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4.1 Results

4.1.1 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) ultimately design the CPs with increased antigenic propensity. The selected toxins,

their antigenic epitopes and the custom peptides derived from those epitopes have been

summarised in Table 4.1.

Table 4.1. 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 Antigenic Antigenic Epitope-based | Antigenic Designation
unique epitopes propensity synthetic propensity | of custom
toxin of epitopes | peptides. of modified | peptide
Modified peptides
residues are
underlined,
and the
peptide length
is shown in
parenthesis
Naja naja $PVDDLDRCC | 1.0496 PVDDLDRCC | 1.0819 CP1
(PLA> QVHDNC”’ QVHDGGGG
toxin) HINACAAAVC NACAASVCD
DCDRLAAICF CDRLAAICFA
AGP? G (37)
Daboia “TDRCCFVHD | 1.0453 TDRCCFVHD | 1.0612 CP2
russelii CCYGNLPDC?’ CCYGNLGGG
(PLA> GENRICECDK
toxin) $2ENRICECDK AAAICFR (35)
AAAICFRY’
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Echis SIEEILVDIVVS | 1.0285 EEILVDIVVS | 1.0636 CP3
carinatus 60 GGGFRSYEIA
(Echicetin 'TFFRSYEIAIR IRYSECFVLE
toxin) YSECFVLEKQ KQSVFRTWV
SVFRTWVAT! ATP (42)
19
Bungarus $PIDALDRCC | 1.0536 PIDALDRCCY | 1.0736 CP4
caeruleus YVHDNCYG* VHDNCYGGG
(Basic T RRTIICYGA RRTIICYGAA
phospholipas AGTCARIVCD GTCARIVCD
e A beta- CDRTAALCE CDRTAALCF
bungarotoxin) GDI¥ GD (49)
Bungarus $2PVDELDRCC | 1.0547 PVDELDRCC | 1.0591 CP5
caeruleus YTHD YTHDGGGGA
(Basic DTCARFLCD
phospholipas CDRTAAICFA
e A KPA2 18ADTCARFL SA (39)
toxin) CDCDRTAAIC
FASA'?

The KLH-conjugated CPs were used as antigens to raise polyclonal antibodies in

rabbits, and then the antibodies were affinity purified to obtain the toxin-specific

polyclonal antibodies (PAbs). The rabbit antisera analysed by ELISA showed the

presence of a high titre of CP-specific antibodies (Fig. 4.1a-e).
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4.1.1.1 Dot blot study demonstrated the ability of PAbs to recognise CPs

The PAbs showed their ability to recognise the CPs with some cross-reactivity

among them under identical experimental conditions (Fig. 4.1f-k)
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Fig. 4.1 (f) Dot blot assay to determine the immune-recognition of individual PAbs
towards the corresponding CPs. Dot blot intensities of immune recognition demonstrated
by the individual PAbs towards the CPs are depicted as: (g) PAb 1 demonstrated cross-
reactivity towards CP 2-5. Significance of difference in recognition of PAb 1 towards CP
2,CP 3, CP 4 and CP 5 compared to CP 1, *p<0.05. (h) PAb 2 demonstrated some cross-
reactivity towards CP 3 and CP 4. Significance of difference in recognition of PAb 2
towards CP 3 and CP 4 compared to CP 2, ¥p<0.05. (i) PAb 3 demonstrated cross-
reactivity towards CP 2, CP 4 and CP 5. Significance of difference in recognition of PAb
3 towards CP 2, CP 4 and CP 5 compared to CP 3, “p<0.05. (j) PAb 4 demonstrated
specificity towards CP 4. (k) PAb 5 demonstrated cross-reactivity towards CP4.
Significance of difference in recognition of PAb 5 towards CP 4 compared to CP 5,
¥p<0.05.

4.1.1.2 Protein-protein BLAST analysis shows the similarity of CP and Naja
kaouthia PLA:

The protein BLAST performed with the CP 1 and CP 4 sequences demonstrated about
90% sequence identity with the PLA> of N. kaouthia venom (Fig. 4.1 1,m).
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() cLUSTAL 0(1.2.4) multiple sequence alignment

peptide PIDALDRCCYVHDNCYGGGRR----=======------- TIICYGAAGTCARIVCDCDRT 42

pir|PsSNI3K|:36-102 PVDDLDRCCQVHDNCYDEAEKISGCWPYFKTYSYESCQGTLTCKGGNNACAAAVCDCDRL 60
*:* KRR ******_ - *: * *. ':** KRR

peptide AALCFGD 49

pir|PSNI3K|:36-102 AAICFAG 67

Fk e kk

(m)  CLUSTAL 0(1.2.4) multiple sequence alignment

peptide PVDDLDRCCQVHDG === === === = === m e e e e e o GGGNACAASVCDCDRL 30

pir|PsNI3K|:36-102 PVDDLDRCCQVHDNCYDEAEKISGCWPYFKTYSYESCQGTLTCKGGNNACAAAVCDCDRL 60
*************. **.*****:*******

peptide AAICFAG 37

pir|PSNI3K]:36-102 AAICFAG 67

kR R RK kR

Fig. 4.1 (I) Multiple sequence alignment of CP 1 and N. kaouthia PLA; obtained after
BLASTYp analysis of CP 1 sequence at NCBI BLAST (https://blast.ncbi.nlm.nih.gov/)
searches. (m) Multiple sequence alignment of CP 4 and N. kaouthia PLA; was obtained
after BLASTp analysis of CP 4 sequence at NCBI BLAST searches.

4.1.2 Immunoassays and spectrofluorometric analysis exhibit superior immune
recognition of FPAb towards Indian snake venoms as compared to commercial PAV

(in vitro)

The 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 (Fig. 4.2a, b); these blots will hereafter be referred to
as controls without antigen. The secondary antibody may have an affinity for the Fc
region of the primary antibody. Due to non-directed immobilization, fewer Fc regions

may become available while depositing the primary antibody onto the PVDF membrane.
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Fig. 4.2 (a) Dot blot assay to determine immune-recognition of PAbs (individual PAb 1,
2,3,4,5, PAbE, PAbV and FPAD) using anti-rabbit [gG-HRP and commercial anti-snake
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 [gG-HRP and commercial PAV by anti-
horse IgG-HRP, *p<0.05. Error bars indicate mean + SD (n=3).

Moreover, normalizing the dot intensities against the control (excluding antigen
intensities), the study revealed the enhanced in vitro immune detection of the 'Big Four'
snake venoms by FPAb in comparison to the identification by the individual PAbs, PAbBE,
and PAbV (Fig. 4.2¢, d).
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Fig. 4.2 (c¢) Dot blot assay to determine immune-recognition of PAbs (individual PAb 1,
2,3, 4,5, PAbE, PAbV and FPAD) towards NnV, KV, RvV, EcV, and NkV (1 pg/uL),
(d) Dot intensities of the immune-recognition of NnV, KV, RvV, EcV, and NkV by
individual PAbs, PAbE, PAbV and FPAb. Significance of difference in immune-
recognition of NnV, KV, RvV, EcV, and NkV by PAb 1,2,3,4, 5, PAbE and PAbV
compared to immune-recognition by FPAb *p<0.05. Error bars indicate mean + SD
(n=3).
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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 anti-snake PAV under identical experimental conditions (Fig. 4.2¢, f). The
FPAb/commercial anti-snake PAV did not demonstrate any cross-reactivity towards

Mesobuthus tamulus venom-spiked rat plasma.

e f
QQW Q?@ QQW QQW QQ‘;D
@ BN NnV
. . . . 500x10° == KV
L ] ® o ] ® " =
2 V!
® @ [ . ® S 400x10° . S
Blot 1 Blot 2 Blot 3 Blot 4 Blot 5 g T
(NnV) (KV) (NKV) (RvV) (Ecv) 'E 300x10°
©
D D
S 3
ooe‘\ﬁ& T 200x10°
o %
2
« . =
® ¢ % g 100x10°
. ¢ ¢ . P = I D I I
] . ¢ . & 0 L
FPAb Commercial anti-snake PAV
Blot 7 Blot 8 Blot9 Blot 10 Blot 11 —— ’ -
(NnV) (Kv) (NKV) (RWV) (EcV) Antibodies for immune-recognition of snake venoms

Fig. 4.2 (e) Dot blot assay to determine the immune recognition of NnV, KV, NkV, RvV,
and EcV (1 pg/uL) spiked rat plasma against FPAb and commercial anti-snake PAV. (f)
Image analyses of the intensities of the blots were performed using ImageJ software.
Significance of difference of FPAb compared to commercial anti-snake PAV *p<0.05.

Error bars indicate mean + SD (n=3).

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 anti-snake PAV (Fig. 4.2g-1).
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Fig. 4.2 (g) Western blot analysis to determine the immune recognition of NnV, NkV,
KV, RvV and EcV against 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. Immunoblot detected by HRP conjugated anti-rabbit IgG. (h)
Western blot analysis to determine the immune recognition of NnV, NkV, KV, RvV and
EcV against commercial anti-snake 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. Immunoblot detected by HRP conjugated anti-horse IgG.
(i) Densitometry analyses of the blot intensities of NnV, NkV, KV, RvV, and EcV
detected by FPAb and commercial anti-snake PAV. Significance of difference in
recognition of the snake venoms by FPAb compared to recognition by commercial anti-

snake PAV *p<0.05. Error bars indicate mean + SD (n=3).

The Kp values of the interaction between the snake venoms and FPAb/commercial
anti-snake PAV were determined in the mg protein content of FPAb or commercial anti-
snake PAV/mL [1]. The results elucidated the higher affinity of FPAb towards venom

antigens as compared to commercial anti-snake PAV (less Kp
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value of FPAb compared to anti-snake PAV against the same venom sample) (Fig. 4.2j-

n).
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Fig. 4.2 Data showing spectrofluorometric interaction between the snake venoms, FPAb
and commercial anti-snake PAV. The interactions between the fixed concentration of
each venom and varying concentrations of FPAb and commercial anti-snake PAV have
been represented in a one-site specific binding curve showing the change in maximum
fluorescence intensity (Amax) of venom-antibody binding. (j) Interaction of NnV with
FPADb and commercial anti-snake PAV, (k) Interaction of KV with FPAb and commercial
anti-snake PAV, (1) Interaction of NkV with FPAb and commercial anti-snake PAV, (m)
Interaction of RvV with FPAb and commercial anti-snake PAV, and (n) Interaction of
EcV with FPAb and commercial anti-snake PAV. The graphs were plotted using

GraphPad Prism 5.0 software and demonstrate the mean of five scans.

4.1.3 The FPADb demonstrated better immune-recognition towards the Indian snake

venoms as compared to commercial anti-snake 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 (group 2), no significant difference was found in the venom recognition
by FPAD between 60- and 120-min post-injection; however, a slight decline in immune

recognition was observed at 240 min (Fig. 4.3a, b). Maximum venom recognition of KV
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in group 3 rats' plasma by FPADb was observed at 60 min and 120 min post-injection, with

a decline of immune recognition at 240 min (Fig. 4.3c, d). The FPAb showed the highest

detection of NkV in plasma (group 4) at 60 min post-injection; however, the immune

recognition of FPAb demonstrated a gradual decline at 120 min and 240 min post-

injection NkV plasma (Fig. 4.3e, f).
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Fig. 4.3 (a) Dot blot assay to determine immune-recognition of NnV in the plasma of the

group 1 and 2 rats by FPAb and commercial anti-snake 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 FPADb;
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Blots 4-6 incubated with NnV -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 anti-snake PAV; Blots 10-
12 incubated with NnV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min
recognised by commercial anti-snake PAV. (b) Dot intensities of NnV-envenomed rats'
plasma immune-recognised by FPAb and commercial anti-snake PAV were analysed
using ImagelJ. Significance of difference in recognition of plasma collected from NnV-
envenomed rats (s.c.) at 60 min and 120 min compared to plasma collected at 240 min,
“p<0.05; recognition of plasma collected at 60 min, 120 min and 240 min by FPADb
compared to recognition by commercial anti-snake PAV, *p<0.05. Error bars indicate

mean + SD (n=3).
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Fig. 4.3 (c¢) Dot blot assay to determine immune-recognition of KV in the plasma of the
group 1 and 3 rats by FPAb and commercial anti-snake 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 FPADb;
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 anti-snake PAV; Blots 10-
12 incubated with KV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min
recognised by commercial anti-snake PAV. (d) Dot intensities of KV-envenomed rats'
plasma immune-recognised by FPAb and commercial anti-snake PAV were analysed
using Imagel. Significance of difference in recognition of plasma collected from KV-
envenomed rats (s.c.) at 240 min compared to plasma collected at 60 min and 120 min,
“p<0.05; recognition of plasma collected at 60 min, 120 min and 240 min by FPAb
compared to recognition by commercial anti-snake PAV, *p<0.05. Error bars indicate

mean + SD (n=3).
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Fig. 4.3 (e) Dot blot assay to determine immune-recognition of NkV in the plasma of the
group 1 and 6 rats by FPAb and commercial anti-snake 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 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 anti-snake PAV; Blots 10-

12 incubated with NkV-treated plasma (s.c.) collected after 60 min, 120 min, and
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240 min recognised by commercial anti-snake PAV. (f) Dot intensities of NkV-
envenomed rats' plasma immune-recognised by FPAb and commercial anti-snake PAV
were analysed using ImageJ. Significance of difference in recognition of plasma collected
from NkV-envenomed rats (s.c.) at 120 min and 240 min compared to plasma collected
at 60 min, ¥p<0.05; recognition of plasma collected at 60 min, 120 min and 240 min by
FPAb compared to recognition by commercial anti-snake PAV, *p<0.05. Error bars

indicate mean £+ SD (n=3).

For the rats injected with RvV subcutaneously (group 5), the maximum RvV
recognition was observed at 60 min and 120 min post-injection, and the recognition
declined significantly at 240 min (Fig. 4.3 g,h). The highest EcV recognition (group 6)
was observed between 60 and 120 min post-injection, and after that, a sharp decline in
the intensity of recognition was observed (Fig. 4.3 i,j). 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.
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Blots 1-3: incubated with control plasma (s.c.) recognised by FPAD;
Blots 4-6 incubated with RvV-treated plasma (s.c.) recognised by FPAD;
Blots 7-9 incubated with control plasma (s.c.) recognised by commercial PAV;

Blots 10-12 incubated with RvV-treated plasma (s.c.) recognised by commercial PAV.
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Fig. 4.3 (g) Dot blot assay to determine immune-recognition of RvV in the plasma of the
group 1 and 4 rats by FPAb and commercial anti-snake 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 FPADb;
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 anti-snake PAV; Blots 10-
12 incubated with RvV-treated plasma (s.c.) collected after 60 min, 120 min, and 240 min
recognised by commercial anti-snake PAV. (h) Dot intensities of RvV-envenomed rats'
plasma immune-recognised by FPAb and commercial anti-snake PAV were analysed
using Imagel. Significance of difference in recognition of plasma collected from RvV-
envenomed rats (s.c.) at 240 min compared to plasma collected at 60 min and 120 min,
¥p<0.05; recognition of plasma collected at 60 min, 120 min and 240 min by FPAb
compared to recognition by commercial anti-snake PAV, *p<0.05. Error bars indicate

mean £ SD (n=3).
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Fig. 4.3 (i) Dot blot assay to determine immune-recognition of EcV in the plasma of the

group 1 and 5 rats by FPAb and commercial anti-snake 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 FPADb;

Blots 4-6 incubated 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 anti-snake PAV; Blots
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10-12 incubated with EcV-treated plasma (s.c.) collected after 60 min, 120 min, and 240
min recognised by commercial anti-snake PAV. (j) Dot intensities of EcV-envenomed
rats' plasma immune-recognised by FPAb and commercial anti-snake PAV were analysed
using Imagel. Significance of difference in recognition of plasma collected from EcV-
envenomed rats (s.c.) at 240 min compared to plasma collected at 60 min and 120 min,
“p<0.05; recognition of plasma collected at 60 min, 120 min and 240 min by FPAb
compared to recognition by commercial anti-snake PAV, *p<0.05. Error bars indicate

mean + SD (n=3).

In all the cases, dot blot analysis demonstrated the superior immune recognition of
tested snake venoms by FPAb compared to commercial anti-snake PAV raised against

native toxins under identical experimental conditions (Fig. 4.3a-j).
4.1.4 Biophysical characterisation demonstrated conjugation of FPAb with 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 [2-4]. The following scheme depicts the reaction during citrate

reduction-based AuNP synthesis (Fig. 4.4a).

i i T 0
+ )
o o- +AuwCl, ——»= o'WO- +AUCI +H"+3CI +Co0,

3AUCI+ClF ——  2Au® +AuCl,

Fig. 4.4 (a) Chemical reaction sequence for citrate reduction-based AuNP synthesis.

The AuNPs synthesised by this method exhibited a wine-red colour, and their UV-
Vis spectra (400-700 nm) depicted a plasmonic peak at around 527 nm. After the
conjugation of FPAb to the citrate-capped AuNPs, the plasmonic peak showed a
bathochromic shift to 537 nm (Fig. 4.4b).
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Fig. 4.4 (b) UV-Vis spectra depicting AuNP and AuNP-FPADb conjugate. The absorbance

is the mean of values obtained in triplicates.

FTIR presented an infrared spectrum of AuNP with peaks at 3368 cm ™!, 1567 cm ™!,
1475 cm " and 1399 cm ™" characteristic of -O—H stretching, -C=0 stretching, and —C—
H bending, and indicate the formation of citrate-stabilised AuNPs [5]. After conjugation

of FPADb to AuNP, the peaks associated with —O—H stretching and —C=0 stretching

' which correspond to

disappeared, and new peaks appeared at 1622 cm ! and 1532 cm™
primary amide NH> bending and secondary amide N-H bending under the amide II band,

respectively [5] (Fig. 4.4c¢).

o8 AuNP
b ~——— AUNP-FPAD conjugate

% Transmittance
g

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 4.4 (¢) FTIR spectra of AuNP and AuNP-FPAD conjugate.

The citrate-capped AuNPs and AuNP-FPAD conjugate recorded zeta potential (mV)
of —34.7+ 0.173 mV and —26.8 £ 0.02 mV, respectively (Fig. 4.4d).
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Fig. 4.4 (d) Zeta potential of AuNP and AuNP-FPAb conjugate.

The TEM analysis performed in this study showed the synthesis of monodisperse
citrate-capped AuNPs, which were aggregated after conjugation to FPAb (Fig. 4.4e, f).
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 (Fig. 4.4g,
h).

h Gold size
Gaussian fit of particle size dis
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Fig. 4.4 TEM images of (e¢) AuNP and (f) AuNP-FPAD conjugate particle at 20 nm
magnification; Histogram depicting Particle size distribution of (g) AuNP and (h) AuNP-
FPAD conjugate particle in TEM images, with Gaussian function, fit using Originpro 8.5.
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The AFM analysis further demonstrated the synthesis and conjugation of AuNPs
performed (Fig. 4.41, j), which depicted that the citrate-capped AuNPs and AuNP-FPAb
conjugate particles measured their heights at 18.53 + 0.26 nm and 36.21 + 0.45 nm,
respectively (Fig. 4.4k, 1).
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Fig. 4.4 Topographic 2D AFM images with scanned area 1000 x 1000 nm of (i) AuNP,
(j) AuNP-FPAb conjugate; Histogram of height distribution of (k) AuNP, (I) AuNP-
FPADb conjugate, from the topographic 2D AFM images with scanned area 1000 x 1000

nm.

The adsorption efficiency of FPAb to AuNP was determined at 59.3% (Fig. 4.4m).
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Fig. 4.4 (m) Calibration curve for estimating FPAb left in the supernatant after AuNP-

conjugation. Error bars indicate mean = SD (n=3).

4.1.5 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 ImageJ. The RGB colour values obtained were converted to a logarithmic scale to

get the colour intensity according to the Lambert-Beer law equation [6,7]:

Colour Intensity of Red (Ir) = log (Ro/Rs), ..Equation 1
Colour Intensity of Green (Ig) = log (Go/Gs), ..Equation 2
Colour Intensity of Blue (Ig) = log (Bo/Bs), ..Equation 3

The average blank and sample colour values are Ro, Go, Bo, Rs, Gs, and Bs, respectively.

Linear regression standard curves were prepared from the colour intensities
obtained from each venom-spiked plasma (Fig. 4.5a-¢). From the equations and R? values
depicted in Fig. 4.5a-¢, the blue (B) colour showed the highest linearity as compared to
the red (R) and green (G) colours for all the snake venoms studied. This observation may
be due to the change in colour of AuNP-FPADb conjugates from burgundy to blue upon

binding with venoms.
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From the equations obtained from the linear regression curves (Fig. 4.5a-¢), the
limit of detection (LoD) for blue colour was determined to be 330 pg/uL (NnV), 240
pg/uL (KV), 430 pg/uL (NkV), 210 pg/uL (RvV), and 620 pg/uL (EcV). The LoD was
determined using the formula 3.3 o/S, where o is the standard deviation of the response,

and S is the slope of the calibration curve.
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Fig. 4.5 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 0.125-2 ng/uL, (b) KV concentrations 0.125-2 ng/uL, (¢)
NkV concentrations 0.25-4 ng/ulL, (d) RvV concentrations 0.125-2 ng/uL, (e) EcV

concentrations 0.25-4 ng/uL. Error bars indicate mean = SD (n=3)
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The plasma samples obtained from the retro-orbital blood collected from the
subcutaneously envenomed rat plasma samples were detected with AuNP-FPAbs, and the
images recorded were analysed by Imagel software (Fig. 4.5f-k). The Ig 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 4.2. The alterations in colour resulting from the
interaction between the envenomed plasmas and AuNP-FPAD conjugates were measured
as absorbance with a UV-Vis spectrophotometer (Fig 4.51-p). Calibration curves were
systematically prepared for each of the snake venom spiked plasmas (Fig 4.5 g-z), and
the resulting equations were employed to quantify the amount of snake venom detected

in the envenomed plasmas (Table 4.2).

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/ul)

/ Amount of venom injected in 220 g rat (total blood volume in 220 g rat assumed to be 15 mL)

(ng/ul) * 100 .. Equation 4
f g h
51 v N § s &4
T R NOTEH &%
W, 1%, W,
i j
N 82 S a;?‘ SR
LG ERGRE
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Fig. 4.5 Colour changes of AuNP-abs in the presence of control and venom-treated rat
plasma. In the case of control plasma, the AuNP-ab conjugate's colour is violet-pink,
while in the venom-treated plasmas, the colour changes to blue-grey due to aggregation
of the AuNPs. (f) NnV-envenomed rat plasma collected at 60 min, 120 min and 240 min,
(g) KV-envenomed rat plasma collected at 60 min, 120 min and 240 min, (h) NkV-
envenomed rat plasma collected at 60 min, 120 min and 240 min, (i) RvV-envenomed rat
plasma collected at 60 min, 120 min and 240 min, (j) EcV-envenomed rat plasma
collected at 60 min, 120 min and 240 min, (k) Blue colour intensities (Ig) of all the snake
venom-treated rat plasmas compared to the control plasma. Significance of difference for
Is of NnV-treated plasma collected at 60 and 120 min compared to Is of NnV-treated
plasma collected at 240 mi,n *p<0.05; Is of KV-treated plasma collected at 60 and 120
min compared to Is of KV-treated plasma collected at 240 min, *p<0.05; Is of NkV-treated
plasma collected at 120 and 240 min compared to Ig of NkV-treated plasma collected at
60 min, *p<0.05; Ig of RvV-treated plasma collected at 60 and 120 min compared to Ig of
RvV-treated plasma collected at 240 min, “p<0.05; I of RvV-treated plasma collected at
120 and 240 min compared to Is of RvV-treated plasma collected at 60 min, ¥p<0.05; Is
of EcV-treated plasma collected at 60 and 120 min compared to Ig of EcV-treated plasma
collected at 240 min, *p<0.05; I of EcV-treated plasma collected at 120 and 240 min
compared to Ig of EcV-treated plasma collected at 60 min, ®p<0.05. Error bars indicate

mean + SD (n=3).
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Fig 4.5 (I) 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 (Amax) for Control plasma was
at 537 nm. On interacting with the envenomed plasma, the Amax shifted to 630 nm, 602
nm and 580 nm for NnV-treated plasma collected at 60 min, 120 min and 240 min,
respectively.; (m) 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 (4Amax) for Control plasma
was at 537 nm. On interacting with the envenomed plasma, the Amax shifted to 610 nm,
589 nm and 555 nm for KV-treated plasma collected at 60 min, 120 min and 240 min,
respectively.; (n) Absorbance spectra of the AuNP-FPAD 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 (Amax) for Control
plasma was at 537 nm. On interacting with the envenomed plasma, the Amax shifted to 604
nm, 548 nm and 546 nm for NkV-treated plasma collected at 60 min, 120 min and 240
min, respectively.; (0) Absorbance spectra of the AuNP-FPAD 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 absorption maximum (Amax) for Control
plasma was at 537 nm. On interacting with the envenomed plasma, the Amax shifted to 548

nm, 547 nm and 543 nm for RvV-treated plasma collected at 60 min, 120
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min and 240 min, respectively.; (p) Absorbance spectra of the AuNP-FPAD conjugate 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 (Amax)

for Control plasma was at 537 nm. On interacting with the envenomed plasma, the Amax

shifted to 550 nm, 548 nm and 547 nm for EcV-treated plasma collected at 60 min, 120

min and 240 min, respectively.
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Fig 4.5 (q) Absorbance spectrum for NnV spiked rat plasma detection by AuNP-FPAb
conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/uLL
NnV; (r) Calibration curve for NnV spiked rat plasma detection at concentrations 0.125-
2 ng/uL; (s) Absorbance spectrum for KV spiked rat plasma detection by AuNP-FPAb
conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/uL
KV; (t) Calibration curve for KV spiked rat plasma detection at concentrations 0.125-2
ng/uL; (u) Absorbance spectrum for NkV spiked rat plasma detection by AuNP-FPADb
conjugate. Absorbance curves correspond to plasma samples containing 0.25-4 ng/pL
NkV; (v) Calibration curve for NkV spiked rat plasma detection at concentrations 0.25-4
ng/uL; (w) Absorbance spectrum for RvV spiked rat plasma detection by AuNP-FPADb
conjugate. Absorbance curves correspond to plasma samples containing 0.125-2 ng/uL
RvV; (x) Calibration curve for RvV spiked rat plasma detection at concentrations 0.125-
2 ng/uL; (y) 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; (z) Calibration curve for EcV spiked rat plasma detection at concentrations 0.25-4

ng/puL; Error bars indicate mean + S.D. (n = 3).
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Table 4.2 Determination of blue colour intensity and quantification of venom in

envenomed rat plasma using Digital Image Colourimetry and UV-Vis spectrophotometer.

Plasma Time of | Average Is | Quantity of | Quantity of | Quantity of | Quantity of

from rats | blood venom in | venom in | venom in | venom in

envenomed | collection plasma plasma plasma plasma

with Indian | (min) calculated calculated calculated calculated

snake using Is using Is using using

venoms (ng/pL) (in percent | absorbance | absorbance

collection of venom | (ng/pL) (in percent
found in of venom
plasma) found in

plasma)

Indian 60 0.18 1.09 26.5 0.99 24.0

cobra 120 0.17 1.01 24.6 0.68 16.5

venom 240 0.16 0.47 11.4 0.38 9.3

(NnV)

Indian 60 0.16 0.75 319 0.81 343

krait

venom

(KV) 120 0.16 0.65 27.7 0.70 29.9

240 0.13 0.44 18.7 0.42 18

Indian 60 0.19 1.85 225 2.46 299

monocled | 120 0.15 1.30 15.8 1.59 19.4

cobra 240 0.14 111 13.5 1.48 18.0

venom

(NkV)

Indian 60 0.21 2.07 50.4 2.35 57.4

russell's

viper 120 0.20 1.91 46.5 2.33 56.8

venom

RVYV) 240 0.19 1.81 44.0 2.24 54.2

Indian saw- | 60 0.26 6.36 71.5 1.57 66.7

scaled viper | 120 0.24 5.74 70.0 1.47 62.6

venom 240 0.20 433 52.7 1.43 60.6

(EcV)
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From Table 4.2, quantity of venom in envenomed plasma obtained from both digital

image colourimetry and UV-Vis spectrophotometry was found to be comparable.
4.2 Discussion

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 [8-10]. 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 [11]. 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 hospital authorities or

physicians from delivering antivenom in every instance of snakebite [8].

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 formulation FPAb, which exhibited synergistic
immune recognition of the venoms under both in vitro and in vivo conditions. Detection
of Indian snake venoms in envenomed rat plasma using the antibody formulation FPAb
has been carried out using a 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 minutes, with a limit of detection of 1
ng/mL [12]. A recent study investigated the use of infrared thermal imaging to distinguish
between venomous snakebites and non-venomous or dry bites in patients [13]. Most

patients exhibiting signs of local envenomation, whether accompanied by systemic
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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 [13]. Our
work suggests a quick detection approach that may identify the presence of venom in
plasma within 10 min, allowing us 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 minutes after venom injection, which was not
proven in the VDET trial. Though the LoD described in the current work is lower than
the 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 [14,15]. The inventors of a specific
patent have developed 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 generated antibodies [15]. 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 [14].

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 [16]. Since developing a species-specific snake venom detection method
necessitates targeting 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
[1,10,17-19]. 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 detecting Indian snake venoms using various
analytical methods like antigen-antibody interaction, aptamers, etc., one of them has been

translated and commercialised for use in a clinical setting [12,14,15,20-22].

In recent years, the design and usage of synthetic peptides that mimic selected
protein regions have seen a potential increase [23-27]. In this study, to circumvent the

problem of using whole venom or purified venom-toxins as immunogens for the
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production of polyclonal antibodies, we have synthesised custom peptide immunogens
designed using the antigenic sites with the highest antigenic propensity from the major
(high abundant) toxins like PLA> and snaclec of the Indian ‘Big Four' venomous snakes.
These antigenic sites were further modified to enhance their antigenic propensity,
producing high antibody titre against these peptides. Generally, to raise high-titre
polyclonal antibodies, it is necessary to conjugate the peptides to carrier protein such as
KLH, bovine serum albumin (BSA), or ovalbumin [23,28,29]. Therefore, we conjugated
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, the inferior immune recognition for the venoms by
commercial PAV may be because they are raised against whole venom of the ‘Big Four’
snakes and they do not contain sufficient antibodies against the pharmacologically active,
weakly immunogenic proteins of these venoms [30-35]. Given the ability of FPAD to
detect the venom of ‘Big Four’ venomous 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 diagnostic techniques and novel drug therapeutics before clinical trials [36]. In
pharmacology and toxicology studies, experimental rats are generally preferred over mice
as they share a similar toxin eradication pathway as humans [37]. Additionally, the larger
body size of rats allows serial blood draws and sampling over time [38]. 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, FPAD better

recognised the venom in plasma collected from the envenomed rats at regular intervals.
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Generally, snakes envenom their victims by injecting their venoms mostly
subcutaneously or occasionally intramuscularly, pending the release of the toxins into the
interstitial space [39-41]. 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 [10,42]. Snake venom in circulation may exhibit
two phases: a quick distribution phase (within 60 min) and a prolonged elimination phase
(12-24 h) [43-46]. 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.

The interaction of venoms with AuNP-FPAb conjugates is known to cause
agglomeration, which could give rise to a colour change. This characteristic of AuNP was
utilised in this work to illustrate a colourimetric detection and quantification of the Indian

Big Four poisonous snakes and N. kaouthia in envenomed rat plasma.

The formation of AuNPs and AuNP-FPAb bioconjugates was first confirmed
using a few biophysical techniques. The size of the AuNP and AuNP-FPAD 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, colour of the solution changed from violet-
pink to blue-grey colour within 5-10 min due to agglomeration [47,48]. Recent
breakthroughs in the smartphone technology field have improved their usage to satisfy
the needs of many scientific fields [49-51]. Thus, digital image colourimetry based on
smartphone images could differentiate between control (non-envenomed) plasma and
envenomed plasma and quantify the venom present in the envenomed plasma during the
studied post-injection time duration. This method of detection technology will help detect
envenomation in the health centres of remote villages where sophisticated instrumental
facilities are not available. The venom quantity detected by FPAD in the plasma decreased
as the time post-injection increased. 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 and therefore, their
detection in plasma may be lesser than the 'Big Four' snake venoms; though, sequence

similarity observed between CP 1, CP 4 and N. kaouthia PLA; justify its venom detection
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by the FPAb. An additional noteworthy finding was that the intensity of the blue colour
in the plasma treated with Viperidae venoms (RvV and EcV) was greater than that in the
plasma treated with Elapidae venom (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 Elapidac venom. The observed phenomenon can be
attributed to the fast attachment of the Elapidae 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 [41,52,53].

Snakebite cases are mostly occupational health hazard and affect rural population
of the underdeveloped and developing countries [54]. Reports from India have suggested
that majority of the snakebite deaths have been recorded in rural areas (97%) during
monsoon months [54]. However, the unofficial count of morbidity and mortality due to
snake envenomation may be far higher due to poor documentation [10]. 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. [55].
The World Health Organization (WHO) has stated that snakebite management mainly
relies on identifying snake species, clinical diagnosis, and the appropriate administration
of antivenoms. The WHO recommendations emphasize the necessity for commercial tests
that confirm snake envenomation, enabling doctors to select and deliver the optimum
amount of antivenoms for patient treatment [56]. 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 the FPAb for detection purposes in clinical

settings. Since the proposed method is a proof-of-concept, future investigations may be
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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.
Furthermore, the concurrent binding of two antibody molecules to one or two
PLA>/snaclec may be impractical due to steric hindrance, particularly on the solid
membrane surface. Since the identical formulation has been utilized for both capture and
primary antibodies, certain epitopes on the captured PLA>/snaclec may be obstructed by
the antibody fixed on the membrane. Consequently, the homologous binding of the
primary antibodies to PLAo/snaclec may be suboptimal and non-stoichiometric.
Consequently, additional experiments are necessary to enhance the antigen-antibody
binding for improved immune recognition sensitivity. Furthermore, the smartphone-
based detection system presented in this work requires improvements in real-time result
processing, interpretation, and communication to necessary staff before it can be used in

rural clinics.

This study presents a straightforward and cost-effective method that could aid in
developing 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 antibodies generated were combined in a specific ratio to illustrate synergistic
immune recognition of India's 'Big Four' venomous snakes and N. kaouthia venoms both
in vitro and in vivo. Digital image colourimetry enhanced the detection of 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. Given that data from the diagnostic test may also benefit retrospective
epidemiological studies on envenomation episodes, subsequent research may encompass
snakes beyond the 'Big Four' and N. kaouthia. These new kits may identify venoms that
the existing antivenom can neutralize. In instances of envenomation lacking a particular
antivenom, accessible antivenom may be administered to preserve the patient's life, owing
to the potential para-specificity of the antivenom. In these instances, a diagnostic kit may
prove beneficial in assessing therapy efficacy by identifying trace venom in the patient's
systemic circulation, thereby clarifying the cross-reactivity of the available antivenom
with the identified venom. Consequently, data acquired via diagnostics may prove
invaluable in understanding the incidence of bites from snakes beyond the 'Big Four,'
thereby informing the development of future antivenoms to address snakebite cases in

India comprehensively.
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