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Abstract

Russell’s vipers (RVs) envenoming is an important public health issue in South-East Asia.

Disseminated intravascular coagulopathy, systemic bleeding, hemolysis, and acute renal

injury are obvious problems that develop in most cases, and neuromuscular junction blocks

are an additional problem caused by western RV snakebite. The complex presentations

usually are an obstacle to early diagnosis and antivenom administration. Here, we tried to

produce highly specific antibodies in goose yolks for use in a paper-based microfluidic diag-

nostic kit, immunochromatographic test of viper (ICT-Viper), to distinguish RVs from other

vipers and even cobra snakebite in Asia. We used indirect ELISA to monitor specific goose

IgY production and western blotting to illustrate the interaction of avian or mammal antibody

with venom proteins. The ICT-Viper was tested not only in prepared samples but also in

stored patient serum to demonstrate its preliminary efficacy. The results revealed that spe-

cific anti-Daboia russelii IgY could be raised in goose eggs effectively without inducing

adverse effects. When it was collocated with horse anti-Daboia siamensis antibody, which

broadly reacted with most of the venom proteins of both types of Russell’s viper, the false

cross-reactivity was reduced, and the test showed good performance. The limit of detection

was reduced to 10 ng/ml in vitro, and the test showed good detection ability in clinical snake

envenoming case samples. The ICT-Viper performed well and could be combined with a

cobra venom detection kit (ICT-Cobra) to create a multiple detection strip (ICT-VC), which

broadens its applications while maintaining its detection ability for snake envenomation

identification. Nonetheless, the use of the ICT-Viper in the South-East Asia region is pend-

ing additional laboratory and field investigations and regional collaboration. We believe that

the development of this practical diagnostic tool marks the beginning of positive efforts to

face the global snakebite issue.
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Author summary

For a long time, many scientists have made efforts to develop more effective antivenoms

or to expand the limits of existing antivenoms. Such endeavors are challenging but worth

the effort in the long run. However, to use precious antivenom more effectively, a snake

species discrimination tool might be helpful for treatment by ensuring accurate anti-

venom usage and dosage. In this study, we revealed that avian IgY might be an economical

alternative for collocation with the equine F(ab’)2 fragment in the development of a diag-

nostic device with improved performance. Only a few avian eggs (about 10–15) would be

necessary to produce 10,000 kits. Immunochromatographic test (ICT) is a simple, easy,

fast, and low-cost point-of-care lateral flow assay device, and especially adapted to per-

form in resource-deficient areas. Such an antibody collocation strategy might be beneficial

to overcome the urgent need for snakebite diagnosis as soon as possible. More cooperative

investigations across Asia continent might be initiated in the future to face the challenge

of snakebites together.

Introduction

The snakebite of Russell’s vipers (RVs), Daboia (D.) russelii (western RV, RVW) and D. sia-
mensis (eastern RV, RVE), is an important public health issue in South-East Asia due to its

wide but discrete distribution and notable organs injuries, such as neurological paralysis,

bleeding diathesis and acute kidney injury in cases of significant envenomation. RVs were pre-

viously recognized as one species, but this has now been revised to two species according to

the biogeographical distribution of the eastern and western clades, which are divided by a

mountain ridge located in northwest Burma [1, 2]. There are few differences in the envenom-

ation presentations of the two species. Patients present with local swelling, consumptive coagu-

lopathy with severe bleeding, hypopituitarism, and acute renal failure when bitten by the RVE,

while those bitten by the RVW also present with neurological paralysis [3, 4]. Each key clinical

manifestation needs to be differentiated from those of other offending snakes due to the abun-

dance and biodiversity of venomous snakes in these areas [5]. The same as Taiwan, RVE

envenomation presented with local swelling, systemic coagulopathy and neurotoxicity, and

should be differentiated from envenomation of Naja atra (NA), Protobothrops mucrosquama-
tus (PM) and Trimeresurus stejnegeri (TS) [6–8]. It may be easy to obtain good results if we can

identify the offending snake by examining the killed specimen, correctly identifying figures or

finding venom in the wound or in patient biosamples according to the diagnostic flow-chart of

snakebite management guidelines published by the World Health Organization (WHO). The

syndromic approach has been applied in different ways on different continents and is thought

to be useful sometimes; nonetheless, delayed diagnosis and late or inadequate antivenom ther-

apy are frequently encountered and are a concern [9, 10]. A simple, sensitive and high efficacy

diagnostic method might be needed to reduce the harm caused by misdiagnosis, especially in

regions with poor health systems or limited medical resources.

Snake venom is a mixture of toxic and nontoxic proteins that cause a variety of complex

symptoms [11]. Since the 19th century, specific antivenom raised against venomous snakes

has been considered the most effective therapy for venomous snake bites. Previous studies

have shown that early antivenom treatment of snakebites might reduce the severity of throm-

boses and systemic bleeding, the incidence of acute renal failure, and the length of the recovery

time [12–14]. These observations are consistent with our clinical experiences; furthermore, the

use of antivenom within 3–6 hours did result in better clinical outcomes for RVE snake bites
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in Taiwan [8]. Early treatment is closely related to early diagnosis. The cardinal hemotoxic

signs of RVs snake bite, such as thrombocytopenia and coagulopathy, could be evaluated by

the 20 Minute Whole Blood Clotting Test (20WBCT) [15, 16]. Failure of the blood to clot in a

clean glass tube after 20 minutes has been considered evidence of severe hypofibrinogenemia

and rules out elapid snake bite in the Asia region [5–7, 17, 18]. However, consumptive coagu-

lopathy might occur after most Viperidae snake bites in this region, and neurotoxic manifesta-

tions in cases of RVW envenoming could be mistaken for symptoms caused by cobra or other

Elapidae snake bites. All of these findings highlight that accurate differentiation is urgently

needed to provide adequate doses of selective antivenom and prevent further complications

from RVs snake bites [5, 10].

The major components of snake venoms are proteins or peptides that induce specific toxici-

ties in other animals and humans as well as immunologic reactions. Theakston et al. first

reported the use of enzyme immunoassays to detect snake venom and venom antibodies in the

sera of experimental animals and human victims [19]. We also developed ELISA methods to

confirm and detect cobra or RVE snake bites in Taiwan [8, 20]. ELISA has several disadvan-

tages, especially the need for time-consuming procedures. Previously, we developed a rapid

diagnosis kit according to the principle of immunochromatography to study cobra bites [21].

The kit used a lateral flow assay (LFA) with an immunochromato-microfluidic paper-based

device that has been widely used to detect pregnancy, drugs, bacteria, viruses, and cardiac bio-

marker as the technique has advanced [22–27]. Based on this LFA method, we could differenti-

ate cobra snake bites from other viper bites quickly in the same area [21]. Recently, exploiting

of avian egg yolk antibodies (IgY) showed several advantages over that of conventional mam-

malian antibody production [28]. Avian IgY has taken the advantages of low costs, high yield,

and long-term stability at 4˚C when applied for LFA [29, 30]. A few studies have used avian

IgY in immunochromatography to assay simple proteins, but IgY has not been applied in the

development of complex venom detection [31–34]. Furthermore, owing to phylogenetic dis-

tance, IgY does not react with human rheumatoid factors, which are the major cause of inter-

ference that leads to false positives in many immunoassays [35]. We believe that the IgY

antibodies used in the immunochromatography strip might improve its sensitivity and

specificity.

To date, the WHO has paid more attention to the public health problems that result from

venomous snakebites and recognized once again that such problems represent a neglected

tropical disease. The 71st World Health Assembly adopted the WHA71.5 resolution on snake-

bite envenoming, which gave the WHO a powerful mandate to address this neglected tropical

issue. To contribute to our efforts to help achieve the global objective of halving the incidence

of death and disability due to snakebite before 2030 [36], the aim of this study was to raise spe-

cific goose IgY against RVW venom protein and collocated it with equine anti-RVE F(ab’)2 in

the ICT-Viper to meet the unmet medical need for the differential diagnosis of RVE bite to dis-

tinguish it from envenomation caused by other venomous snakes. We demonstrated the limit

of detection and good accuracy of ICT-Viper and tested it with some stored human samples to

verify the possibility for further larger-scale clinical trials. Furthermore, we also tested the fea-

sibility of multi-detection by using a single strip, which might allow broad-spectrum venom

identification with a single membrane in the future.

Materials and methods

Ethics statement

All animals were kept in individual cages with access to water and food ad libitum at the Chan-

ghua Animal Propagation Station, Livestock Research Institute, Council of Agriculture.
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According to animal well-being guidelines, the geese were strictly maintained under the

appropriate conditions. The procedure (protocol No. 2016–420) was reviewed and approved

by the Institutional Animal Care and Use Committee (IACUC) of China Medical University,

Taichung, Taiwan.

Human serum samples were collected after the patient signed the informed consent form.

The use of human specimens was carried out after the protocol (protocol No. CMUH107--

REC1-005) was reviewed and approved by the Research Ethics Committee (REC) I of China

Medical University Hospital, Taichung, Taiwan.

Materials and chemicals

All chemicals used in this study were of analytical grade and purchased from Sigma-Aldrich

(St. Louis, MO, USA), including the lyophilized RVW snake venom (product ID: V2501). The

venom of Naja atra (NA) was purchased from Latoxan (Portes-lès-Valence, France). Other

snake venoms, such as those from Protobothrops mucrosquamatus (PM) and Trimeresurus stej-
negeri (TS), as well as the equine antivenom of RVE (>1000 Tanaka unit) were all donated by

the Centers for Disease Control (CDC), Taiwan. Rabbit and mouse polyclonal antibodies

against goose IgY were purchased from Abcam (Cambridge, GBR) and MyBioSource Inc.

(San Diego, USA), respectively. Peroxidase-conjugated goat anti-rabbit IgG (H+L), goat anti-

mouse IgG (H+L), and goat anti-horse IgG (H+L) were purchased from Jackson ImmunoRe-

search Inc. (West Grove, PA, USA). The material used for the antigen-immobilized CNBr-

activated Sepharose 4 Fast Flow was purchased from GE Healthcare (Chicago, IL, USA). The

Vivaspin 15 Turbo Centrifugal Concentrator was obtained from Sartorius (Göttingen, GER).

Bolt 4–12% Bis-Tris Plus Gels and SeeBlue Plus2 Prestained Protein Standard were purchased

from Thermo Fisher Scientific Inc. (Waltham, MA, USA). The Immobilon-PSQ PVDF mem-

brane and the chemiluminescent HRP substrate used in western blotting were purchased from

Merck Millipore (Burlington, MA, USA). Flat-bottomed microtitration plates were purchased

from Corning Inc. (Corning, NY, USA). The nitrocellulose membrane (AE99) and the absor-

bent pad (grade 205) used for strip assembly were purchased from Whatman plc (Kent, GBR).

Other components, such as the conjugate pad (grade 6613) and sample pad (grade 8964), were

purchased from Ahlstrom-Munksjö (Helsinki, FIN).

Goose immunization

To minimize the adverse effects of immunization and to produce specific antibodies effica-

ciously, we used a modified protocol origin from mammalian immunization with a strategy of

low dose, low volume, and multisite induction [37, 38]. Venom was detoxified by adding and

mixing one-tenth volume of 2.5% glutaraldehyde solution to final concentration of 0.25% at

room temperature and incubated for 1 h before use.

The minimal disease (MD) grade of white Roman goose (4.5–5.0 kg, n = 3) was inoculated

intramuscularly (i.m.) at four sites in the pectoral muscle (0.5 ml/site) with detoxified RVW

venom (2 mg, day 0), which was emulsified with an equal volume of Freund’s complete/

incomplete adjuvant (FCA/FIA). The booster injections were administered on Days 14, 28 and

42 at increasing dosages (3–5 mg) (Fig 1). To assay the immune response, goose blood was

drawn from the brachial wing vein before the first inoculation and every 7 days during the

immunization process. The laid eggs were collected every morning by feeding staff. The

immunization was terminated when the serum titer had increased to a stable level (day 49)

(Fig 1). Under humane anesthesia, all geese were sacrificed, and blood was collected by cardiac

puncture. The blood samples were centrifuged (2,500 rpm for 5 minutes at 4˚C) and stored at

-20˚C in serum form. All eggs were carefully and properly stored at 4˚C until use.
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Antibody purification with an antigen-affinity system

The yolks of the eggs were pooled together, and the hydrophobic components (e.g., lipids and

lipoproteins) were subsequently removed by a method of water dilution and salt precipitation

described by Wallmann et al., with modifications [39]. First, the yolk was separated from the

egg white, diluted and mixed with 20 volumes of distilled water, and the pH was adjusted to 5

by using 1 N HCl. For delipidation, the solution was subjected to a freeze-thaw cycle and cen-

trifuged (16,000 g, 25 minutes at 4˚C) to remove the hydrophobic precipitate. The goose poly-

clonal antibody was drawn out from the supernatant after ammonium sulfate precipitation

and repeatedly passed through an antigen immobilization column generated with 5 mg of

RVW venom on a CNBr-activated Sepharose 4 Fast Flow column (GE Healthcare, USA). After

the nonspecific antibodies were washed out with 35 ml phosphate washing buffer, the venom-

binding goose IgY was harvested with elution buffer (0.1 M glycine-HCl buffer, pH 2.3) and

neutralized with 0.2 M pH 8.0 sodium phosphate buffer. The neutralized eluent was further

dialyzed and concentrated with a Vivaspin 15 Turbo Centrifugal Concentrator (Sartorius,

GER) to generate the conjugation eluent, which was used for subsequent tests and applications.

The horse anti-RVE F(ab’)2 used for colloidal gold conjugation for the ICT-Viper was also

purified with the same procedure.

Indirect enzyme-linked immunosorbent assay (Indirect-ELISA)

A 96-well polystyrene microplate (Corning, USA) was coated with 0.4 μg/ml venom, which

was dissolved in the coating buffer (50 mM carbonate/bicarbonate buffer, pH 9.6) at 4˚C over-

night. The next day, the plate was washed five times with 150 μl PBST (0.01% Tween-20 in

PBS), and 100 μl blocking buffer (PBST containing 1% BSA) was added to each well, after

which the plate was incubated for 1 h at 37˚C. After washing, the samples of interest (e.g.,

goose serum or purified antibody) were subjected to serial dilution (from 1:500–1:256000;

1:500 was equivalent to 10 μg/ml) in PBST buffer, after which they were added to the plate and

incubated. Subsequently, the plate was washed again and loaded with secondary antibody for

1h incubation, then followed by adding HRP-conjugated antibody prior to another incubation.

After the last wash with PBST to remove unbound antibodies, the chromogenic reaction was

performed with peroxidase substrate (0.4 mg/ml o-phenylenediamine dihydrochloride, 0.4

mg/ml urea hydrogen peroxide, and 0.05 M phosphate-citrate, pH 5.0) in the dark and termi-

nated by the addition of 2 N sulfuric acid. The absorbance was measured at 492 nm using a

Fig 1. The time frame of the goose antibody induction process. Before the termination of immunization (black arrow), a total of four inoculations were performed

within 49 days, once every 14 days (red arrow). For each inoculation, the detoxified venom was emulsified with either Freund’s complete adjuvant (FCA) or Freund’s

incomplete adjuvant (FIA). The image of geese was obtained at the Changhua Animal Propagation Station.

https://doi.org/10.1371/journal.pntd.0008701.g001
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Multiskan FC Microplate Photometer (Thermo Fisher Scientific, USA). If the absorbance ratio

of the sample/blank exceeded 2.1, the highest sample dilution factor was defined as the ELISA

titer; for example, the sample/blank ratio was 2.7 (which was higher than 2.1) when the highest

dilution was 1:32,000, so the ELISA titer was defined as 32,000. All data were repeated for at

least three times and shown as mean ± SD. The statistical analyses were performed using stu-

dent’s t-test to calculate the p-values. Results with p< 0.05 were considered to be significant.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

and western blotting

The protein compositions of snake venom (5 μg) were evaluated by a Bolt 4–12% Bis-Tris Plus

Gel electrophoresis system (Thermo Fisher Scientific, USA). The samples were prepared with

sample buffer in nonreduced conditions according to the manufacturer’s instructions. Novex

Sharp Prestained Protein Standard (3.5–260 kDa) was used as a protein molecular weight

marker and loaded in every gel at the same volume as that of the samples. The gel was run at a

constant voltage (75 V) for 2 hours to separate each protein band well. After electrophoresis,

the gels were soaked and stained in 0.1% Coomassie Brilliant Blue solution containing 50%

methanol and 10% acetic acid and shaken for 1 h at room temperature. Afterward, the solution

was replaced with the destaining solution (40% methanol and 10% acetic acid) to remove the

residual dye until the gel background was nearly clear.

For western blotting, at the end of electrophoresis, the gels were placed in the electroblot-

ting apparatus adjacent to a 0.22 μm PVDF membrane in buffer to transfer the protein from

the gel to the membrane. Then, the membranes were soaked sequentially in the following solu-

tions: blocking buffer (5% skimmed milk in PBST), primary antibody solution (i.e., horse anti-

RVE F(ab’)2 in PBST, or goose anti-RVW IgY and secondary antibody as followed in PBST),

and HRP-conjugated secondary antibody solution for 1 h. The proteins recognized by the

horse or goose immunoglobulin were probed by using a chemiluminescent HRP substrate and

detected by an ImageQuant LAS 4000 system (GE Healthcare, USA).

Conjugation of colloidal gold and antibody

The affinity-purified horse polyclonal antibody (1 mg) was adjusted to approximately pH 8.2

with 0.1 M potassium carbonate and subsequently mixed gently with gold nanoparticles (30

nm diameter, OD1) solution (Sigma-Aldrich Co Ltd, USA) at room temperature for 45 min-

utes. After complete mixing, the gold-antibody (Au-Ab) conjugation was blocked by the addi-

tion of BSA solution at a final concentration of 2.5% and centrifuged for 20 minutes at 12,500

rpm and 4˚C. The supernatant was discarded, and 1 ml of Tris-base buffer was added to wash

the pellets several times. Finally, the final precipitates were carefully suspended in 600 μl Tris-

BSA buffer and stored at 4˚C.

Preparation of the immunochromatographic test strip (ICT-Viper)

The immunochromatographic test strip used in this study was modified and assembled based

on our previous study [21]. The conjugate pad and sample pad were soaked in 0.1 M borate

buffer (pH 8.2) with 1% BSA and then dried at 37˚C overnight. The prepared Au-Ab solution

was added onto the conjugate pad, which was further dried in an oven for 40 minutes. Before

assembling all the components, every pad was cut into 0.5 mm-wide pieces, which were placed

on either side of the nitrocellulose membrane and pasted to the support card. The test line on

the nitrocellulose membrane was loaded with 2.5 μg (2.5 mg/ml) goose anti-RVW IgY, and the

control line was loaded with 0.8 μg (0.8 mg/ml) goat anti-horse IgG (Fig 2). The strips were

freshly prepared before use to ensure immunochromatographic function.
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Performance of ICT-Viper in vitro and clinical cases

For checking the performance of ICT-Viper, all samples were tested with standard procedure

as follows. Venom samples were freshly dissolved in fetal bovine serum (FBS) at concentra-

tions of 0, 5, 10, 50, and 500 ng/ml to mimic the viscosity of human serum. Healthy human

serum was used as the control while assaying the clinical samples. Total 90 μl of venom or clin-

ical sample was loaded onto the sample pad of ICT-Viper. During the entire testing process,

the strip must stand on a flat table, and avoid any shaking. The result was interpreted by the

naked eye after 25 minutes and took photo immediately.

Results

The induction of goose polyclonal antibody production without significant

adverse impacts

During the course of immunization, the geese did not present any obvious changes in their appe-

tite or body weight. The conditions of egg laying were also unaffected after the first inoculation

(day 0) and those on successive days (days 14, 28 and 42) with increased dosages (Fig 3A). As

shown in Fig 3B, we found that the antibody titer against RVW venom in geese serum was detected

and increased starting on the 14th day, and it increased significantly on the 35th day, except for the

titer in goose G3. Goose G3 showed a low immune response until day 49, which might have

resulted from individual differences. Under the consideration of economic benefit and efficacy

maximization, we chose the 20 eggs laid on days 35–49 for further analysis and application.

Yolk antibody extraction by antigen-affinity purification

To obtain better performance in the diagnostic device, we purified the yolk antibody by anti-

gen-specific affinity purification, and the results are shown in Fig 4. The degree of purification

was tested by indirect ELISA in three kinds of samples from the solutions obtained before and

after passage through the antigen-immobilized column and is represented as the sample/blank

absorbance ratio versus the fold dilution. We found that the eluted solution (yAFP) had a

higher quantity of antibodies specific to RVW venom than the flow-through solution (yFT)

and the unpurified but delipidated sample (yolk). Even at the highest dilution (1:256,000),

there were still more specific antibodies per microgram of protein (p< 0.005) in the yAFP

than the other solutions. The purified goose anti-RVW IgY was applied in the following LFA

development experiment to prove our purification protocol is suitable for goose IgY extrac-

tion. The amount of purified goose IgY was calculated to be 2.77 mg per egg in average.

Fig 2. Schematic diagram of ICT-Viper for RVs venom identification. C line: control line, which is used for checking the immunochromatographic function; T line:

test line, which is used for detecting the presence of venom in the sample. Au-Ab: gold-antibody conjugated particle, which is dispensed in the conjugate pad.

https://doi.org/10.1371/journal.pntd.0008701.g002
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Goose and horse polyclonal antibodies react with venom proteins

differently

Recently, researchers have shown an increased interest in investigating the difference

between RVs venoms from various geographical areas based on advanced proteomic tech-

niques [40–42]. We comprehensively referred to these proteomic findings and roughly

divided the protein fractions into five clusters according to the relative positions of the cor-

responding bands after nonreduced electrophoresis, as indicated in Fig 5. The electropho-

retic patterns of the proteins in both RVs venoms shared a similar band distribution, but

there were differences in the gel band density and a marked difference in the proteins with

molecular weights of 15–20 kDa, which were the phospholipase A2 (PLA2) and snake

venom metalloproteinase proteins (SVMP) and represented the most abundant compo-

nents of RVs venom. (Fig 5A).

To study the venom protein recognition ability of the goose and horse polyclonal anti-

bodies that were dispensed on the ICT-Viper test strip, the protein-antibody interactions

were assessed by western blotting. Our data showed that the two kinds of antibodies could

recognize most of the venom proteins of RVE and RVW, with some variations. The puri-

fied horse anti-RVE F(ab’)2 had broader and stronger performance in the detection of

snake venom serine protease (SVSP), SVMP, and Kunitz-type serine protease inhibitor

(KSPI). The major venom clusters recognized by both the goose anti-RVW IgY and horse

anti-RVE F(ab’)2 were PLA2 and other high molecular weight proteins, such as C-type lec-

tin-like protein (CTL), L-amino-acid oxidase (LAAO), and cysteine-rich secretory protein

(CRISP). The two kinds of venoms had similar protein components and induced signifi-

cant cross-reactivity between the venoms and antibodies raised from geese or horses (Fig

5A & 5B).

The performance of ICT-Viper in venom detection in vitro
The ICT-Viper with collocated goose anti-RVW IgY and horse anti-RVE F(ab’)2 showed great

performance in detecting RV venoms in vitro, with the lowest limit of detection of 10 ng/ml

Fig 3. (a) Body weight and egg laying every week during the course of immunization. (b) ELISA titers of geese serum as the indication of the immune response for

producing antivenom on various days. Results were the average of at least three repeats with standard deviation. The asterisk (�) represents an ELISA titer with a

significant (p< 0.005) increase compared to that on Day 14. G1-3 indicates the number of the three geese used in the study. The geese were sacrificed on day 49.

https://doi.org/10.1371/journal.pntd.0008701.g003
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(Fig 6). Although there was some cross-reaction between the TS venom and the horse anti-

RVE F(ab’)2 based on the ELISA assay, the ELISA titers of the goose and horse antivenom in

the detection of PM and TS venom, which are derived from the two most common viper

snakes leading to envenoming in Taiwan, were far below those resulting from the detection

of venom from both RVs (p<0.05) (Fig 7A). ICT-Viper also showed accurate detection and

negatively reacted with venoms from PM, TS or NA at concentrations up to 500 ng/ml (Fig

7B).

The performance of ICT-Viper in detection of clinical envenoming

We also tested the applicability of ICT-Viper in some stored human serum samples from

cases of envenoming caused by RVE or other snakes in a previous clinical trial, which had

been confirmed by modified sandwich enzyme-linked immunosorbent assay (sandwich

Fig 4. The antibody profiles of the delipidated yolk (yolk) as well as the flow-through solution (yFT) and eluted solution (yAFP) after antigen-affinity

purification, which were determined by indirect ELISA. The eluted solution contained more specific goose anti-D. russelii (RVW) IgY per unit of protein

than the other prepared samples, even at the highest sample dilution (1:256,000) (�, p< 0.005). The data are represented as the mean ± SD.

https://doi.org/10.1371/journal.pntd.0008701.g004

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 9 / 19

https://doi.org/10.1371/journal.pntd.0008701.g004
https://doi.org/10.1371/journal.pntd.0008701


ELISA) [8, 20]. The two RVE snakebite samples (RVE-1 and RVE-2) revealed positive

results and negative findings for other pit vipers or cobra snake envenoming cases (Fig 8).

Fig 5. The D. russelii (RVW, lane 1) and D. siamensis (RVE, lane 2) venom proteins were (a) stained by Coomassie

Brilliant Blue and (b) blotted with goose anti-RVW IgY (lane g1, g2) and horse anti-RVE F(ab’)2 (lane h1, h2) after

electrophoresis. The protein ladder was roughly divided into five clusters and is labelled according to the major toxin

families. Acronyms representing the protein families: CTL, C-type lectin-like protein; LAAO, L-amino-acid oxidase;

CRISP, cysteine-rich secretory protein; SVSP, snake venom serine protease; SVMP, snake venom metalloproteinase;

PLA2, phospholipase A2; KSPI, Kunitz-type serine protease inhibitor.

https://doi.org/10.1371/journal.pntd.0008701.g005

Fig 6. The in vitro detection performance of ICT-Viper. The D. russelii (RVW) (a) or D. siamensis (RVE) (b) venom samples were dissolved at final concentrations of

0, 5, 10, 50, and 500 ng/ml in fetal bovine serum (FBS) to mimic the viscosity of human serum. The sample volume loaded onto every immunochromatographic strip

was equal (90 μl).

https://doi.org/10.1371/journal.pntd.0008701.g006
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Fig 7. The cross-reaction was illustrated by using indirect ELISA and testing with ICT-Viper. (a) The results of indirect ELISA are presented as the mean ± SD. �, p
<0.05 versus all heterologous venom samples (TS, PM, and NA).F, the ELISA titer exceeded the highest sample dilution (1:256,000) used in the analysis. (b) All venom

samples were dissolved in fetal bovine serum (FBS) to mimic the viscosity of human serum. The immunochromatographic strips were loaded with a 90 μl sample

volume and tested at a concentration of 500 ng/ml. Acronyms: PC, positive control, 100 ng/ml D. russelii (RVW) snake venom. NC, negative control, FBS only. NA, PM,

and TS indicate Naja atra, Protobothrops mucrosquamatus and Trimeresurus stejnegeri.

https://doi.org/10.1371/journal.pntd.0008701.g007

Fig 8. Five stored clinical samples were tested to reveal the performance of ICT-Viper in the differential diagnosis of common snakebites in Taiwan. PC: positive

control, addition of 100 ng/ml D. russelii (RVW) snake venom to healthy human serum donated from volunteers without any snakebite history. NC: negative control,

healthy human serum. RVE-1 and RVE-2 indicate serum samples collected from two individual patients, and their detected venom concentration by sandwich ELISA

were 13.6 and 3.7 ng/ml respectively. Other snakebite envenomation samples, e.g., NA, TS, and PM, were tested at the same time. The serum concentration of venoms

was 459.3, 5.9, and 15.7 ng/ml in NA, TS, and PM sample individually. NA, PM, and TS indicate Naja atra, Protobothrops mucrosquamatus and Trimeresurus stejnegeri.

https://doi.org/10.1371/journal.pntd.0008701.g008
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A feasible multi-detection immunochromatography strip (ICT-VC)

method to identify Russell’s viper and cobra venom

Previously, we successfully developed and used an ICT-Cobra kit for the rapid diagnosis of

cobra snake bites [21]. Here, we attempted to combine it with ICT-Viper to expand access to

testing. The compound strip was successful in vitro in detecting the two types of venom indi-

vidually with a limit of detection of 10 ng/ml (Fig 9).

Discussion

Avian yolk antibody is a counterpart of mammalian IgG that is present in the egg yolk of

birds, reptiles and amphibians and has been identified as a potential accessible, noninvasive

and economic source of polyclonal antibodies for therapy and diagnostic tool due to the phylo-

genetic and systematic distance between avian species and mammals [43]. It has been reported

that chickens and ducks immunized with snake venom could produce IgY molecules, which

showed great promise as bioanalytical tools in immunoassays [44, 45]. Our experiments

proved that goose waterfowl might also be a suitable source for IgY production due to the lack

of side effects, easy egg harvest during immunization and simple extraction and purification of

high-quality polyclonal antibodies (Figs 3 and 4). Furthermore, the cost of feeding and anti-

body raising of geese has been much lower than those of horses or sheep [46, 47]. A report

indicated that chicken could produce 200 ml egg yolk/kg per month [48], and another report

revealed that 5–6 rabbits could produce the comparable amounts of total antibodies as one

chicken in a period of 2 weeks [49]. In the light of our experience, about 5 goose eggs (2.77 mg

of purified antibodies per egg) could equal to the amounts of purified antibodies from one vial

of commercial antivenom (13.57 mg per vial), and 10–15 eggs for 10,000 kits (2.5 μg IgY per

kit). During the entire immunizing process, we totally collected 20 high quality goose eggs (Fig

Fig 9. Discernment of D. russelii (RVW) and cobra venom by using a mixed configuration immunochromatography strip (ICT-VC) with the C line, TC line

(cobra test zone), and TV line (RVs test zone). The test venom samples contained 0, 5, 10, 50, and 500 ng/ml venom dissolved in FBS and were loaded according to the

conditions described in Fig 6.

https://doi.org/10.1371/journal.pntd.0008701.g009
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3). This economic benefit is one of the concerns for the development and broad distribution of

ICT-Viper in the future.

In general, venom diversification and complexity, which play important roles in antivenom

preparation and cancer research, have been noted and suggested to result from ecological envi-

ronmental pressures, leading to differences in lethality, toxin activity, immunochemical reac-

tivity and antivenom dosage requirements [11, 50, 51]. The characteristic diversity might also

impede the correct diagnosis of snakebite envenomation. As shown in Fig 5A, we indeed

found a significant difference in the amounts of PLA2 and SVMP, the major toxins in RVs

venom, between RVW and RVE [39, 41, 42], but similar band formation with different densi-

ties for most venom components was notable. Although the relative percentages of the same

components in the two species were not exactly the same, the interspecies similarity of RVs

venom composition is indeed helpful for the development of pan-RVs diagnostic devices.

It was not surprising that significant cross-reactivity and similar immunogenicity were also

found between RVs venom and polyclonal antibodies produced in both horse and goose (Fig

5B). Horse anti-RVE F(ab’)2 could recognize more RVW venom proteins than goose anti-

RVW IgY, especially PLA2 and large molecular weight proteins. In RVs venoms, a kind of low

molecular mass toxin family, Kunitz-type serine protease inhibitor (<10 kDa), are poorly

immunogenic in antivenom production [52]. Here, these differences in the venom protein rec-

ognition of the horse and goose antibodies might be attributed to the large genetic distance

between the classes of Aves and Mammalia in the evolutionary tree. In addition, the protocol

of immunization, including the dosage and the site of inoculation, and the total times and fre-

quent of injection, might be a reason why the difference caused. Above reasons might also

cause the difference in the ELISA titer between the equine F(ab)2 and avian IgY in Fig 7A. The

similar but slightly different characteristics of the two antibodies might play a decisive role in

the performance of ICT-Viper. The precise mechanisms need more studies in the future. We

tried to loaded horse anti-RVE F(ab’)2 on the conjugated pad to capture more target venom

proteins, whereas the goose anti-RVW IgY on the test zone (T line) of ICT-Viper might exclu-

sively recognized the bounded proteins. This configuration finally demonstrated good limit of

detection and the absence of false-positive in terms of the cross-reaction (Figs 6 & 7). More-

over, the ICT-Viper could work well to detect venom in cases of RVE envenomation (RVE-1

& 2) while not detecting other Viperidae snakebite envenomations (Fig 8). Although we used

the anti-RVW IgY as one component in ICT-Viper production, we did not yet study its meri-

torious role on differential diagnosis of RVW envenomation from other Viperidae snakebites

in India or Sri Lanka. We speculated that less cross-reactivities of proteomics and antive-

nomics might exist between RVs and pit vipers in Asia. In the study of Tan et al., they had

demonstrated some pit viper antivenoms showed negligible immunoreactivity to RVE venom

[53]. We anticipate that the ICT-Viper would perform well in detecting and diagnosing RVs

snake envenomation in other Asian regions in future investigations.

LFA-based diagnostic devices usually use a monoclonal antibody or purified mammalian

antibody to achieve better sensitivity and specificity [54]. Snake venom is an admixture of pro-

teins. It is almost impossible to raise a monoclonal antibody against each toxin, which would

increase costs and complicate loading. Although it could detect snakebite envenomation by

assaying just one common protein that exists in most venomous snake venoms, such as phos-

pholipase A2, it could differentiate nonvenomous from venomous snake bites but not perform

species or genus diagnosis [55]. It needs more extensive investigations to raise monoclonal

antibodies against genus or species-specific toxins and be used to diagnose snake envenom-

ation on the genus or species level in some regions of the world [56]. For many years, IgY has

been studied and recommended for therapeutic or analytical strategies, but it has rarely been

collocated with F(ab’)2 (an IgG fragment) in LFA diagnostic devices. Our
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immunochromatography strips were the first attempt to collocate these two antibodies of dif-

ferent origin, which showed good performance by two features. IgY induces less cross-reactiv-

ity with human serum protein compared with other mammalian IgG antibodies and leads to

the lowest detection interference [35]. Therefore, the collocation of purified goose IgY and

equine F(ab’)2 resulted in an applicable RVs snake envenomation diagnostic kit.

Although severe coagulopathy and bleeding might be an important clue for the diagnosis of

RVs snake envenomation, such envenomation really needs to be differentiated from that

caused by other Viperidae snake bites in the Asian region. This is even more complicated and

confusing to determine for RVW snake envenomation due to the presence of additional neu-

rotoxic manifestations. To broaden the application of quick test kits, we assembled ICT-Cobra

and ICT-Viper together as a multipurpose diagnostic tool, ICT-VC, to address the complex sit-

uation in most Asian regions for better snakebite management. The results were good, and the

assembled kit accurately detected both venoms individually at concentrations as low as 10 ng/

ml in vitro (Fig 9).

Sanhajariya et al. have reviewed that the concentration of most snake venoms in serum was

above 10 ng/ml soon after being envenomed [57]. We believe that this kit could be applied in

most Asian regions where cobra and/or RVs envenomation is the main source of injuries, to

differential diagnose snake species quickly and accurately after further investigation.

The results of ICT-Viper application were quite satisfactory from our data. But it still exists

some potential challenges. First, the IgY and equine F(ab’)2 were polyclonal antibodies, that

might exist batch-to-batch variability. It is important to verify the stability of venom recogni-

tion in large-scale production. Second, due to the polyclonal characteristics, there is risk of

unexpected cross-reactivity with other snake venoms. Third, although eggs are already a com-

promised choice instead of mammals, it still brings additional works to raise the geese. Fourth,

the rising awareness of animal protection might make the immunization of animals for anti-

body production more difficult. For decades, some investigators have tried to design some

rational antibodies with advanced biomedical techniques. The combinative antibody and

small recombinant antibody fragments (e.g. scFv and VHH) had proved to neutralize some

snake toxins effectively [58–61]. The non-animal-derived antibodies would minimize the use

of animals [62, 63], and bring the hope for diagnostic strip development. Lastly, we did not

verify the ICT-Viper to test other viperids, such as Echis carinatus, Hypnale hypnale or Gloy-
dius spp., which distribute and are epidemiologically important in most of South-East Asia [9].

More regional cooperation and investigation are needed before the kit could be applied in

these areas.

Correct snake species identification in cases of snake envenomation is the cornerstone of

snakebite management. Our practical immunochromatography strip including ICT-Viper and

ICT-VC would contribute to the control of this neglected tropical disease. Avian IgY might be

a potential source of antivenom for either diagnostic tools or therapeutics. A large-scale clini-

cal trial to prove its feasibility will be essential in the future. We hope that our promising

results can help to meet the global need for a snakebite diagnostic and to achieve this objective

before 2030, which was the deadline set by the WHO.

Acknowledgments

The authors thank the Vaccine Center, Centers for Disease Control (CDC), Taiwan, for the

generous supply of lyophilized antivenom. We also wish to acknowledge the Emergency

Department staff of China Medical University Hospital for collecting the snakebite samples.

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 14 / 19

https://doi.org/10.1371/journal.pntd.0008701


Author Contributions

Conceptualization: Jing-Hua Lin, Jiunn-Wang Liao, Dong-Zong Hung.

Data curation: Jing-Hua Lin, Che-Min Lo, Ssu-Han Chuang, Chao-Hung Chiang.

Formal analysis: Jing-Hua Lin, Che-Min Lo.

Funding acquisition: Sheng-Der Wang, Tsung-Yi Lin, Jiunn-Wang Liao, Dong-Zong Hung.

Investigation: Jing-Hua Lin, Dong-Zong Hung.

Methodology: Jing-Hua Lin, Che-Min Lo, Ssu-Han Chuang, Chao-Hung Chiang, Sheng-Der

Wang.

Project administration: Jing-Hua Lin, Dong-Zong Hung.

Resources: Sheng-Der Wang, Tsung-Yi Lin, Jiunn-Wang Liao, Dong-Zong Hung.

Supervision: Jiunn-Wang Liao, Dong-Zong Hung.

Validation: Jing-Hua Lin, Dong-Zong Hung.

Visualization: Jing-Hua Lin, Dong-Zong Hung.

Writing – original draft: Jing-Hua Lin, Dong-Zong Hung.

Writing – review & editing: Jing-Hua Lin, Jiunn-Wang Liao, Dong-Zong Hung.

References
1. Woodhams BJ, Wilson SE, Xin BC, Hutton RA. Differences between the venoms of two sub-species of

Russell’s viper: Vipera russelli pulchella and Vipera russelli siamensis. Toxicon: official journal of the

International Society on Toxinology. 1990; 28(4):427–33. Epub 1990/01/01. https://doi.org/10.1016/

0041-0101(90)90081-h PMID: 2349584.

2. Thorpe RS, Pook CE, Malhotra A. Phylogeography of the Russell’s viper (Daboia russelii) complex in

relation to variation in the colour pattern and symptoms of envenoming. The Herpetological Journal.

2007; 17(4):209–18.

3. Ariaratnam CA, Meyer WP, Perera G, Eddleston M, Kuleratne SA, Attapattu W, et al. A new monospe-

cific ovine Fab fragment antivenom for treatment of envenoming by the Sri Lankan Russell’s viper

(Daboia Russelii Russelii): a preliminary dose-finding and pharmacokinetic study. The American journal

of tropical medicine and hygiene. 1999; 61(2):259–65. Epub 1999/08/27. https://doi.org/10.4269/ajtmh.

1999.61.259 PMID: 10463677.

4. Kularatne SA, Senanayake N. Venomous snake bites, scorpions, and spiders. Handbook of clinical

neurology. 2014; 120:987–1001. Epub 2013/12/25. https://doi.org/10.1016/B978-0-7020-4087-0.

00066-8 PMID: 24365366.

5. World Health Organization, Regional Office for South-East Asia Staff. Guidelines for the Management

of Snakebites Second Edition: World Health Organization; 2016.

6. Hung DZ, Wu ML, Deng JF, Lin-Shiau SY. Russell’s viper snakebite in Taiwan: differences from other

Asian countries. Toxicon: official journal of the International Society on Toxinology. 2002; 40(9):1291–8.

Epub 2002/09/11. https://doi.org/10.1016/s0041-0101(02)00137-x PMID: 12220714.

7. Hung DZ, Wu ML, Deng JF, Yang DY, Lin-Shiau SY. Multiple thrombotic occlusions of vessels after

Russell’s viper envenoming. Pharmacology & toxicology. 2002; 91(3):106–10. Epub 2002/11/13.

https://doi.org/10.1034/j.1600-0773.2002.910303.x PMID: 12427109.

8. Hung DZ, Yu YJ, Hsu CL, Lin TJ. Antivenom treatment and renal dysfunction in Russell’s viper snake-

bite in Taiwan: a case series. Transactions of the Royal Society of Tropical Medicine and Hygiene.

2006; 100(5):489–94. Epub 2005/12/06. https://doi.org/10.1016/j.trstmh.2005.07.020 PMID:

16325876.

9. WHO. Guidelines for the clinical management of snake bites in the South-East Asia Region. 2005.

10. Bawaskar HS, Bawaskar PH. Diagnosis of envenomation by Russell’s and Echis carinatus viper: A clini-

cal study at rural Maharashtra state of India. Journal of family medicine and primary care. 2019; 8

(4):1386. https://doi.org/10.4103/jfmpc.jfmpc_156_19 PMID: 31143726

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 15 / 19

https://doi.org/10.1016/0041-0101%2890%2990081-h
https://doi.org/10.1016/0041-0101%2890%2990081-h
http://www.ncbi.nlm.nih.gov/pubmed/2349584
https://doi.org/10.4269/ajtmh.1999.61.259
https://doi.org/10.4269/ajtmh.1999.61.259
http://www.ncbi.nlm.nih.gov/pubmed/10463677
https://doi.org/10.1016/B978-0-7020-4087-0.00066-8
https://doi.org/10.1016/B978-0-7020-4087-0.00066-8
http://www.ncbi.nlm.nih.gov/pubmed/24365366
https://doi.org/10.1016/s0041-0101%2802%2900137-x
http://www.ncbi.nlm.nih.gov/pubmed/12220714
https://doi.org/10.1034/j.1600-0773.2002.910303.x
http://www.ncbi.nlm.nih.gov/pubmed/12427109
https://doi.org/10.1016/j.trstmh.2005.07.020
http://www.ncbi.nlm.nih.gov/pubmed/16325876
https://doi.org/10.4103/jfmpc.jfmpc%5F156%5F19
http://www.ncbi.nlm.nih.gov/pubmed/31143726
https://doi.org/10.1371/journal.pntd.0008701


11. Chippaux JP, Williams V, White J. Snake venom variability: methods of study, results and interpretation.

Toxicon: official journal of the International Society on Toxinology. 1991; 29(11):1279–303. Epub 1991/

01/01. https://doi.org/10.1016/0041-0101(91)90116-9 PMID: 1814005.

12. Thomas L, Tyburn B, Bucher B, Pecout F, Ketterle J, Rieux D, et al. Prevention of thromboses in human

patients with Bothrops lanceolatus envenoming in Martinique: failure of anticoagulants and efficacy of a

monospecific antivenom. Research Group on Snake Bites in Martinique. The American journal of tropi-

cal medicine and hygiene. 1995; 52(5):419–26. Epub 1995/05/01. https://doi.org/10.4269/ajtmh.1995.

52.419 PMID: 7771608.

13. Thomas L, Tyburn B, Lang J, Ketterle J. Early infusion of a purified monospecific F(ab’)2 antivenom

serum for Bothrops lanceolatus bites in Martinique. Lancet (London, England). 1996; 347(8998):406.

Epub 1996/02/10. https://doi.org/10.1016/s0140-6736(96)90590-5 PMID: 8598738.

14. Anderson VE, Gerardo CJ, Rapp-Olsson M, Bush SP, Mullins ME, Greene S, et al. Early administration

of Fab antivenom resulted in faster limb recovery in copperhead snake envenomation patients. Clinical

toxicology (Philadelphia, Pa). 2019; 57(1):25–30. Epub 2018/09/04. https://doi.org/10.1080/15563650.

2018.1491982 PMID: 30175628.

15. Alfred S, Bates D, White J, Mahmood MA, Warrell DA, Thwin KT, et al. Acute Kidney Injury Following

Eastern Russell’s Viper (Daboia siamensis) Snakebite in Myanmar. Kidney international reports. 2019;

4(9):1337–41. Epub 2019/09/14. https://doi.org/10.1016/j.ekir.2019.05.017 PMID: 31517153; PubMed

Central PMCID: PMC6732752.

16. Kularatne SAM, Silva A, Weerakoon K, Maduwage K, Walathara C, Paranagama R, et al. Revisiting

Russell’s viper (Daboia russelii) bite in Sri Lanka: is abdominal pain an early feature of systemic enven-

oming? PloS one. 2014; 9(2):e90198–e. https://doi.org/10.1371/journal.pone.0090198 PMID:

24587278.

17. Tun P, Phillips RE, Warrell DA, Moore RA, Tin Nu S, Myint L, et al. Acute and chronic pituitary failure

resembling Sheehan’s syndrome following bites by Russell’s viper in Burma. Lancet (London, England).

1987; 2(8562):763–7. Epub 1987/10/03. https://doi.org/10.1016/s0140-6736(87)92500-1 PMID:

2888987.

18. Warrell DA. Snake venoms in science and clinical medicine. 1. Russell’s viper: biology, venom and

treatment of bites. Transactions of the Royal Society of Tropical Medicine and Hygiene. 1989; 83

(6):732–40. Epub 1989/11/01. https://doi.org/10.1016/0035-9203(89)90311-8 PMID: 2533418.

19. Theakston R, Pugh R, Reid H. Enzyme-linked immunosorbent assay of venom-antibodies in human vic-

tims of snake bite. The Journal of tropical medicine and hygiene. 1981; 84(3):109–12. PMID: 7241624

20. Hung DZ, Liau MY, Lin-Shiau SY. The clinical significance of venom detection in patients of cobra

snakebite. Toxicon: official journal of the International Society on Toxinology. 2003; 41(4):409–15.

Epub 2003/03/27. https://doi.org/10.1016/s0041-0101(02)00336-7 PMID: 12657310.

21. Hung DZ, Lin JH, Mo JF, Huang CF, Liau MY. Rapid diagnosis of Naja atra snakebites. Clinical toxicol-

ogy (Philadelphia, Pa). 2014; 52(3):187–91. Epub 2014/03/04. https://doi.org/10.3109/15563650.2014.

887725 PMID: 24580058.

22. Brucker MC, MacMullen NJ. What’s new in pregnancy tests. Journal of obstetric, gynecologic, and neo-

natal nursing: JOGNN. 1985; 14(5):353–9. Epub 1985/09/01. https://doi.org/10.1111/j.1552-6909.

1985.tb02082.x PMID: 3903078.

23. Gandhi S, Caplash N, Sharma P, Raman Suri C. Strip-based immunochromatographic assay using

specific egg yolk antibodies for rapid detection of morphine in urine samples. Biosensors & bioelectro-

nics. 2009; 25(2):502–5. Epub 2009/08/25. https://doi.org/10.1016/j.bios.2009.07.018 PMID:

19699078.

24. Wu G, Zaman MH. Low-cost tools for diagnosing and monitoring HIV infection in low-resource settings.

Bulletin of the World Health Organization. 2012; 90(12):914–20. Epub 2013/01/04. https://doi.org/10.

2471/BLT.12.102780 PMID: 23284197; PubMed Central PMCID: PMC3524957.

25. Fang Z, Wu W, Lu X, Zeng L. Lateral flow biosensor for DNA extraction-free detection of Salmonella

based on aptamer mediated strand displacement amplification. Biosensors & bioelectronics. 2014;

56:192–7. Epub 2014/02/05. https://doi.org/10.1016/j.bios.2014.01.015 PMID: 24491961.

26. Choi DH, Lee SK, Oh YK, Bae BW, Lee SD, Kim S, et al. A dual gold nanoparticle conjugate-based lat-

eral flow assay (LFA) method for the analysis of troponin I. Biosensors & bioelectronics. 2010; 25

(8):1999–2002. Epub 2010/02/20. https://doi.org/10.1016/j.bios.2010.01.019 PMID: 20167468.

27. Sajid M, Kawde A-N, Daud M. Designs, formats and applications of lateral flow assay: A literature

review. Journal of Saudi Chemical Society. 2015; 19(6):689–705. https://doi.org/10.1016/j.jscs.2014.

09.001.

28. Janson AK, Smith CE, Hammarström L. Biological properties of yolk immunoglobulins. Advances in

Mucosal Immunology: Springer; 1995. p. 685–90.

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 16 / 19

https://doi.org/10.1016/0041-0101%2891%2990116-9
http://www.ncbi.nlm.nih.gov/pubmed/1814005
https://doi.org/10.4269/ajtmh.1995.52.419
https://doi.org/10.4269/ajtmh.1995.52.419
http://www.ncbi.nlm.nih.gov/pubmed/7771608
https://doi.org/10.1016/s0140-6736%2896%2990590-5
http://www.ncbi.nlm.nih.gov/pubmed/8598738
https://doi.org/10.1080/15563650.2018.1491982
https://doi.org/10.1080/15563650.2018.1491982
http://www.ncbi.nlm.nih.gov/pubmed/30175628
https://doi.org/10.1016/j.ekir.2019.05.017
http://www.ncbi.nlm.nih.gov/pubmed/31517153
https://doi.org/10.1371/journal.pone.0090198
http://www.ncbi.nlm.nih.gov/pubmed/24587278
https://doi.org/10.1016/s0140-6736%2887%2992500-1
http://www.ncbi.nlm.nih.gov/pubmed/2888987
https://doi.org/10.1016/0035-9203%2889%2990311-8
http://www.ncbi.nlm.nih.gov/pubmed/2533418
http://www.ncbi.nlm.nih.gov/pubmed/7241624
https://doi.org/10.1016/s0041-0101%2802%2900336-7
http://www.ncbi.nlm.nih.gov/pubmed/12657310
https://doi.org/10.3109/15563650.2014.887725
https://doi.org/10.3109/15563650.2014.887725
http://www.ncbi.nlm.nih.gov/pubmed/24580058
https://doi.org/10.1111/j.1552-6909.1985.tb02082.x
https://doi.org/10.1111/j.1552-6909.1985.tb02082.x
http://www.ncbi.nlm.nih.gov/pubmed/3903078
https://doi.org/10.1016/j.bios.2009.07.018
http://www.ncbi.nlm.nih.gov/pubmed/19699078
https://doi.org/10.2471/BLT.12.102780
https://doi.org/10.2471/BLT.12.102780
http://www.ncbi.nlm.nih.gov/pubmed/23284197
https://doi.org/10.1016/j.bios.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24491961
https://doi.org/10.1016/j.bios.2010.01.019
http://www.ncbi.nlm.nih.gov/pubmed/20167468
https://doi.org/10.1016/j.jscs.2014.09.001
https://doi.org/10.1016/j.jscs.2014.09.001
https://doi.org/10.1371/journal.pntd.0008701


29. Pereira EPV, van Tilburg MF, Florean EOPT, Guedes MIF. Egg yolk antibodies (IgY) and their applica-

tions in human and veterinary health: A review. International immunopharmacology. 2019; 73:293–303.

https://doi.org/10.1016/j.intimp.2019.05.015 PMID: 31128529

30. Chiou VY. The development of IgY(DeltaFc) antibody based neuro toxin antivenoms and the study on

their neutralization efficacies. Clinical toxicology (Philadelphia, Pa). 2008; 46(6):539–44. Epub 2008/06/

28. https://doi.org/10.1080/15563650701771973 PMID: 18584367.

31. Jin W, Yamada K, Ikami M, Kaji N, Tokeshi M, Atsumi Y, et al. Application of IgY to sandwich enzyme-

linked immunosorbent assays, lateral flow devices, and immunopillar chips for detecting staphylococcal

enterotoxins in milk and dairy products. Journal of microbiological methods. 2013; 92(3):323–31. Epub

2013/01/16. https://doi.org/10.1016/j.mimet.2013.01.001 PMID: 23318552.

32. Tran TV, Do BN, Nguyen TPT, Tran TT, Tran SC, Nguyen BV, et al. Development of an IgY-based lat-

eral flow immunoassay for detection of fumonisin B in maize. F1000Research. 2019; 8:1042. Epub

2020/01/21. https://doi.org/10.12688/f1000research.19643.2 PMID: 31956398; PubMed Central

PMCID: PMC6950345.

33. Bayat M, Khabiri A, Hemati B. Development of IgY-Based Sandwich ELISA as a Robust Tool for Rapid

Detection and Discrimination of Toxigenic Vibrio cholerae. The Canadian journal of infectious diseases

& medical microbiology = Journal canadien des maladies infectieuses et de la microbiologie medicale.

2018; 2018:4032531. Epub 2018/11/06. https://doi.org/10.1155/2018/4032531 PMID: 30386445;

PubMed Central PMCID: PMC6189684.

34. Zhang Y, Kong H, Liu X, Cheng J, Zhang M, Wang Y, et al. Quantum dot-based lateral-flow immunoas-

say for rapid detection of rhein using specific egg yolk antibodies. Artificial cells, nanomedicine, and bio-

technology. 2018; 46(8):1685–93. Epub 2017/10/19. https://doi.org/10.1080/21691401.2017.1389749

PMID: 29037062.

35. Larsson A, Karlsson-Parra A, Sjoquist J. Use of chicken antibodies in enzyme immunoassays to avoid

interference by rheumatoid factors. Clinical chemistry. 1991; 37(3):411–4. Epub 1991/03/01. PMID:

2004449.

36. Williams DJ, Faiz MA, Abela-Ridder B, Ainsworth S, Bulfone TC, Nickerson AD, et al. Strategy for a

globally coordinated response to a priority neglected tropical disease: Snakebite envenoming. PLoS

neglected tropical diseases. 2019; 13(2):e0007059. Epub 2019/02/23. https://doi.org/10.1371/journal.

pntd.0007059 PMID: 30789906; PubMed Central PMCID: PMC6383867 David Williams is engaged as

a consultant to the World Health Organization. The majority of authors (excepting Dr Abela-Ridder, Dr

Ainsworth, Mr Bulfone and Ms Nickerson) are members of the WHO Snakebite Envenoming Working

Group. The authors have declared that no other competing interests exist.

37. Pratanaphon R, Akesowan S, Khow O, Sriprapat S, Ratanabanangkoon K. Production of highly potent

horse antivenom against the Thai cobra (Naja kaouthia). Vaccine. 1997; 15(14):1523–8. Epub 1997/10/

23. https://doi.org/10.1016/s0264-410x(97)00098-4 PMID: 9330463.

38. Chotwiwatthanakun C, Pratanaphon R, Akesowan S, Sriprapat S, Ratanabanangkoon K. Production of

potent polyvalent antivenom against three elapid venoms using a low dose, low volume, multi-site

immunization protocol. Toxicon: official journal of the International Society on Toxinology. 2001; 39

(10):1487–94. Epub 2001/08/02. https://doi.org/10.1016/s0041-0101(01)00108-8 PMID: 11478956.

39. Wallmann J, Staak C, Luge E. A simple method for the isolation of immunoglobulin (Y) from the eggs of

immunized hens. Zentralblatt fur Veterinarmedizin Reihe B Journal of veterinary medicine Series B.

1990; 37(4):317–20. Epub 1990/06/01. PMID: 2200226.

40. Sanz L, Quesada-Bernat S, Chen PY, Lee CD, Chiang JR, Calvete JJ. Translational Venomics: Third-

Generation Antivenomics of Anti-Siamese Russell’s Viper, Daboia siamensis, Antivenom Manufactured

in Taiwan CDC’s Vaccine Center. Tropical medicine and infectious disease. 2018; 3(2). Epub 2018/10/

03. https://doi.org/10.3390/tropicalmed3020066 PMID: 30274462; PubMed Central PMCID:

PMC6073718.

41. Kalita B, Patra A, Mukherjee AK. Unraveling the proteome composition and immuno-profiling of western

India Russell’s viper venom for in-depth understanding of its pharmacological properties, clinical mani-

festations, and effective antivenom treatment. Journal of proteome research. 2017; 16(2):583–98.

https://doi.org/10.1021/acs.jproteome.6b00693 PMID: 27936776

42. Kalita B, Patra A, Das A, Mukherjee AK. Proteomic Analysis and Immuno-Profiling of Eastern India Rus-

sell’s Viper (Daboia russelii) Venom: Correlation between RVV Composition and Clinical Manifestations

Post RV Bite. Journal of proteome research. 2018; 17(8):2819–33. Epub 2018/06/26. https://doi.org/10.

1021/acs.jproteome.8b00291 PMID: 29938511.

43. Warr GW, Magor KE, Higgins DA. IgY: clues to the origins of modern antibodies. Immunology today.

1995; 16(8):392–8. https://doi.org/10.1016/0167-5699(95)80008-5 PMID: 7546196

44. Brunda G, Sashidhar RB, Sarin RK. Use of egg yolk antibody (IgY) as an immunoanalytical tool in the

detection of Indian cobra (Naja naja naja) venom in biological samples of forensic origin. Toxicon:

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 17 / 19

https://doi.org/10.1016/j.intimp.2019.05.015
http://www.ncbi.nlm.nih.gov/pubmed/31128529
https://doi.org/10.1080/15563650701771973
http://www.ncbi.nlm.nih.gov/pubmed/18584367
https://doi.org/10.1016/j.mimet.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23318552
https://doi.org/10.12688/f1000research.19643.2
http://www.ncbi.nlm.nih.gov/pubmed/31956398
https://doi.org/10.1155/2018/4032531
http://www.ncbi.nlm.nih.gov/pubmed/30386445
https://doi.org/10.1080/21691401.2017.1389749
http://www.ncbi.nlm.nih.gov/pubmed/29037062
http://www.ncbi.nlm.nih.gov/pubmed/2004449
https://doi.org/10.1371/journal.pntd.0007059
https://doi.org/10.1371/journal.pntd.0007059
http://www.ncbi.nlm.nih.gov/pubmed/30789906
https://doi.org/10.1016/s0264-410x%2897%2900098-4
http://www.ncbi.nlm.nih.gov/pubmed/9330463
https://doi.org/10.1016/s0041-0101%2801%2900108-8
http://www.ncbi.nlm.nih.gov/pubmed/11478956
http://www.ncbi.nlm.nih.gov/pubmed/2200226
https://doi.org/10.3390/tropicalmed3020066
http://www.ncbi.nlm.nih.gov/pubmed/30274462
https://doi.org/10.1021/acs.jproteome.6b00693
http://www.ncbi.nlm.nih.gov/pubmed/27936776
https://doi.org/10.1021/acs.jproteome.8b00291
https://doi.org/10.1021/acs.jproteome.8b00291
http://www.ncbi.nlm.nih.gov/pubmed/29938511
https://doi.org/10.1016/0167-5699%2895%2980008-5
http://www.ncbi.nlm.nih.gov/pubmed/7546196
https://doi.org/10.1371/journal.pntd.0008701


official journal of the International Society on Toxinology. 2006; 48(2):183–94. https://doi.org/10.1016/j.

toxicon.2006.04.011.

45. O’Leary MA, Isbister GK, Schneider JJ, Brown SGA, Currie BJ. Enzyme immunoassays in brown snake

(Pseudonaja spp.) envenoming: Detecting venom, antivenom and venom–antivenom complexes. Toxi-

con: official journal of the International Society on Toxinology. 2006; 48(1):4–11. https://doi.org/10.

1016/j.toxicon.2006.04.001.

46. Carroll SB, Thalley BS, Theakston RDG, Laing G. Comparison of the purity and efficacy of affinity puri-

fied avian antivenoms with commercial equine crotalid antivenoms. Toxicon: official journal of the Inter-

national Society on Toxinology. 1992; 30(9):1017–25. https://doi.org/10.1016/0041-0101(92)90046-8.

47. Almeida CM, Kanashiro MM, Rangel Filho FB, Mata MF, Kipnis TL, da Silva WD. Development of

snake antivenom antibodies in chickens and their purification from yolk. The Veterinary record. 1998;

143(21):579–84. Epub 1998/12/17. https://doi.org/10.1136/vr.143.21.579 PMID: 9854769.

48. Thalley BS, Carroll SB. Rattlesnake and scorpion antivenoms from the egg yolks of immunized hens.

Bio/technology (Nature Publishing Company). 1990; 8(10):934–8. Epub 1990/10/01. https://doi.org/10.

1038/nbt1090-934 PMID: 1366776.

49. Michael A, Meenatchisundaram S, Parameswari G, Subbraj T, Selvakumaran R, Ramalingam S.

Chicken egg yolk antibodies (IgY) as an alternative to mammalian antibodies. Indian J Sci Technol.

2010; 3(4):468–74.

50. Tsai IH, Tsai HY, Wang YM, Tun P, Warrell DA. Venom phospholipases of Russell’s vipers from Myan-

mar and eastern India—cloning, characterization and phylogeographic analysis. Biochimica et biophy-

sica acta. 2007; 1774(8):1020–8. Epub 2007/07/06. https://doi.org/10.1016/j.bbapap.2007.04.012

PMID: 17611171.

51. Shashidharamurthy R, Kemparaju K. Region-specific neutralization of Indian cobra (Naja naja) venom

by polyclonal antibody raised against the eastern regional venom: A comparative study of the venoms

from three different geographical distributions. International immunopharmacology. 2007; 7(1):61–9.

Epub 2006/12/13. https://doi.org/10.1016/j.intimp.2006.08.014 PMID: 17161818.

52. Lingam TMC, Tan KY, Tan CH. Proteomics and antivenom immunoprofiling of Russell’s viper (Daboia

siamensis) venoms from Thailand and Indonesia. The journal of venomous animals and toxins including

tropical diseases. 2020; 26:e20190048. Epub 2020/02/23. https://doi.org/10.1590/1678-9199-

JVATITD-2019-0048 PMID: 32082369; PubMed Central PMCID: PMC7004479.

53. Lingam TMC, Tan KY, Tan CH. Thai Russell’s viper monospecific antivenom is immunoreactive and

effective in neutralizing the venom of Daboia siamensis from Java, Indonesia. Toxicon: official journal of

the International Society on Toxinology. 2019; 168:95–7. https://doi.org/10.1016/j.toxicon.2019.06.227.

54. Siddiqui MZ. Monoclonal antibodies as diagnostics; an appraisal. Indian journal of pharmaceutical sci-

ences. 2010; 72(1):12–7. Epub 2010/06/29. https://doi.org/10.4103/0250-474X.62229 PMID:

20582184; PubMed Central PMCID: PMC2883214.

55. Maduwage K, O’leary MA, Isbister GK. Diagnosis of snake envenomation using a simple phospholipase

A 2 assay. Scientific reports. 2014; 4:4827. https://doi.org/10.1038/srep04827 PMID: 24777205

56. Williams HF, Layfield HJ, Vallance T, Patel K, Bicknell AB, Trim SA, et al. The urgent need to develop

novel strategies for the diagnosis and treatment of snakebites. Toxins. 2019; 11(6):363.

57. Sanhajariya S, Duffull SB, Isbister GK. Pharmacokinetics of Snake Venom. Toxins. 2018; 10(2). Epub

2018/02/08. https://doi.org/10.3390/toxins10020073 PMID: 29414889; PubMed Central PMCID:

PMC5848174.

58. Gutiérrez JM, León G, Burnouf T. Antivenoms for the treatment of snakebite envenomings: The road

ahead. Biologicals. 2011; 39(3):129–42. https://doi.org/10.1016/j.biologicals.2011.02.005 PMID:

21429763

59. Jianxin M, John TR, Kaiser II. Specificity and binding affinity of an anti-crotoxin combinatorial antibody

selected from a phage-displayed library. Biochemical pharmacology. 1995; 50(12):1969–77. https://doi.

org/10.1016/0006-2952(95)02095-0 PMID: 8849322

60. Tamarozzi MB, Soares SG, Marcussi S, Giglio JR, Barbosa JE. Expression of recombinant human anti-

body fragments capable of inhibiting the phospholipase and myotoxic activities of Bothrops jararacussu

venom. Biochimica et biophysica acta. 2006; 1760(9):1450–7. Epub 2006/07/11. https://doi.org/10.

1016/j.bbagen.2006.04.008 PMID: 16828972.

61. Richard G, Meyers AJ, McLean MD, Arbabi-Ghahroudi M, MacKenzie R, Hall JC. In vivo neutralization

of alpha-cobratoxin with high-affinity llama single-domain antibodies (VHHs) and a VHH-Fc antibody.

PloS one. 2013; 8(7):e69495. Epub 2013/07/31. https://doi.org/10.1371/journal.pone.0069495 PMID:

23894495; PubMed Central PMCID: PMC3718736.

62. H Laustsen A, Engmark M, Milbo C, Johannesen J, Lomonte B, Maria Gutierrez J, et al. From fangs to

pharmacology: the future of snakebite envenoming therapy. Current Pharmaceutical Design. 2016; 22

(34):5270–93. https://doi.org/10.2174/1381612822666160623073438 PMID: 27339430

PLOS NEGLECTED TROPICAL DISEASES In vitro diagnosis of Russell’s Vipers Snakebite

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008701 September 21, 2020 18 / 19

https://doi.org/10.1016/j.toxicon.2006.04.011
https://doi.org/10.1016/j.toxicon.2006.04.011
https://doi.org/10.1016/j.toxicon.2006.04.001
https://doi.org/10.1016/j.toxicon.2006.04.001
https://doi.org/10.1016/0041-0101(92)90046-8
https://doi.org/10.1136/vr.143.21.579
http://www.ncbi.nlm.nih.gov/pubmed/9854769
https://doi.org/10.1038/nbt1090-934
https://doi.org/10.1038/nbt1090-934
http://www.ncbi.nlm.nih.gov/pubmed/1366776
https://doi.org/10.1016/j.bbapap.2007.04.012
http://www.ncbi.nlm.nih.gov/pubmed/17611171
https://doi.org/10.1016/j.intimp.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17161818
https://doi.org/10.1590/1678-9199-JVATITD-2019-0048
https://doi.org/10.1590/1678-9199-JVATITD-2019-0048
http://www.ncbi.nlm.nih.gov/pubmed/32082369
https://doi.org/10.1016/j.toxicon.2019.06.227
https://doi.org/10.4103/0250-474X.62229
http://www.ncbi.nlm.nih.gov/pubmed/20582184
https://doi.org/10.1038/srep04827
http://www.ncbi.nlm.nih.gov/pubmed/24777205
https://doi.org/10.3390/toxins10020073
http://www.ncbi.nlm.nih.gov/pubmed/29414889
https://doi.org/10.1016/j.biologicals.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21429763
https://doi.org/10.1016/0006-2952%2895%2902095-0
https://doi.org/10.1016/0006-2952%2895%2902095-0
http://www.ncbi.nlm.nih.gov/pubmed/8849322
https://doi.org/10.1016/j.bbagen.2006.04.008
https://doi.org/10.1016/j.bbagen.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16828972
https://doi.org/10.1371/journal.pone.0069495
http://www.ncbi.nlm.nih.gov/pubmed/23894495
https://doi.org/10.2174/1381612822666160623073438
http://www.ncbi.nlm.nih.gov/pubmed/27339430
https://doi.org/10.1371/journal.pntd.0008701
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