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Abstract

Background

Venomous or dry bites can result from snake envenomation. Therefore, developing a
detection test for venomous snakebites in envenomed patients can prevent from unneces-
sary antivenom therapy for dry bites, thereby, saving them from adverse effects and cost
of antivenom therapy.

Methodology

This study demonstrates a method for the diagnosis of medically significant ‘Big Four’
Indian snake venoms (Naja naja, Bungarus caeruleus, Daboia russelii, Echis carinatus) in
the plasma of experimentally envenomed animals (envenomed under laboratory condi-
tions). Rabbit polyclonal antibodies (PAbs) were produced by generating modified bespoke
peptides identified by computational analysis from the antigenic sites of the main toxins
found in the proteome of India’s ‘Big Four’ venomous snakes. The polyclonal antibody
formulation (FPADb) prepared by mixing the five representative PAbs in the ratio of 1:1:1:1:1
demonstrated synergistic immune recognition of the ‘Big Four’ snakes and Naja kaouthia
venoms. The recognition for these venoms under in vitro and in vivo conditions by FPAb
was significantly higher (p<0.05) than commercial polyvalent antivenom produced against
native venom toxins. The FPAb was tested to detect the venoms in subcutaneously
envenomed rat plasmas until 240 minutes post-injection. Fourier-transform infrared spec-
troscopy, zeta potential, transmission electron microscopy, and atomic force microscopy
characterised gold nanoparticles (AuNP) conjugated with FPAb. The FPAb-conjugated
AuNP demonstrated aggregation upon interaction with venom toxins, changing the colour
from red through burgundy to blue, monitored using a smartphone. From the digital image
colourimetry analysis of the images, calibration curves for venoms were obtained, and
each venom in the envenomed plasma at different time intervals was quantified using
these curves.
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Conclusion

A method for detection of venomous snakebites has been reported. The formulation of
polyclonal antibodies generated against toxins of ‘Big Four’ venomous snakes of India
immune-recognise venoms of ‘Big Four’ venomous snakes of India and N. kaouthia
venoms under both in vitro and in vivo conditions. The antibody formulation conjugated to
AuNP detected the venoms in envenomed plasma. This method of detection has potential
to be useful for snakebite management in clinical settings.

Author summary

There is an urgent need to develop a detection test for venomous snakebites in patients. In
this study we have reported a method for diagnosis of venoms from the ‘Big Four’ Indian
snakes and Naja kaouthia in the plasma of Wistar strain albino rats injected with these
venoms. Custom peptides designed and synthesized from toxins identified from the pro-
teome of ‘Big Four’ venomous snakes of India were used to raise five polyclonal antibodies
in rabbit. The polyclonal antibodies were combined in a certain ratio to obtain a formu-
lation. The antibody formulation demonstrated recognition for the ‘Big Four’ snakes and
Naja kaouthia venoms under in vitro and in vivo conditions and these recognitions were
higher than that of commercial polyvalent antivenom. Wistar rats were subcutaneously
injected with these venoms and the antibody formulation was able to detect the venoms in
envenomed rat plasma until 4 hours post-injection. The antibody formulation was further
conjugated to gold nanoparticles and the conjugate was characterised by biophysical
techniques such as Fourier-transform infrared spectroscopy, zeta potential, transmission
electron microscope and atomic force microscopy. Upon interaction with the envenomed
plasma, the antibody formulation conjugated to gold nanoparticles changing colour from
burgundy to blue which was recorded using smartphone camera. Calibration curves for
the venoms were attained after colourimetry analysis of smartphone images and these
curves were used to quantify the venom in envenomed plasma at different time intervals.

Introduction

Snake envenomation, a neglected public health issue, frequently results in life-threatening
situations in tropical and subtropical nations. An estimated 5.4 million snake bite incidents
are reported annually, translating into 1.8 - 2.7 million instances of envenomation [1]. Asia
alone reports about 2 million bites from venomous snakes yearly [2]. The Registrar General of
India-Million Death Study (RGI-MDS) has estimated that there are around 46,900 deaths per
year due to venomous snakebites in India [2]. The magnitude of snake envenomation issue is
far greater than documented in the published material.

The Indian peninsula hosts over 52 deadly species of snakes. The Indian cobra (Naja naja),
Indian common krait (Bungarus caeruleus), Indian Russell’s viper (Daboia russelii russelii),
and Indian saw-scaled viper (Echis carinatus) are collectively referred to as the ‘Big Four’
venomous snakes of India, as they account for the predominant incidence of morbidity and
death in these areas. [3-5]. India’s ‘Big Four’ are categorised as category I medically important
snakes, necessitating rapid medical intervention upon envenomation. In the northeastern
region of India, different snake species, such as the Indian monocled cobra (N. kaouthia) and
many kinds of pit vipers, contribute to numerous fatalities [5-7].

PLOS Neglected Tropical Diseases | hitps:/doi.org/10.1371/journal.pntd.0012913 March 14, 2025 2/28




PLOS NEGLECTED TROPICAL DISEASES Smartphone-based diagnosis of Indian Big Four and monocled Cobra snakebites

Snakebite from a venomous snake may be either a ‘wet bite’ (venom injection) resulting in
mild local symptoms to severe systemic toxicity and ultimately death, or they may be a ‘dry
bite’ without local or systemic signs of envenomation [4,6,8]. Potential causes of ‘dry bite’ in
various snake species may include a small amount of venom injection or no venom injection
owing to the shape of the fangs and imprecise venom delivery [8]. Antivenom administration
is the only current therapy for snakebite envenomation. However, this therapy has several
adverse and costly effects [9]. Hence, using a method or kit to precisely determine whether a
particular snakebite case is classified as a ‘wet bite’ or a ‘dry bite’ will significantly deter hospi-
tal authorities or physicians from delivering antivenom at every instance of snakebite [8]. The
traditional methods of snake venom detection relied on visual confirmation by patients or
witnesses, analysis of local symptoms of envenomation, and biochemical analyses of urine and
blood [10,11]. Advancements in modern analytical techniques have led to the development
of ELISA-based methods, immunofluorescence assays, optical immuno assays, dot-ELISA,
enzyme-linked aptamer assays and lateral flow assays for diagnosis of specific venoms and
these methods used purified venom-specific antibodies and nucleic acid aptamers for the
detection studies [12-18]. Researchers have also utilized polymerase chain reaction (PCR) for
the identification of snake species using trace DNA extracted from venom at bite locations
[19,20].Despite a range of sensitive and specific detection methods for snake venoms, there
have been technical impediments like sophisticated instruments, longer detection time for
some methods, cross-reactivity toward several snake species and lack of studies to detect trace
quantities of venom post envenomation, which have hindered the commercialization of these
methods as point-of-care devices in rural health centres [6].

Snake venom is rich in protein and polypeptide toxins, and some of these toxins are pres-
ent in the venom in higher quantities. Therefore, antibodies against these toxins may be devel-
oped for an efficient snake venom diagnosis kit to detect snake venom in animals’ plasma.
However, purifying toxins from snake venom is a laborious and costly affair. An alternative
approach may be mapping the antigenic epitopes of these major toxins, synthesising custom
peptides, and developing antibodies against these peptides to detect snake venom. Proteomic
analyses of venom proteomes of ‘Big Four’ venomous snakes of India from our lab have iden-
tified the relative abundances of the toxins [21-28]. Based on the relative abundance of toxins
in India’s ‘Big Four’ venomous snakes, we have selected the most abundant venom toxins that
exhibit slower absorption into the systemic circulation and slower systemic clearance [29,30].

Digital image colourimetry (DIC) utilizing cell phones has garnered interest among
analytical chemists as an increasingly popular analytical technique owing to its simplicity,
cost-effectiveness, and mobility [31-33]. Colourimetric assays utilize digital images from
various devices such as digital cameras, webcams, scanners, or smartphones, enabling real-
time analysis [32,33]. Smartphone cameras begin the image capture process by segmenting the
visuals into two-dimensional grids known as pixels. The processing of pixel values through
various colour spaces occurs within Android or iOS operating systems, leading to the images
that appear on smartphone screens [34]. The CMYK (cyan, magenta, yellow, and black) and
RGB (red, green, and blue) are predominant filters. The RGB colour system, designed to rep-
licate human vision, employs three matrices—R, G, and B, to represent the intensity values of
these colour components. The intensity values can elucidate the relationships between colour
components and analyte concentrations [33,35].

In this study, we have identified the antigenic sequences from the most abundant venom tox-
ins selected from the venom proteome of India’s ‘Big Four’ venomous snakes, by computational
(in silico) analysis, and modifications were introduced to peptide sequences to enhance their
antigenicity for better detection. These modified synthetic peptides were then used to generate
high-titre polyclonal antibodies in rabbits (PAbs), and these antibodies were mixed in a particular
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proportion to obtain an antibodies formulation (FPAb) for better detection of snake venom than
the individual antibodies against peptide antigens. Since the sequences of N. naja and N. kaouthia
PLA, have been listed as having 90% similarity in the UniProt database (https://www.uniprot.
org/uniprotkb), the immune reactivity of FPAb was tested against ‘Big Four’ venomous snakes

of India, as well as against N. kaouthia under in vitro and in vivo conditions. Upon conjugating
FPADb to gold nanoparticle (AuNP), we utilised the colourimetric sensing ability of AuNPs where
the AuNP-FPAb conjugates changed colour from red to blue/purple on interaction with the

snake venoms studied due to aggregation of the particles. This study used high-resolution images
provided by smartphone cameras to detect the colour changes, and digital image analysis was per-
formed using an application to determine the condition of the venomous or wet bite. Our study’s
antibody formulation may assist in distinguishing between venomous and non-venomous/dry
bites in snakebite victims using a smartphone. Thus, this method can potentially be developed as
a low-cost and portable method for venom detection at point-of-care.

Methods
Ethics statement

All the animal experimentations using the albino Wistar strain rats were carried out after
approval from the Institutional Animals Ethics Committee of Institute of Advanced Study in
Science and Technology, Guwahati, Assam, India vide approval number, IASST/IAEC/2022/09.
The white New Zealand rabbits (Oryctolagus cuniculus), were maintained and used according
to the guidelines approved by Institutional Animals Ethics Committee of BioBharati Pvt. Ltd.
and CCSEA(Committee for Control and Supervision of Experiments on Animals) (Registra-
tion number of BioBharati Pvt. Ltd. animal house facility: 2309/PO/Rc/S/2024/CCSEA).

Materials

Lyophilised venoms of N. naja (NnV), B. caeruleus (KV), D.russelii (RvV) and E. carinatus
(EcV) were procured from Irula Snake Catchers Co-Operative, Tamil Nadu. Indian monocled
cobra (N. kaouthia) venom (NkV) was collected from Kamrup district of Assam, North-East
India (NEI) under the permission from the Assam State Biodiversity Board, Guwahati (ABB/
Permission/2021/114). Lyophilised Mesobuthus tamulus venom was a gift from Premium
Serum and Vaccines Pvt. Ltd. (PSVPL), Pune, India. Lyophilised commercial anti-snake
antivenom (PAV) was procured from PSVPL, Pune, India [batch no.: ASVS(I)ly-015]. All
other analytical grade chemicals and reagents utilised in the investigation were procured from
Sigma Aldrich, USA, and HiMedia, India. The synthesis of toxin-epitope-specific bespoke
peptides and the manufacture of antibodies against these peptides in rabbits were contracted
to S. Biochem Pvt. Ltd., India, and BioBharati Pvt. Ltd., Kolkata, India, respectively.

Animals

This study used laboratory inbreed, pathogen-free Wistar strain albino rats of both sexes aged
2-3 months (220 + 10g) purchased from M/s Chakrabarty Enterprise, Kolkata. The CCSEA
guidelines were followed for the maintenance and use of the Wistar strain albino rats at the
animal house facility of Institute of Advanced Study in Science and Technology (Guwahati).
Wistar strain albino rats were maintained at 12:12 h light-dark cycle, room temperature of 22
+ 3 C with a relative humidity of 30-70% and fed with a standard diet of “Amrut” procured
from Krishna Valley Agrotech-LLP, Pune, Maharashtra, India, and water ad libitum. Further,
at BioBharati Pvt. Ltd. antibody production was carried out using white New Zealand rabbits
(Oryctolagus cuniculus). The rabbits were kept under a 12:12 hour light-dark cycle, with room
temperature regulated between 17-21°C and relative humidity maintained at 30-70%.
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Identification and design of antigenic epitopes for the principal toxins of
the ‘Big Four’ snake species of India via an in-silico methodology

Identifying and designing custom antigenic epitopes was performed per the previously
described protocol [36]. Briefly, sequences of the major toxins of ‘Big Four’ venomous snakes
of India, namely, PLA, toxin of N. naja, PLA, toxin of D. russelii, Echicetin of E. carinatus,
and B-bungarotoxin and Basic PLA, toxin of B. caeruleus, were obtained from the National
Centre for Biotechnology Information (NCBI) (https://ncbi.nlm.nih.gov) server. The anti-
genic region for the retrieved sequences was determined by submitting the sequences to
Immunomedicine Group: Predicted Antigenic Peptides online server (http://imed.med.
ucm.es/Tools/antigenic.pl) [37], which predicted antigenic regions based on the occurrence
of amino acid residues in segmental epitopes known experimentally. Ultimately, antigenic

epitopes with antigenic propensity > 1 were selected as antigenic regions for raising antibodies
[37]. The peptides were designed for this study by combining two antigenic epitopes identified
for each toxin sequence to increase the antigenic propensity and raise polyclonal antibodies

in rabbits. Protein-protein BLAST (BLASTp) (https://blast.ncbi.nlm.nih.gov/) searches were
performed against a nonredundant protein database under default settings using the cus-

tom peptides (CPs) sequences to determine the sequence identity of CP sequences with N.
kaouthia PLA,. Further, multiple sequence alignment (Clustal Omega, EMBL-EMI, https://
www.ebi.ac.uk/jdispatcher/msa/clustalo) was performed to demonstrate the alignment of the
CP sequences and N. kaouthia PLA, sequence.

Polyclonal antibodies raised against the toxin-specific antigenic CPs

The five CPs were conjugated with carrier protein Keyhole Limpet Hemocyanin (KLH), and
these conjugated CPs were used to raise the corresponding polyclonal antibodies in rabbits
using the method previously described [36,38]. The detailed protocol has been mentioned in
S1 Text. PAb 1 was raised against CP 1, PAb 2 against CP 2, PAb 3 against CP 3, PAb 4 against
CP 4 and PAb 5 against CP 5.

After purification, the PAbs were combined in a formulation named FPAb [PAb
14+2+3+4+5 (1:1:1:1:1, w/w/w/w/w)] to determine the synergistic increase in immune rec-
ognition of the ‘Big Four’ venomous snakes of India and NkV, as compared to individual
PAbs, PAb formulation with the Elapidae toxin-specific antibodies PABE [PAb 1+4+5 (1:1:1,
w/w/w)] and PAb formulation with the Viperidae toxin-specific antibodies PAbV [PAb 2+3
(1:1, w/w)] using the dot blot assay described below.

Immunoblotting and spectrofluorometric analysis to determine the in vitro
immune cross-reactivity of PAb formulation and commercial PAV towards
snake venoms

Western blot analysis. Western blot analysis was performed as per previous protocols
to evaluate the immunorecognition of the Indian snake venoms (NnV, NkV, KV, RvV and
EcV) against FPAb and commercial PAV [25,39]. Briefly, 80 pg (protein content) of snake
venoms were separated in a 12.5% SDS-PAGE under reduced conditions and transferred to
a methanol-activated PVDF membrane using Trans-Blot SD semi-dry cell (Bio-Rad). The
transfer efficacy of proteins to the PVDF membrane was determined using 0.5% Ponceau-S
red. Post-overnight blocking of the membrane with 5% BSA in TBS-T, at 4°C, to prevent non-
specific binding of FPAb, the membrane was washed thrice with TBS-T. The membrane was
then incubated with FPAb/commercial PAV as primary antibody (1:1000 dilution) at room
temperature for 2h. The membrane was then incubated with HRP-conjugated anti-rabbit/
anti-horse IgG antibody at 1:4000 dilution for 1 h at room temperature and washed thrice
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with TBS-T. The immunoblot was developed using ECL substrate (Cat no. 1705060, Bio-Rad)
using the ChemiDoc imaging system with Image Lab software (Bio-Rad, USA). The aggregate
band intensities were computed utilizing ImageQuant analysis software (Cytiva, USA). The
lanes in the blots were selected and treated with Subtract Background command to diminish
background noise, employing a rolling ball radius of 50 pixels. The bands were detected in the
lanes, and quantified.

Dot blot analysis. Dot blot analysis was performed per our previous protocol with slight
modifications [36,38]. Briefly, PVDF membranes were activated with 100% methanol for
2 min and washed with TBS-T for 15-30 min. The activated membranes were spotted with 2 ug
FPAb/commercial PAV, and non-specific binding was blocked with 5% BSA in TBS-T solution
for 1h. The membranes were incubated with snake venom-spiked rat plasma (1 pg/puL) and
Mesobuthus tamulus venom-spiked rat plasma (0.3 ng/pL) for 30 min at room temperature
and washed thrice with TBS-T. Post-washing, the membranes were incubated for 45 min with
FPAb/commercial PAV as the primary antibody at 1:1000 dilution. The HRP-conjugated anti-
rabbit/anti-horse IgG detected the primary antibody at 1:2000 dilution.

The immunoblots were developed using the ECL substrate described above. The dot inten-
sities were analysed using Image]J software (National Institute of Health USA, http://imagej.nih.
gov/ij). The Process/Subtract Background command was used to adjust the pictures’ backgrounds
to perform dot blot intensity analysis in Image], and the rolling ball radius was set to 25 pixels.
After background correction of the photos, the “Integrated Density” option was activated in the
Analyze/Set Measurements command, the circular selection tool was dragged over the dots, and
measurements were taken using the Analyze/Measure command. The Edit/Invert command
inverted the whole picture of the blot in order to calculate integrated density correctly. Since
we have used the same antibody for capture and detection, to dissuade any uncertainty about
false recognition, we performed another dot blot assay where we incubated the HRP-conjugated
anti-rabbit IgG directly with the capture antibody (control without antigen) [36]. Dot intensities
of the immunoblots obtained in the previous dot blot assays were normalised against the dot
intensities of the control without antigen. The analyses were performed in triplicates.

Spectrofluorometric analysis to determine the venom-antivenom
interactions

Spectrofluorometric analysis was performed using the methodology described previously
[36,38-40]. In brief, a fixed concentration of each snake venom (10 ug/mL) was incubated
with different concentrations of FPAb/commercial PAV (10 to 1280 ug/mL). For analysis of
the reaction mixture, the excitation wavelength was set at 280 nm, temperature at 25°C, emis-
sion slits at 5nm, and emission spectra were recorded from 300 to 500 nm using the Varioskan
LUX Multimode Microplate reader (Thermo Fisher Scientific, Denmark). The fluorescence
spectra obtained of only venom/only FPAb or commercial PAV were considered as control,
and the relative fluorescence spectra intensity (A _ ) of snake venom-FPAb/commercial PAV
interactions were determined by comparing to the control. Change in relative fluorescence
spectra intensity (AA__ ) was plotted against the FPAb/commercial PAV concentration (mg/

mL) to obtain a graph using GraphPad Prism 5.0 software [41,42], and the K values were
calculated from the graph.

Determination of in vivo immune cross-reactivity of the FPAb and
commercial PAV towards snake venoms in the plasma of envenomed
animal model

Envenomation of animal model. Albino Wistar strain rats were used to stimulate the
experimental envenomation as described previously [36]. The experimental rats were divided
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into six groups (n=30). Individual groups of albino Wistar strain rats (220 + 10 g, n=>5) were
subcutaneously injected with different dosages of each venom. Attention was given to the
animal’s minimum pain during the entire experiment. Group 1 rats (n=5) were injected with
subcutaneous injections of 1X PBS and served as controls. Further, five groups of rats (groups
2, 3,4, 5, and 6, n=5) were injected subcutaneously with the respective venoms (NnV, KV,
RvV, EcV, and NkV) dissolved in 200 uL of 1X PBS.

The groups of rats (n=5) used herein are as mentioned: - Group 1: Subcutaneous (s.c.)
injection of 1X PBS; Group 2: S.c. injection of NnV (0.28 mg/kg); Group 3: s.c. injection of
KV (0.16 mg/kg); Group 4: s.c. injection of RvV (0.28 mg/kg); Group 5: s.c. injection of EcV
(0.56 mg/kg); Group 6: s.c. injection of NkV (0.56 mg/kg).

Determination of immune-reactivity of the FPAb and commercial PAV
towards Indian snake venoms in the plasma of envenomed animal model

From each animal of the control and envenomed rat groups, blood collection was done

from their retro-orbital plexus at the intervals of 60 min, 120 min, and 240 min, post-venom
injection, in tubes containing heparin as an anticoagulant (5% of the total volume of blood
collected). The blood collected in the tubes was centrifuged to separate the plasma on a fixed
rotor centrifuge at 4°C with 4300 rpm for 15 min. The plasma was stored at -20°C and used
within seven days [36]. As mentioned in the above section, the plasma samples were analysed
using dot blot analysis.

Gold nanoparticle-based detection of snake venom in the plasma of
envenomed animals

Synthesis of gold nanoparticles (AuNPs). Gold nanoparticles were synthesised using
the sodium citrate reduction method modified and described in our previous study [36].
Concisely, 1 mM of chloroauric acid solution (HAuCl,) (45 mL) was brought up to reflux
under stirring conditions. Once the solution started boiling, 38 mM sodium citrate solution
(5mL) was added. When colour of the reaction mixture changed from pale yellow to wine-
red, it was cooled to room temperature. The synthesised gold nanoparticle solution was stored
at 4°C in an amber bottle.

The AuNPs were then characterised by ultraviolet-visible (UV-Vis) spectrophotometer,
Fourier-transform infrared spectroscopy (FTIR), Zetasizer, transmission electron microscope
(TEM), and atomic force microscopy (AFM) [36]. The UV-Vis spectra of the synthesized
AuNPs were acquired using a Shimadzu UV spectrophotometer UV-2600 within the wave-
length range of 400-700 nm. FTIR spectroscopy was conducted to document the chemical
bonds produced during the production of AuNPs, utilizing the Nicolet 6700 FTIR equipment
with KBr pellets. The Zetasizer Nano ZS, 90 (Malvern, UK) equipment was utilized to assess
the surface zeta potential of the synthesized AuNPs. For TEM examination, the synthesised
AuNPs were deposited onto a carbon-coated copper grid, and pictures of the citrate-capped
AuNPs were captured using a JEOL TEM-2100 plus model and then processed with Image]J
software. Finally, the produced AuNPs were dried on glass slides at ambient temperature
and examined using an atomic force microscope (NTEGRA PRIMA, NT-MDT technology)
in non-contact mode [43]. The Gwyddion software (Department of Nanometrology, Czech
Metrology Institute) was employed to examine the AFM pictures, while the heights of the
AuNP particles were computed using the Gaussian function in Origin software.

Synthesis of AuNP-FPADb conjugates. Conjugation of the antibody formulation with
AuNPs was carried out by EDC-NHS covalent coupling using our previous protocol [36]. The
detailed protocol is mentioned in S1 Text. Bradford’s protein estimation method was used

with BSA as a standard to determine the concentration of unbound antibodies remaining in
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the supernatant after the conjugation. The binding efficiency of the FPADb was calculated using
the following equation,

Eﬁdmmy@@:@@Aﬂo—FPAﬂyFPAMf1m)

where [FPAb] is the initial concentration of FPAb added to the AuNP solution, and [FPAb] is
the concentration in the supernatant after centrifugation [36].

The AuNP-FPAbs were also characterised by UV-Vis spectrophotometer, FTIR, Zetasizer,
TEM, and AFM [36].

Detection of snake venom using AuNP-FPAb conjugate

Different concentrations of each snake venom spiked rat plasma were incubated with 10 uL of
AuNP-FPAD for 10 min. The colour changes in the solutions were observed in the transpar-
ent centrifuge tubes upon adding AuNP-FPAb. The smartphone-based assay was performed
by capturing photographs of the tubes using a smartphone and analysing them using Image]J
software. The images were captured with the Motorola Edge 40 Neo, featuring a 50-megapixel
camera and a resolution of 1080 x 2400 pixels. The settings for image capture were configured
to auto white balance, ISO 400, normal exposure, and the image format was set to JPEG. The
average R (red), G (green) and B (blue) colour values from the photographs were measured
with the Image] image processing toolbox. Photographing of the samples and Image] process-
ing of the photographs were carried out in triplicates. Per the Lambert-Beer law equation, the
RGB colour values obtained from Image] processing were converted to a logarithmic scale to
obtain colour intensity in MS Excel 2021.

For actual in vivo sample analysis, the plasma collected from the retro-orbital veins of the
envenomed rats (s.c.) were treated with 10 L of AuNP-FPAb for 10 min. The observed colour
changes in the solutions were photographed, and the images were analysed as mentioned above.

In order to learn more about the interaction of AuNP-FPAb conjugate and envenomed
snake plasma samples, a UV-Vis spectrophotometer (400-700 nm) was used. Additionally, the
concentration of venom detected in the envenomed plasma was determined by constructing
calibration curves using absorbances recorded from rat plasma samples spiked with snake
venom incubated with the AuNP-FPAb conjugates [36].

Statistical analysis

The results in this study are expressed as mean * standard deviation (SD) from separate tripli-
cate trials. The differences between control and test values were analysed for significance using
the Student’s t-test in Sigma Plot 11.0 for Windows (version 10.0). The significance of dif-
ferences among several groups was assessed using a one-way analysis of variance (ANOVA),
followed by Tukey post hoc analysis in GraphPad Prism software. Statistical significance was
determined at p-values < 0.05 and < 0.01.

Results

Custom peptides (CPs) designed from major toxins of ‘Big Four’ venomous
snakes

For each toxin, two antigenic epitopes were linked via small non-polar glycine (G) to design
the CPs with increased antigenic propensity ultimately. The selected toxins, their antigenic epi-
topes and the custom peptides derived from those epitopes have been summarised in Table 1.
The KLH-conjugated CPs were used as antigens to raise polyclonal antibodies in rabbits,
and then the antibodies were affinity purified to obtain toxin-specific polyclonal antibodies (PAbs).

PLOS Neglected Tropical Diseases | hitps:/doi.org/10.1371/journal.pntd.0012913 March 14, 2025 8/28
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The rabbit antisera showed the presence of a high titre of CP-specific antibodies. The PAbs
demonstrated their ability to recognise the CPs with some cross-reactivity among them under
identical experimental conditions (S1 Fig). The protein BLAST performed with the CP 1 and
CP 4 sequences demonstrated about 90% sequence identity with the PLA, of N. kaouthia
venom (S1 Data).

Immunoassays and spectrofluorometric analysis exhibit superior immune
recognition of FPAb towards Indian snake venoms as compared to
commercial PAV (in vitro)

Western blotting analysis demonstrated the greater immune recognition of the ‘Big Four’
snake venoms and NkV by FPAb, compared to the immune-recognition by commercial PAV
(Fig 1A-C and S2 Data). The Ponceau-S red stained PVDF membranes depicted efficient

transfer of the venom proteins (S2 Fig).
Dot blot assay conducted to assess the interaction between the secondary antibody and the

capture antibody, excluding the antigen, revealed that the secondary antibody (anti-rabbit
IgG-HRP/anti-horse IgG-HRP) exhibited diminished immune-recognition of the capture
antibody (S3 Fig); these blots will hereafter be referred to as controls without antigen. More-
over, normalizing the dot intensities against the control (excluding antigen intensities), this

study revealed the enhanced in vitro immune detection of the ‘Big Four’ snake venoms by
FPAD in comparison to the identification by individual PAbs, PAbE, and PAbV (S84 Fig).
After normalizing the dot intensities against the control (without antigen intensities), the
dot blotting with snake venom spiked rat plasma as antigen exhibited the superior immune
cross-reactivity of FPAb towards venom-spiked rat plasma compared to commercial PAV, under
identical experimental conditions (Fig 2A and 2B and S3 Data). The FPAb/commercial PAV did
not demonstrate any cross-reactivity towards Mesobuthus tamulus venom-spiked rat plasma.
The K values of the interaction between the snake venoms and FPAb/commercial PAV
were determined in the mg protein content of FPAb or commercial PAV/mL [39], and
the results elucidated the higher affinity of FPAb towards venom antigens as compared to

Table 1. Antigenic epitopes from major toxins identified in the proteome of ‘Big Four’ venomous snakes of India and their antigenic propensities before and after

custom modification.

Name of unique toxin Antigenic epitopes Antigenic | Epitope-based synthetic peptides. Mod- | Antigenic pro- | Designation
propensity | ified residues are underlined, and the | pensity of modi- | of custom
of epitopes | peptide length is shown in parenthesis. | fied peptides peptide

Naja naja “PVDDLDRCCQVHDNC” | 1.0496 PVDDLDRCCQVHDGGGGNACAAS- | 1.0819 CP1

(PLA2 tOXiI’l) ONACAAAVCDCDRLAA- VCDCDRLAAICFAG (37)

ICFAG™®
Daboia russelii “TDRCCFVHDCCYGN- 1.0453 TDRCCFVHDCCYGNLGGGGENRIC- | 1.0612 CP2
(PLA, toxin) LPDC” ECDKAAAICEFR (35)
ZENRICECDKAAAICFR”
Echis carinatus S'EEILVDIVVS® 1.0285 EEILVDIVVSGGGFRSYEIAIRY- 1.0636 CP3
LEKQSVFRTW VAT
Bungarus caeruleus “PIDALDRCCYVHDNCYG® | 1.0536 PIDALDRCCYVHDNCYGGGRRTII- 1.0736 CP 4
(Basic phospholipase A, beta- bungarotoxin) | 1R RTIICYGAAGTCARIVC- CYGAAGTCARIVCDCDRTAALCFGD
DCDRTAALCEGD™ (49)
Bungarus caeruleus “PVDELDRCCYTHD™ 1.0547 PVDELDRCCYTHDGGGGADTCAR- | 1.0591 CP5
(Basic phospholipase A, KPA2 toxin) 108A DTCARFLCDCDRTAA- FLCDCDRTAAICFASA (39)
ICFASA™
https://doi.org/10.1371/journal.pntd.0012913.t001
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commercial PAV (less K| value of FPAb compared to commercial PAV against the same
venom sample) (Fig 3A-E and 5S4 Data).

The FPAb demonstrated better immune-recognition towards the Indian
snake venoms as compared to commercial PAV in envenomed rat plasma

Dot blot analysis depicted the time-dependent immune-recognition of the snake venoms
by FPAb in the plasma of subcutaneously envenomed Wistar rats. In NnV envenomed rats
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Fig 1. (A) Western blot analysis under reduced conditions to determine the immune-recognition of NnV, NkV, KV, RvV, and EcV by FPAb. Lane 1 represents

the immunoblot of NnV, Lane 2 represents the immunoblot of NkV, Lane 3 represents the immunoblot of KV, Lane 4 represents the immunoblot of RvV, Lane 5
represents the immunoblot of EcV, and Lane M denotes the marker. Inmunoblot detected by HRP conjugated anti-rabbit IgG. (B) Western blot analysis under
reduced conditions to determine the immune-recognition of NnV, NkV, KV, RvV, and EcV by commercial PAV. Lane 1 represents the immunoblot of NnV, Lane

2 represents the immunoblot of NkV, Lane 3 represents the immunoblot of KV, Lane 4 represents the immunoblot of RvV, Lane 5 represents the immunoblot of
EcV, and Lane M denotes the marker. Inmunoblot detected by HRP conjugated anti-horse IgG. (C) Densitometry analyses of the blot intensities of NnV, NkV,
KV, RvV and EcV detected by FPAb and commercial PAV. Significance of difference in immune-recognition of the snake venoms by FPAb with respect to immune-
recognition by commercial PAV, *p<0.05. Error bars indicate mean + SD (n=3).

https://doi.org/10.1371/journal.pntd.0012913.9001
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(group 2), no significant difference was found in the venom recognition by FPAb between 60-
and 120-min post-injection; however, a slight decline in immune recognition was observed at
240 min (Figs 4A and S5A and S5 Data). Maximum venom recognition of KV in group 3 rats’
plasma by FPAb was observed at 60-and 120-min post-injection, with a decline of immune
recognition at 240 min (Figs 4B and S5B and S5 Data). The FPAb showed the highest detection
of NkV in plasma (group 6) at 60 min post-injection; however, the immune recognition of
FPAb demonstrated a gradual decline at 120- and 240-min post-injection NkV plasma (Figs
4C and S5C and S5 Data).

For the rats injected with RvV subcutaneously (group 4), the maximum RvV recognition
was observed at 60- and 120-min post-injection, and the recognition declined significantly at
240 min (Figs 4D and S5D and S5 Data). The highest EcV recognition (group 5) was observed
between 60- and 120-min post-injection, and after that, a sharp decline in the intensity of rec-
ognition was observed (Figs 4E and S5E and S5 Data). However, the intensity of recognition
of venom from the Viperidae family of snakes was higher (p<0.01) than the Elapidae family
of snakes. Notably, since the antibodies constituting the FPAb were raised against antigenic
peptides synthesised using the toxins of the ‘Big Four’ venomous snakes of India, it may have
a lower affinity towards NkV; therefore, their detection in plasma may be lesser than the ‘Big
Four’ snake venoms.

In all the cases, dot blot analysis demonstrated the superior immune recognition of tested
snake venoms by FPAb compared to commercial PAV raised against native toxins, under iden-
tical experimental conditions (Fig 4A-E and S5 Data).
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Fig 2. (A) Dot blot assay to determine the immune-recognition of NnV, KV, NkV, RvV, and EcV (1 pg/uL) spiked rat plasma by FPAb and commercial PAV. (B)

Image analyses of the dot intensities of immune-

recognition by FPAb and commercial PAV were performed using Image]J software. The dot intensities have

been normalized against intensities of control without antigen. Significance of difference immune-recognition of the snake venoms by FPAb with respect to
immune-recognition by commercial PAV, *¥p<0.05. Error bars indicate mean + SD (n=3).

https://doi.org/10.1371/journal.pntd.0012913.9002
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Fig 3. Spectrofluorometric interaction between the snake venoms, FPAb and commercial PAV. The interactions between the fixed concentration of each venom and
varying concentrations of FPAb and commercial PAV have been represented in a one-site specific binding curve showing the change in maximum fluorescence intensity
(A_ ) of venom-antibody binding. (A) Interaction of NnV with FPAb and commercial PAV, (B) Interaction of KV with FPAb and commercial PAV, (C) Interaction of

‘max:

NkV with FPAb and commercial PAV, (D) Interaction of RvV with FPAb and commercial PAV, and (E) Interaction of EcV with FPAb and commercial PAV. The graphs
were plotted using GraphPad Prism 5.0 software and demonstrate the mean of five scans.

https://doi.org/10.1371/journal.pntd.0012913.9003

Characterisation of FPAb conjugated AuNPs

The production of gold nanoparticles (AuNPs) using citrate reduction involves the utilisation
of citrate to aid the reduction of gold (III) to gold (0), hence imposing growth limitations on
the AuNPs [44-46]. The following scheme depicts the reaction during citrate reduction-based
AuNP synthesis (Fig 5).

The AuNPs synthesised by this method exhibited a wine-red colour, and their UV-Vis
spectra (400-700nm) depicted a plasmonic peak at around 527 nm. After the conjugation
of FPAD to the citrate-capped AuNPs, the plasmonic peak showed a bathochromic shift to
537nm (S6A Fig).

FTIR presented an infrared spectrum of AuNP with peaks at 3368cm™', 1567 cm™,
1475cm™ and 1399 cm™* characteristic of ~-O-H stretching, ~-C=0 stretching, and -C-H
bending, respectively, and indicate the formation of citrate-stabilised AuNPs [47]. After
conjugation of FPADb to AuNP, the peaks associated with -O-H stretching and -C=0 stretch-
ing disappeared, and new peaks appeared at 1622 cm™" and 1532 cm ™ which correspond to
primary amide NH, bending and secondary amide N-H bending under the amide II band,
respectively [47] (S6B Fig).

The citrate-capped AuNPs and AuNP-FPADb conjugate recorded zeta potential (mV) of
-34.5+0.173 mV and -26.8 = 0.02 mV, respectively (S6C Fig).

PLOS Neglected Tropical Diseases | hitps:/doi.org/10.1371/journal.pntd.0012913 March 14, 2025 12/28
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Fig4. (A) Dot intensities of the immune-recognition of NnV-envenomed rats’ plasma by FPAb and commercial PAV were analysed using Image]. Significance of
difference in immune-recognition of plasma collected from NnV-envenomed rats (s.c.) at 60 min and 120 min compared to plasma collected from NnV-
envenomed rats (s.c.) at 240 min by FPAb, “p<0.05; immune-recognition of plasma collected from NnV-envenomed rats (s.c.) at 60 min, 120 min and 240 min

by FPAb compared to immune-recognition by commercial PAV, ¥p<0.05; (B) Dot intensities of KV-envenomed rats’ plasma immune-recognised by FPAb and
commercial PAV were analysed using Image]. Significance of difference in immune-recognition of plasma collected from KV-envenomed rats (s.c.) at 240 min
compared to plasma collected from KV-envenomed rats (s.c.) at 60 min and 120 min, “p<0.05; immune-recognition of plasma collected from KV-envenomed

rats (s.c.) at 60 min, 120 min and 240 min by FPAb compared to immune-recognition by commercial PAV, *¥p<0.05; (C) Dot intensities of NkV-envenomed rats’
plasma immune-recognised by FPAb and commercial PAV were analysed using Image]. Significance of difference in immune-recognition of plasma collected
from NkV-envenomed rats (s.c.) at 120 min and 240 min compared to plasma collected from NkV-envenomed rats (s.c.) at 60 min, Yp<0.05; immune-recognition
of plasma collected from NkV-envenomed rats (s.c.) at 60 min, 120 min and 240 min by FPAb compared to immune-recognition by commercial PAV, *¥p<0.05;

(D) Dot intensities of RvV-envenomed rats’ plasma immune-recognised by FPAb and commercial PAV were analysed using Image]. Significance of difference in
immune-recognition of plasma collected from RvV-envenomed rats (s.c.) at 240 min compared to plasma collected from RvV-envenomed rats (s.c.) at 60 min and
120 min, Yp<0.05; immune-recognition of plasma collected from RvV-envenomed rats (s.c.) at 60 min, 120 min and 240 min by FPAb compared to immune-
recognition by commercial PAV, *p<0.05; (E) Dot intensities of EcV-envenomed rats’ plasma immune-recognised by FPAb and commercial PAV were analysed
using Image]. Significance of difference in immune-recognition of plasma collected from EcV-envenomed rats (s.c.) at 240 min compared to plasma collected
from EcV-envenomed rats (s.c.) at 240 min at 60 min and 120 min, “p<0.05; immune-recognition of plasma collected at 60 min, 120 min and 240 min by FPAb
compared to recognition by commercial PAV, *p<0.05. Error bars indicate mean + SD (n=3).

https://doi.org/10.1371/journal.pntd.0012913.9g004

The TEM analysis performed in this study showed the synthesis of monodisperse citrate-
capped AuNPs, which were aggregated after conjugation to FPAb (S7A and S7B Fig). From
the images obtained, the average diameter of the AuNP and AuNP-FPAb conjugate particles
was determined at 18.99 + 0.41 nm and 37.52 + 0.99 nm, respectively (S7C and S7D Fig). The
AFM analysis further demonstrated the synthesis and conjugation of AuNPs performed (S8A
and S8B Fig), which depicted that the citrate-capped AuNPs and AuNP-FPAb conjugate
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Fig 5. Chemical reaction sequence for citrate reduction-based AuNP synthesis.

https://doi.org/10.1371/journal.pntd.0012913.9005

particles measured their heights at 18.53 + 0.26 nm and 36.21 + 0.45 nm, respectively (S8C and
S8D Fig). The adsorption efficiency of FPAb to AuNP was determined at 59.3% (S9 Fig).

Detection of Indian snake venoms in envenomed Wistar strain rats (in
vivo) by AuNP-FPADb conjugate using digital image colourimetry

Snake venoms spiked in rat plasma were detected using smartphone images. From the images
recorded, the average R (red), G (green), and B (blue) values were analysed using Image]. The
RGB colour values obtained were converted to a logarithmic scale to get the colour intensity
according to the Lambert-Beer law equation [33,48]:

Colour Intensity of Red(IR ): log(RO IR ), (1)
Colour Intensity of Green(, )= log(G0 /Gs)s (2)
Colour Intensity of Blue(I, )= log(B, /By ), 3)

The average blank and sample colour values are R , G, B, R;, G, and By, respectively.

Fig 6 illustrates the schematic for a colourimetric assay that determines colour intensities
by utilizing the RGB values obtained from smartphone images of the interaction between
AuNP-FPAD conjugate and venom-treated plasma. Linear regression standard curves were
prepared from the colour intensities obtained from each venom-spiked plasma (Fig 7A-E and
S6 Data). From the equations and R? values depicted in Fig 7A-E, the blue (B) colour showed
the highest linearity as compared to the red (R) and green (G) colours for all the snake ven-
oms studied. This observation may be due to the change in colour of AuNP-FPAb conjugates
from burgundy to blue upon binding with venoms.

From the equations obtained from the linear regression curves (Fig 7A-E), the limit of
detection (LOD) for blue colour was determined to be 330 pg/pL (NnV), 240 pg/uL (KV), 210
pg/uL (RvV), 620 pg/uL (EcV), and 430 pg/uL (NkV). The LOD was determined using the
formula 3.3 0/S, where o is the standard deviation of the response, and S is the slope of the
calibration curve.

The plasma samples obtained from the retro-orbital blood collected from the subcuta-
neously envenomed rat plasma samples were detected with AuNP-FPADs, and the images
recorded were analysed by Image] software (Fig 8A-F and S7 Data). The I, was calculated from
the images of time-dependent plasma collected for all the snake venoms studied, the quantity
of venom in plasma was calculated using equation 4 as shown below and the results have been

summarized in Table 2. The alterations in colour resulting from the interaction between the
envenomed plasmas and AuNP-FPAb conjugates were measured as absorbance with a UV-Vis
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AuNP-FPAb Envenomed Colour change of Image
conjugate rat plasma AuUNP-FPAb captured
conjugate using
smartphone

4

Images were captured and average RGB values were obtained
from ImageJ

4

Colour Intensity of Red (Ig) = log (Ry/Rg),
Colour Intensity of Green (Ig) = log (Gy/Gs),
Colour Intensity of Blue (Ig) = log (B,/Bs),

where, Ry Gy, By and Rg Gg, Bg are the average color values of
blank and sample, respectively.

Fig 6. Schematic illustrating the colorimetric assay by determining colour intensities using RGB values from the
smartphone images of interaction between AuNP-FPAb conjugate and venom-treated plasma. Prepared using MS
PowerPoint 2021.

https://doi.org/10.1371/journal.pntd.0012913.9006

spectrophotometer (S10 Fig). Calibration curves were systematically prepared for each of the
snake venom spiked plasmas (S11 Fig), and the resulting equations were employed to quantify
the amount of snake venom detected in the envenomed plasmas (Table 2).

Quantity of venom in plasma calculated using IB / absorbance
(in percent of venom found in plasma)
= Quantity of venom in plasma calculated using linear
regression curve of IB/ absorbance(ng / ..L) /
Amount of venom injected in220 g rat
(total blood volume in220 g rat assumed to be 15 mL)
(ng/..L)*100 (4)

From Table 2, quantity of venom in envenomed plasma obtained from both Digital Image
Colourimetry and UV-Vis spectrophotometry was found to be comparable.

Discussion

This study describes the potential of a toxin-specific polyclonal antibody formulation to
differentiate between bite cases with and without snake envenomation, commonly known as
wet and dry snake bite, respectively, among India’s medically critical venomous snakes. The
produced polyclonal antibodies were combined in a specific ratio to create the antibody for-
mulation, FPAb, which exhibited synergistic immune recognition of the venoms under both
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Fig 7. Linear fitted plot based on the relationship between colour intensities obtained from RGB of smartphone images and different concentrations of snake
venom spiked rat plasma. (A) NnV concentrations of 0.125-2 ng/uL, (B) KV concentrations of 0.125-2ng/uL, (C) NkV concentrations of 0.25-4 ng/uL, (D) RvV con-
centrations of 0.125-2ng/uL, (E) EcV concentrations of 0.25-4 ng/pL. Error bars indicate mean + SD (n=3).

https://doi.org/10.1371/journal.pntd.0012913.g007

in vitro and in vivo conditions. Detection of Indian snake venoms in envenomed rat plasma
using the antibody formulation FPAD has been carried out using digital image colourimetry
method using AuNPs. Thus, this method may have potential to confirm venomous snakebites
in samples for accurate diagnosis of envenomation.

Numerous researchers have employed various assays for developing tests or procedures for
detecting snake envenomation from venomous snakes. In 2017, Shaikh et al. introduced the
Venom Detection ELISA Test (VDET), a device utilizing dot-blot ELISA with plasma obtained
from mice envenomed 60 minutes after venom injection. This test provides a binary result
regarding envenomation by the Indian ‘Big Four’ venomous snakes and can be completed in
20-25 min, with a limit of detection of 1 ng/mL [14]. A recent study investigated the use of
infrared thermal imaging to distinguish between venomous snakebites and non-venomous
or dry bites in patients [49]. Most patients exhibiting signs of local envenomation, whether
accompanied by systemic envenomation or not, displayed temperature alterations. They
obtained infrared photos in still image mode via a thermal imaging camera connected to
an Android smartphone. The photos were subsequently analysed to ascertain the condition
of envenomation [49]. Our work suggests a quick detection approach that may identify the
presence of venom in plasma within 10 min, allowing one to distinguish between wet and dry
snakebite cases. Furthermore, the antibody formulation described in our work demonstrated
the detection of snake venoms in plasma up to 240 min after venom injection, which was not
proven in the VDET trial. Though the LOD described in the current work is lower than the
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violet-pink, while in case of the venom-treated plasmas, the colour of the AuNP-FPAb conjugate’s changes to blue-grey due to aggregation of the AuNP-FPAb conju-
gates. Photographs taken by Upasana Puzari (First author). (A) NnV-envenomed rat plasma collected at 60 min, 120 min and 240 min, (B) KV-envenomed rat plasma
collected at 60 min, 120 min and 240 min, (C) NkV-envenomed rat plasma collected at 60 min, 120 min and 240 min, (D) RvV-envenomed rat plasma collected at 60 min,
120 min and 240 min, (E) EcV-envenomed rat plasma collected at 60 min, 120 min and 240 min, (F) Blue colour intensities (I,) of all the snake venom-treated rat plasmas
compared to the control plasma. Significance of difference for I, of NnV-treated plasma collected at 60 and 120 min compared to I, of NnV-treated plasma collected

at 240 min, *p<0.05; I, of KV-treated plasma collected at 60 and 120 min compared to I, of KV-treated plasma collected at 240 min, Yp<0.05; I, of NkV-treated plasma
collected at 120 and 240 min compared to I, of NkV-treated plasma collected at 60 min, “p<0.05; I, of RvV-treated plasma collected at 60 and 120 min compared to I,

of RvV-treated plasma collected at 240 min, "p<0.05; I, of RvV-treated plasma collected at 120 and 240 min compared to I, of RvV-treated plasma collected at 60 min,
¥p<0.05; I, of EcV-treated plasma collected at 60 and 120 min compared to I, of EcV-treated plasma collected at 240 min, *p<0.05; I, of EcV-treated plasma collected at
120 and 240 min compared to I of EcV-treated plasma collected at 60 min, °p<0.05. Error bars indicate mean + SD (n=3).

https://doi.org/10.1371/journal.pntd.0012913.9008
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Table 2. Determination of blue colour intensity and quantification of venom in envenomed rat plasma using Digital Image Colourimetry and UV-Vis

spectrophotometer.
Plasma from rats Time of blood | Average I, | Quantity of Quantity of venom in Quantity of venom Quantity of venom in
envenomed with collection venom in plasma plasma calculated using in plasma calculated plasma calculated using
Indian snake (min) calculated using I, I, (in percent of venom using absorbance absorbance (in percent of
venoms collection (ng/uL) found in plasma) (ng/uL) venom found in plasma)
Indian cobra 60 0.18 1.09 26.5 0.99 24.0
venom (NnV) 120 0.17 1.01 24.6 0.68 16.5
240 0.16 0.47 11.4 0.38 9.3
Indian krait 60 0.16 0.75 31.9 0.81 34.3
venom (KV) 120 0.16 0.65 277 0.70 29.9
240 0.13 0.44 18.7 0.42 18.0
Indian monocled 60 0.19 1.85 22.5 2.46 29.9
cobra venom 120 0.15 1.30 15.8 1.59 19.4
(NKkV)
240 0.14 1.11 13.5 1.48 18.0
Indian russell’s 60 0.21 2.07 50.4 2.35 57.4
viper venom 120 0.20 1.91 46.5 2.33 56.8
(RvV)
240 0.19 1.81 44.0 2.24 54.2
Indian saw-scaled 60 0.26 6.36 77.5 1.57 66.7
viper venom 120 0.24 5.74 70.0 1.47 62.6
(EcV)
240 0.20 4.33 52.7 1.43 60.6

https://doi.org/10.1371/journal.pntd.0012913.t002

stated LOD of the VDET study, future investigations using monoclonal antibodies may boost
the sensitivity of the current approach even further.

Additionally, two Indian patents for developing snake venom detection kits for Indian’ Big
Four’ snake venoms have been granted [50, 51]. The inventors of a specific patent have devel-
oped a method for producing monospecific antibodies, which exhibit no cross-reactivity with
any of the other three species, and bispecific antibodies, which show no cross-reactivity with
any of the other two species. This is an in vitro method that targets the Indian ‘Big Four’ snake
venoms and includes the creation of lateral flow immunoassay devices that utilize the gen-
erated antibodies [51]. A separate patent introduced a two-site ELISA-based kit and a lateral
flow immunoassay for detecting the venoms of the ‘Big Four’ Indian snakes in clinical samples
from snakebite victims [50].

Toxins from families of PLA , snake venom metalloprotease, snake venom serine protease
and three-finger toxins are generally dominant in the venom composition of all snake species
[52]. Since developing a species-specific snake venom detection method necessitates target-
ing toxins from these families, there is a concern regarding a high degree of cross-reactivity
between snake venom toxins of the same or heterologous family [6,39,53-55]. This reason has
proven to be a hurdle in developing detection devices that may differentiate between genera/
species of venomous snakes. Although numerous attempts have been put forward for detect-
ing Indian snake venoms using various analytical methods like antigen-antibody interaction,
aptamers, etc., none of them has been translated and commercialised for use in a clinical

In recent years, the design and usage of synthetic peptides that mimic selected protein
regions have seen a potential increase [36,57-60]. In this study, to circumvent the problem of
using whole venom or purified venom-toxins as immunogens for the production of poly-
clonal antibodies, we have synthesised custom peptide immunogens designed using antigenic
sites with highest antigenic propensity from the major toxins like PLA, and snaclec of Indian
‘Big Four’ venomous snakes. These antigenic sites were further modified to enhance their
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antigenic propensity, producing high antibody titre against these peptides. Generally, to raise
high-titre polyclonal antibodies, it is necessary to conjugate the peptides to a carrier protein
such as KLH, bovine serum albumin (BSA), or ovalbumin [57,61,62]. Therefore, we conju-
gated the custom peptides with KLH in our study, ultimately producing high-titre polyclonal
antibodies in rabbit serum.

The current study has used immunoblotting techniques to demonstrate the ability of
toxin-specific antibody formulation, FPAD, to detect the presence of a picogram quantity of
venom from Indian snakes in the body fluids of envenomed animals. Our study elucidates
better immune-recognition by FPAb than commercial PAV for Indian snake venoms at a low
1 pg/uL concentration, under in vitro conditions. The observed effect may happen because
FPAb comprises antibodies against the antigenic custom peptides designed explicitly from
‘Big Four” snakes’ low-molecular-mass toxins (PLA, and snaclec). On the contrary, inferior
immune-recognition for the venoms by commercial PAV may be because they are raised
against whole venom of the ‘Big Four’ snakes and do not contain sufficient antibodies against
the pharmacologically active, weakly immunogenic proteins in these venoms
snakes and N. kaouthia, under in vitro conditions, we have explored the potential of FPAb for
detecting these venoms in animal plasma.

Animal models are crucial in experimental research (pre-clinical study) for refining diag-
nostic techniques and novel drug therapeutics before clinical trials [65]. In pharmacology and
toxicology studies, experimental rats are generally preferred over mice as they share a similar
toxin eradication pathway as humans [66]. Additionally, the larger body size of rats allows
serial blood draws and sampling over time [67]. Therefore, our study has experimentally
envenomed Wistar strain albino rats with the venoms of India’s ‘Big Four’ venomous snakes
and N. kaouthia. Compared to commercial PAV, FPAb better recognised the venom in plasma
collected from the envenomed rats at regular intervals.

Generally, snakes envenom their victims by injecting their venoms mostly subcutaneously
or occasionally intramuscularly, pending the release of the toxins into the interstitial space
[68-70]. Studies have revealed that snake venom injected into patients gets absorbed quickly
from the bloodstream, binding very rapidly with their target organs or specific receptors,
thereby lessening the amount of venom left in systemic circulation for being detected by the
diagnostic kit [6,71]. Snake venom in circulation may exhibit two phases: a quick distribution
phase (within 60 min) and a prolonged elimination phase (12-24h) [29,72-74]. Our study
corroborates this observation, and we have demonstrated that immune recognition of the
snake venoms in the envenomed plasma by FPAb decreased as time elapsed post-injection,
i.e., venom detected in plasma at 240 min post-injection is lesser than at 60- and 120-min
post-venom injections.

It is known that agglomeration of AuNP-FPAD conjugates upon interaction of venoms
could result in a colour change. This property of AuNP was used in this study to demonstrate
a colourimetric detection and quantification of the Indian Big Four venomous snakes and N.
kaouthia in envenomed rat plasma.

The formation of AuNPs and AuNP-FPAD bioconjugates was first confirmed using a few
biophysical techniques. The size of the AuNP and AuNP-FPAb particles were determined to
be about 18 nm and 37 nm, respectively, indicating the binding of antibodies to AuNP. It was
observed that when envenomed plasmas from the rats were incubated with the AuNP-FPAb
conjugates, the colour of the solution changed from violet-pink to blue-grey colour within
5-10min due to agglomeration [75, 76]. Recent breakthroughs in the smartphone technol-
ogy field have improved their usage to satisfy the needs of many scientific fields [32,77,78].
Thus, digital image colourimetry based on smartphone images could differentiate between
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control (non-envenomed) plasma and envenomed plasma and quantify the venom present in
envenomed plasma during the studied post-injection time duration. This method of detection
will help detect envenomation in the health centres of remote villages where sophisticated
instrumental facilities are not available. The venom quantity detected by FPAb in the plasma
decreased as the time post-injection increased. Notably, since the antibodies constituting the
FPADb were raised against antigenic peptides synthesised using the toxins of the ‘Big Four’
venomous snakes of India, it may have a lower affinity towards NkV and therefore, their
detection in plasma may be lesser than the ‘Big Four’ snake venoms; however, the sequence
similarity observed between the CP 1, CP 4 and N. kaouthia PLA, justify its venom detec-
tion by FPAb. An additional noteworthy finding was that the intensity of blue colour in the
plasma treated with Viperidae venoms (RvV and EcV) was greater than that in the plasma
treated with Elapidae venoms (NnV, KV, and NkV). Thus, more venom could be identified in
the plasma of rats treated with Viperidae venom at a particular moment compared to those
treated with Elapidae venom. The observed phenomenon can be attributed to the fast attach-
ment of the Elapid venoms, abundant in low molecular weight toxins, to their specific tissue
targets. As a result, these venoms are promptly eliminated from the bloodstream. In contrast,
Viperid venoms containing high-molecular-weight toxins are absorbed gradually from the
injection site via the lymphatic system, resulting in prolonged and heightened presence in the
bloodstream [70,79,80].

Snakebite cases are mostly occupational health hazard and affect rural population of the
underdeveloped and developing countries [81]. Reports from India have suggested that major-
ity of the snakebite deaths have been recorded in rural areas (97%) during monsoon months
[81]. However, the unoftficial count of morbidity and mortality due to snake envenomation
may be far higher due to poor documentation [6]. In clinical settings, it is crucial to determine
whether a snakebite is wet or dry since this knowledge informs the right medical actions, such
as deciding whether antivenom is required. [82]. The World Health Organization (WHO) has
stated that snakebite management mainly relies on identifying snake species, clinical diagno-
sis, and the appropriate administration of antivenoms. The WHO recommendations empha-
size the necessity for commercial tests that confirm snake envenomation, enabling doctors to
select and deliver the optimum amount of antivenoms for patient treatment [83]. This study
proposes a portable smartphone-based colourimetric method for detecting and quantifying
venom from the Indian ‘Big Four’ snakes, which is essential for antivenom therapy, potentially
leading to developing a device for on-site assessment of envenomation in patients.

The snake envenomation detection approach presented in this paper may enable medical
professionals to ascertain if a snakebite is venomous or non-venomous, enhancing hospital
care of snake envenomation cases. Nevertheless, other constraints must be resolved before
using this technology in a clinical context. The current detection approach necessitates clinical
testing using bodily fluid samples from victims of snake envenomation. The clinical study
must incorporate an adequate sample size of actual victim samples to validate the applicability
of FPAD for detection purposes in clinical settings. Since the proposed method is a proof-of-
concept, future investigations may be designed to refine antibody raising, and monoclonal
antibodies raised against the snake venom toxins may be considered to develop a particular
and sensitive detection method. The smartphone-based detection system presented in this
work requires improvements in real-time result processing, interpretation, and communica-
tion to necessary staff before it can be used in rural clinics.

This study presents a straightforward and cost-effective method that could aid in develop-
ing kits for treating venomous snakebites in patients. The research indicates the generation of
polyclonal antibodies targeting toxins from India’s four most venomous snakes. The antibod-
ies generated were combined in a specific ratio to illustrate synergistic immune-recognition of
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India’s ‘Big Four’ venomous snakes and N. kaouthia venoms, both in vitro and in vivo. Digital
image colourimetry enhanced the detection by the antibody formulation. Further research is
necessary to validate the suitability of this detection method using envenomed patient plasma
and other body fluids in both field and clinical settings.

Supporting information

S1 Text. Methodologies for supporting information. Methodologies for: KLH conjugation
of the CPs, Raising and purifying custom peptide-specific antibodies by immunising rabbits
with KLH-conjugated CPs and Synthesis of AuNP-FPAb conjugates.

(DOCX)

S1 Fig. (A) Dot blot assay to determine the immune-recognition of individual PAbs towards
the CPs. Dot blot intensities of immune recognition demonstrated by the individual PAbs
towards the CPs. (B) PAb 1 demonstrated cross-reactivity towards CP2-5. Significance

of difference in recognition of PAb 1 towards CP2, CP3, CP4 and CP5 compared to CP1,
*p<0.05. (C) PAb 2 demonstrated some cross-reactivity towards CP3 and CP4. Significance
of difference in recognition of PAb 2 towards CP3 and CP4 compared to CP2, yp<0.05. (D)
PAb 3 demonstrated cross-reactivity towards CP2, CP4 and CP5. Significance of difference
in recognition of PAb 3 towards CP2, CP4 and CP5 compared to CP3, “p<0.05. (E) PAb 4
demonstrated specificity towards CP4. (F) PAb 5 demonstrated cross-reactivity towards CP4.
Significance of difference in recognition of PAb 5 towards CP4 compared to CP5, ¥p<0.05.
Error bars indicate mean + SD (n=3).

(TIFF)

S2 Fig. (A, B) Ponceau-S red stained blots indicating snake venom protein transfer.
(TIF)

S3 Fig. (A) Dot blot assay to determine immune-recognition of PAbs (individual PAb 1,

2, 3,4, 5, PAbE, PAbV and FPAb) using anti-rabbit IgG-HRP and commercial PAV using
anti-horse IgG-HRP; (B) Dot intensities of the immune-recognition demonstrated by the
secondary antibodies as stated in (A). Significance of difference immune-recognition of FPAb
by anti-rabbit IgG-HRP with respect to immune recognition of individual PAbs, PAbE, PAbV
by anti-rabbit IgG-HRP and commercial PAV by anti-horse IgG-HRP, *p<0.05. Error bars
indicate mean + SD (n=3).

(TIF)

S4 Fig. (A) Dot blot assay to determine immune-recognition of PAbs (individual PAb 1,

2, 3,4, 5, PAbE, PAbV and FPAb) towards NnV, KV, NkV, RvV and EcV (1 pg/uL), (B) Dot
intensities of the immune-recognition of NnV, KV, NkV, RvV and EcV by individual PAbs,
PABE, PAbV and FPAb. Significance of difference in immune-recognition of NnV, KV, NkV,
RvV and EcV by PAD 1,2,3,4,5, PAbE and PAbV compared to immune-recognition by FPAb
*p<0.05. Error bars indicate mean + SD (n=3).

(TIFF)

S5 Fig. (A) Dot blot assay to determine immune-recognition of NnV in the plasma of the
group 1 and 2 rats by FPAb and commercial PAV when the blood was collected at 60 min,

120 min, and 240 min post-injection (s.c.). Blots 1-3 incubated with control plasma (s.c.) col-
lected after 60 min, 120 min, and 240 min recognised by FPAb; Blots 4-6 incubated with NnV
-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised by FPADb; Blots
7-9 incubated with control plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised
by commercial PAV; Blots 10-12 incubated with NnV -treated plasma (s.c.) collected after
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60 min, 120 min, and 240 min recognised by commercial PAV. (B) Dot blot assay to determine
immune-recognition of KV in the plasma of the group 1 and 3 rats by FPAb and commercial
PAV when the blood was collected at 60 min, 120 min, and 240 min post-

injection (s.c.). Blots 1-3 incubated with control plasma (s.c.) collected after 60 min, 120 min,
and 240 min recognised by FPAD; Blots 4-6 incubated with KV-treated plasma (s.c.) collected
after 60 min, 120 min, and 240 min recognised by FPAb; Blots 7-9 incubated with control
plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised by commercial PAV; Blots
10-12 incubated with KV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min
recognised by commercial PAV. (C) Dot blot assay to determine immune-recognition of NkV
in the plasma of the group 1 and 6 rats by FPAb and commercial PAV when the blood was
collected at 60 min, 120 min, and 240 min post-injection (s.c.). Blots 1-3 incubated with control
plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised by FPAb; Blots 4-6 incu-
bated with NkV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised
by FPAb; Blots 7-9 incubated with control plasma (s.c.) collected after 60 min, 120 min, and
240 min recognised by commercial PAV; Blots 10-12 incubated with NkV-treated plasma (s.c.)
collected after 60 min, 120 min, and 240 min recognised by commercial PAV. (D) Dot blot assay
to determine immune-recognition of RvV in the plasma of the group 1 and 4 rats by FPAb and
commercial PAV when the blood was collected at 60 min, 120 min, and 240 min post-

injection (s.c.). Blots 1-3 incubated with control plasma (s.c.) collected after 60 min, 120 min,
and 240 min recognised by FPAb; Blots 4-6 incubated with RvV-treated plasma (s.c.) collected
after 60 min, 120 min, and 240 min recognised by FPAb; Blots 7-9 incubated with control
plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised by commercial PAV; Blots
10-12 incubated with RvV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min
recognised by commercial PAV. (E) Dot blot assay to determine immune-recognition of EcV
in the plasma of the group 1 and 5 rats by FPAb and commercial PAV when the blood was
collected at 60 min, 120 min, and 240 min post-injection (s.c.). Blots 1-3 incubated with control
plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised by FPAb; Blots 4-6 incu-
bated with EcV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min recognised
by FPAb; Blots 7-9 incubated with control plasma (s.c.) collected after 60 min, 120 min, and
240 min recognised by commercial PAV; Blots 10-12 incubated with EcV-treated plasma (s.c.)
collected after 60 min, 120 min, and 240 min recognised by commercial PAV.

(TIFF)

S6 Fig. (A) UV-Vis spectra depicting AuNP and AuNP-FPAb conjugate. The absorbance is
the mean of values obtained in triplicates; (B) FTIR spectra of AuNP and AuNP-FPAb conju-
gate; (C) Zeta potential of AuNP and AuNP-FPAb conjugate.

(TIF)

S7 Fig. TEM images of (A) AuNP and (B) AuNP-FPAb conjugate particle at 20 nm magni-
fication; Histogram depicting Particle size distribution of (C) AuNP and (D) AuNP- FPAb
conjugate particle in TEM images, with Gaussian function, fit using Originpro 8.5.

(TIF)

S8 Fig. Topographic 2D AFM images with scanned area 1000 x 1000 nm of (A) AuNP, (B)
AuNP-FPAD conjugate; Histogram of height distribution of (C) AuNP, (D) AuNP-FPAD con-
jugate, from the topographic 2D AFM images with scanned area 1000 x 1000 nm.

(TIF)

S9 Fig. Calibration curve for estimating FPAD left in the supernatant after AuNP-
conjugation. Error bars indicate mean + SD (n=3).
(TIF)
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S10 Fig. (A) Absorbance spectra of the AuNP-FPAD conjugate in the presence of control
(untreated, group 1 rats) and NnV-treated plasma collected at 60 min, 120 min and 240 min
post-injection (group 2 rats). The absorption maximum (X ) for Control plasma was at
537 nm. On interacting with the envenomed plasma, the A shifted to 630 nm, 602nm and
580 nm for NnV-treated plasma collected at 60 min, 120 min and 240 min, respectively.; (B)
Absorbance spectra of the AuNP-FPAb conjugate in the presence of control (untreated,
group 1 rats) and KV-treated plasma collected at 60 min, 120 min and 240 min post-injection
(group 3 rats). The absorption maximum (A_ ) for Control plasma was at 537 nm. On
interacting with the envenomed plasma, the A__ shifted to 610 nm, 589 nm and 555 nm for
KV-treated plasma collected at 60 min, 120 min and 240 min, respectively.; (C) Absorbance
spectra of the AuNP-FPAb conjugate in the presence of control (untreated, group 1 rats)
and NkV-treated plasma collected at 60 min, 120 min and 240 min post-injection (group 6
rats). The absorption maximum (A__ ) for Control plasma was at 537 nm. On interacting
with the envenomed plasma, the A___shifted to 604 nm, 548 nm and 546 nm for NkV-treated
plasma collected at 60 min, 120 min and 240 min, respectively.; (D) Absorbance spectra of the
AuNP-FPAb conjugate in the presence of control (untreated, group 1 rats) and RvV-treated
plasma collected at 60 min, 120 min and 240 min post-injection (group 4 rats). The absorp-
tion maximum (A__ ) for Control plasma was at 537 nm. On interacting with the envenomed
plasma, the /lmax shifted to 548 nm, 547 nm and 543 nm for RvV-treated plasma collected at
60 min, 120 min and 240 min, respectively.; (E) Absorbance spectra of the AuNP-FPAb con-
jugate in the presence of control (untreated, group 1 rats) and EcV-treated plasma collected
at 60 min, 120 min and 240 min post-injection (group 5 rats). The absorption maximum
(A,,,,) for Control plasma was at 537 nm. On interacting with the envenomed plasma, the A_
shifted to 550 nm, 548 nm and 547 nm for EcV-treated plasma collected at 60 min, 120 min
and 240 min, respectively.

(TIF)

S11 Fig. (A) Absorbance spectrum for NnV spiked rat plasma detection by AuNP-FPAb
conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/

uL NnV; (B) Calibration curve for NnV spiked rat plasma detection at concentrations
0.125-2ng/puL; (C) Absorbance spectrum for KV spiked rat plasma detection by AuNP-
FPAD conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/
uL KV; (D) Calibration curve for KV spiked rat plasma detection at concentrations
0.125-2ng/pL; (E) Absorbance spectrum for NkV spiked rat plasma detection by AuNP-
FPAb conjugate. Absorbance curves correspond to plasma samples containing 0.25-4 ng/
uL NkV; (F) Calibration curve for NkV spiked rat plasma detection at concentrations
0.25-4ng/puL; (G) Absorbance spectrum for RvV spiked rat plasma detection by AuNP-
FPAD conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/
uL RvV; (H) Calibration curve for RvV spiked rat plasma detection at concentrations
0.125-2ng/pL; (I) Absorbance spectrum for EcV spiked rat plasma detection by AuNP-
FPAb conjugate. Absorbance curves correspond to plasma samples containing 0.25-4 ng/uL
EcV; (J) Calibration curve for EcV spiked rat plasma detection at concentrations 0.25-4 ng/
uL; Error bars indicate mean + S.D. (n = 3).
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