Biosens. Bioelectron. 2021, 193, 113523. [CrossRef] [PubMed]

27. Cho, I.H.; Kim, D.H.; Park, S. Electrochemical biosensors: Perspective on functional nanomaterials for on-site analysis. Biomater.
Res. 2020, 24, 6. [CrossRef]

28. Kaushik, A.; Yndart, A.; Kumar, S.; Jayant, R.D.; Vashist, A.; Brown, A.N.; Li, C.Z.; Nair, M. A sensitive electrochemical
immunosensor for label-free detection of Zika-virus protein. Sci. Rep. 2018, 8, 9700. [CrossRef]

29. Spain, E.; Gilgunn, S.; Sharma, S.; Adamson, K.; Carthy, E.; O’Kennedy, R.; Forster, R.J. Detection of prostate specific antigen
based on electrocatalytic platinum nanoparticles conjugated to a recombinant scFv antibody. Biosens. Bioelectron. 2016, 77, 759–766.
[CrossRef] [PubMed]

30. Oloketuyi, S.; Mazzega, E.; Zavasnik, J.; Pungjunun, K.; Kalcher, K.; de Marco, A.; Mehmeti, E. Electrochemical immunosensor
functionalized with nanobodies for the detection of the toxic microalgae Alexandrium minutum using glassy carbon electrode
modified with gold nanoparticles. Biosens. Bioelectron. 2020, 154, 112052. [CrossRef]

https://doi.org/10.1016/0035-9203(92)90463-M
https://www.ncbi.nlm.nih.gov/pubmed/1566285
https://doi.org/10.1016/0041-0101(89)90159-1
https://doi.org/10.1136/bmj.286.6366.678
https://doi.org/10.1016/j.jprot.2014.08.001
https://doi.org/10.1371/journal.pone.0227122
https://doi.org/10.1093/jb/mvg187
https://doi.org/10.2478/abm-2010-0051
https://doi.org/10.1016/j.toxicon.2010.06.026
https://doi.org/10.3390/toxins9040122
https://www.ncbi.nlm.nih.gov/pubmed/28353659
https://doi.org/10.2147/TCRM.S169581
https://doi.org/10.5372/1905-7415.0606.125
https://www.ncbi.nlm.nih.gov/pubmed/12118447
https://doi.org/10.1016/j.bios.2003.11.020
https://www.ncbi.nlm.nih.gov/pubmed/15046761
https://doi.org/10.1016/S0022-1759(01)00527-0
https://doi.org/10.4269/ajtmh.1986.35.173
https://doi.org/10.1016/0041-0101(86)90147-9
https://www.ncbi.nlm.nih.gov/pubmed/3520955
https://doi.org/10.1016/j.toxicon.2010.03.003
https://doi.org/10.1016/j.bios.2021.113523
https://www.ncbi.nlm.nih.gov/pubmed/34333364
https://doi.org/10.1186/s40824-019-0181-y
https://doi.org/10.1038/s41598-018-28035-3
https://doi.org/10.1016/j.bios.2015.10.058
https://www.ncbi.nlm.nih.gov/pubmed/26513282
https://doi.org/10.1016/j.bios.2020.112052


Toxins 2024, 16, 56 14 of 14

31. Chauhan, C. Contemporary voltammetric techniques and its application to pesticide analysis: A review. Mater. Today Proc. 2021,
37, 3231–3240. [CrossRef]

32. Magar, H.S.; Hassan, R.Y.A.; Mulchandani, A. Electrochemical Impedance Spectroscopy (EIS): Principles, Construction, and
Biosensing Applications. Sensors 2021, 21, 6578. [CrossRef]

33. Leeprasert, W.; Kaojarern, S. Specific antivenom for Bungarus candidus. J. Med. Assoc. Thail. = Chotmaihet Thangphaet 2007, 90,
1467–1476.

34. Chanhome, L.; Wongtongkam, N.; Khow, O.; Pakmanee, N.; Omori-Satoh, T.; Sitprija, V. Genus specific neutralization of Bungarus
snake venoms by Thai Red Cross banded krait antivenom. J. Nat. Toxins 1999, 8, 135–140.

35. Rusmili, M.R.; Yee, T.T.; Mustafa, M.R.; Othman, I.; Hodgson, W.C. In-vitro neurotoxicity of two Malaysian krait species (Bungarus
candidus and Bungarus fasciatus) venoms: Neutralization by monovalent and polyvalent antivenoms from Thailand. Toxins 2014, 6,
1036–1048. [CrossRef] [PubMed]

36. Leong, P.K.; Sim, S.M.; Fung, S.Y.; Sumana, K.; Sitprija, V.; Tan, N.H. Cross neutralization of Afro-Asian cobra and Asian krait
venoms by a Thai polyvalent snake antivenom (Neuro Polyvalent Snake Antivenom). PLoS Negl. Trop. Dis. 2012, 6, e1672.
[CrossRef]

37. Tan, K.Y.; Tan, N.H.; Tan, C.H. Venom proteomics and antivenom neutralization for the Chinese eastern Russell’s viper, Daboia
siamensis from Guangxi and Taiwan. Sci. Rep. 2018, 8, 8545. [CrossRef] [PubMed]

38. Klangprapan, S.; Weng, C.C.; Huang, W.T.; Li, Y.K.; Choowongkomon, K. Selection and characterization of a single-chain
variable fragment against porcine circovirus type 2 capsid and impedimetric immunosensor development. ACS Omega 2021, 6,
24233–24243. [CrossRef] [PubMed]

39. Hart, A.J.; Hodgson, W.C.; O’Leary, M.; Isbister, G.K. Pharmacokinetics and pharmacodynamics of the myotoxic venom of
Pseudechis australis (mulga snake) in the anesthetised rat. Clin. Toxicol. 2014, 52, 604–610. [CrossRef]

40. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

41. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

42. Randles, J.E. The application of the cathode ray oscillograph to polarography: Underlying principles. Analyst 1947, 72, 301–304.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.matpr.2020.09.092
https://doi.org/10.3390/s21196578
https://doi.org/10.3390/toxins6031036
https://www.ncbi.nlm.nih.gov/pubmed/24625762
https://doi.org/10.1371/journal.pntd.0001672
https://doi.org/10.1038/s41598-018-25955-y
https://www.ncbi.nlm.nih.gov/pubmed/29867131
https://doi.org/10.1021/acsomega.1c03894
https://www.ncbi.nlm.nih.gov/pubmed/34568701
https://doi.org/10.3109/15563650.2014.914526
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/nmeth.2089

	Introduction 
	Results 
	Examination of B. candidus Antivenom Specificity 
	Dot Blot Hybridization and Indirect ELISA for B. candidus Venom Detection 
	Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS–PAGE) and Western Blotting 

	EIS Measurement for B. candidus Venom Detection under SPGE Biosensor 
	SWV Analysis of B. candidus Venom Concentration in Plasma from Non-Envenomed Rats 
	SWV Analysis of B. candidus Venom Concentration in Plasma from Envenomed Rats 

	Discussion 
	Conclusions 
	Materials and Methods 
	Venom Preparation and Antivenom 
	Animal Ethics and Care 
	Anesthetized Rat Preparation and Blood Sample Collection 
	Dot Blot Hybridization and Indirect ELISA for Snake Venom Antigen Detection 
	Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS–PAGE) 
	Western Immunoblotting 
	Invention of Gold Electrode Biosensor for Measuring B. candidus Venom Concentration 
	Electrochemical Analysis 
	Characterization of the Electrochemical Biosensor by EIS 
	Data Analysis and Statistics 

	References

