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Snakebite-induced morbidity and mortality are major health problems observed, particularly in tropical and
subtropical areas. Therapy in remote areas remains a challenge due to the limited production of venom-specific
antivenoms and poor accessibility. The development and use of effective recombinant nanobodies, synthetic peptides,

small-molecule inhibitors, and oligonucleotides as antivenom therapies with increased specificity has been proposed
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to reduce these limitations to a certain extent. In addition, artificial intelligence tools integrated with genomic and
proteomic advances have enabled the development of precise, region-specific antivenoms with improved efficacy.
Rapid diagnostic kits, trained healthcare personnel, advanced drugs, synthetic antivenom, efficient supply chain, and
precise treatment at local healthcare facilities are believed to be key factors in reducing the mortality from snake

1. INTRODUCTION

Snakebite envenomation is considered a neglected public health
problem in many tropical countries, particularly in Africa, Latin
America, and Asia [1]. According to the World Health Organization
(WHO), it is estimated that five million people suffer from snake bites
every year, i.e., 1.8-2.7 million cases of intoxication [2]. Snakebite
results in 81,410-137,880 deaths annually, and many survivors
suffer from amputations and permanent disabilities. Approximately
two million cases of snakebite envenomation occur annually in
Asia, whereas about 580,000 cases requiring medical treatment
are reported in Africa [3]. Similarly, >3,00,000 snakebites are also
detected in sub-Saharan Africa on an annual basis, which leads to
>7000 deaths and nearly 10,000 amputations [4]. Therefore, snakebite
and associated morbidities are considered one of the most neglected
tropical diseases [Figure 1] [5]. Venomous snakebites before timely
treatment can cause paralysis, fatal bleeding, kidney failure, and
tissue damage, leading to amputation. Among agricultural workers,
children are disproportionately affected and tend to experience more
severe clinical outcomes [6]. However, data on snakebite cases in
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India are limited due to the low number of victims seeking healthcare,
inadequate surveillance, and poor reporting systems. Similar issues
exist in other countries with high envenomation rates. This paucity of
data impacts critical areas such as funding, antivenom production, and
distribution [7].

Knowledge gaps in snakebite research arise from low investment in
medical conditions, challenges in data collection, and limited access
to medical care, leading to poor medical records [8]. Venom is a
vital ecological adaptation in venomous snakes, as its composition
and activity have frequently coevolved with the physiology of their
prey. Venom can induce several pathological effects, including
hemotoxicity, neurotoxicity, and cytotoxicity [9,10]. Antivenoms
that neutralize toxins are currently used as treatments; however, new
approaches are being developed, such as specific inhibitors targeting
individual venom components. These advancements aim to enable
more personalized therapies with improved efficacy [11].

These immunotherapeutic drug manufacturing techniques were
developed over 50 years ago with only minor modifications [12].
However, several barriers hinder the availability of antivenoms
from production to patient care. Globally, antivenom manufacturing
falls short of clinical demand, particularly in regions with limited
producers [13]. Antivenom operates at the molecular level by
neutralizing venom toxins through the binding of polyclonal antibodies
to their specific targets [14].
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Figure 1: Geographic distribution of local antivenom production capabilities and snake populations, including coral snakes.

This strategy could enhance treatment efficacy by targeting venom
components that evade conventional antivenom solutions [15]. Tribal
communities primarily depend on various plant resources for their
daily needs, serving as both primary food sources and remedies for
various diseases, including snakebite [16]. For the development of
novel antivenoms, small toxin inhibitors are engineered that can be
combined with whole immunoglobulin G (IgG) antibodies, antibody
fragments, or recombinant antibodies to neutralize snake venom
toxins [9,17]. Low molecular weight nanobodies exhibit excellent
tissue penetration, low immunogenicity, and high stability, and can
also have broad-spectrum activity against the venoms of many snake
species [4]. In this review, we focused on recent advancements in
antivenom strategies, tracing the evolution from traditional serum
therapies to next-generation molecular and bioengineered antidotes.

2. ARTICLE SEARCH STRATEGIES

A structured literature search was conducted using major electronic
databases, including PubMed, Science Direct, Web of Science, Google
Scholar, and AGRICOLA, covering publications from January 2000 to
March 2025. The search included combinations of keywords such as
“snakebite,” “snake venom,” “snakebite envenomation,” “antivenom,”
“immunotherapy,” ‘“nanobodies,” “small-molecule inhibitors,”
“oligonucleotides,” “artificial intelligence,” “drug design,” and
“snakebite management.” Boolean operators (AND, OR) were used to
refine and combine search terms for improved relevance. Articles were
included if they focused on snake venom, envenomation mechanisms,
antivenom development, or emerging therapeutic strategies such as
recombinant antibodies, nanotechnology, and artificial intelligence
(AI)-based drug design. Only peer-reviewed, full-text articles published
in English were considered for inclusion in this review, irrespective of
the authors, journals, or country of publication. Studies unrelated to
snakebite treatment, duplicate records, conference abstracts without full
texts, and articles lacking adequate scientific detail but only containing
keywords such as “snakebite” or “antivenom” were excluded from this
review. In total, 6868 and 32,800 records were initially retrieved from
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PubMed and Google Scholar, respectively; however, after applying the
defined search criteria and screening process, only 118 articles were
considered eligible for inclusion. All selected papers were screened
by title, abstract, and full text to ensure relevance to the scope of this
review.

3. CHALLENGES IN SNAKEBITE MANAGEMENT AND
ANTIVENOM PRODUCTION

The most common challenges in snakebite management include the
production and supply of species-specific antivenoms, as well as the
early identification of venom type and timely access to appropriate
therapy. In addition, challenges remain in venom characterization
and in understanding the immune responses to both venom and
antivenom [12-14].

3.1. Challenges in Early Access and Production of Antivenom

Obtaining suitable snake venoms for use as immunogens remains a
major challenge in antivenom production [ 13]. The number of countries
capable of producing these venoms is very limited; therefore, many
manufacturers rely on commercial venoms, which may not reflect
regional variations in venom composition [14]. Moreover, insufficient
regulatory oversight in countries where snakebite problems are
severe makes it very difficult to check the quality of antivenoms [15].
Inaccurate data on snakebite incidence and improper distribution
policies have led to reduced or discontinued antivenom production and
increased prices. These factors have also resulted in declining trust
in available antivenoms, ultimately lowering their demand [16,17].
Such limitations reduce the number of manufacturers, leading to a
global shortage in the production and availability of antivenoms.
Consequently, their utilization remains limited in regions where they
are most needed [17]. Nevertheless, only a handful of countries,
namely India, Australia, the USA, China, and some South American
countries, are able to produce antivenoms. The main problem in
effectively treating snakebite is the search for other means apart from
the use of antivenom therapy.
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Figure 2: Potential differences among antibody types against snake venom
are based on tissue penetration, venom-binding specificity, immunogenicity,
and stability.

According to a previous report, Zhang et al. [13,18], several challenges,
such as long distances to well-equipped health facilities, lack of
transport, and poor cold-chain storage in rural areas, hinder access to
proper antivenom treatment in time. In addition to these problems, the
continuous lack and high price of antivenoms are the main reasons that
treatment is delayed for a long period of time. The lack of diagnostic
tools and understanding further complicates the situation of giving the
right antivenom, which emphasizes the necessity of providing more
education, resources, and infrastructure for snakebite management.

3.2. Venom Characterization and Immunological Insights

The venoms of snakes consist of complex mixtures of peptides and
proteins that produce diverse pharmacological effects. A major area
of interest for scientists is the study of venom composition and its
implications for antivenom. At the same time, performing experiments
with Micropechis ikaheka venom both in vitro and in vivo, it is reported
that the occurrence of severe hypotension, bradycardia, coagulopathy,
fibrinogen depletion, and post-synaptic neurotoxicity, among
other effects [19]. Together, these findings highlight the intricacy
of envenomation syndromes and the consequent requirements for
multitargeted therapeutic strategies. Similarly, studies in 545 cases of
venom from European vipers have been done [20]. They discovered
that although the majority of the cases were mild to moderate,
Systemic complications, particularly hypotension and coagulopathy,
were the most common manifestations of envenomation, The use of
antivenoms in 30% of patients was recorded by a rapid recovery of
symptoms and a low occurrence of side effects. The result was in line
with the clinical advantage of the intervention, which was carried out
promptly, thus revealing a good therapeutic window.

Liquid chromatography-tandem mass spectrometry proteomic
studies of Crotalus molossus venom characterized the presence
of major bioactive families such as P-III and P-I snake venom
metalloproteinases (SVMPs), L-amino acid oxidase (LAAO), and
phospholipase A, (PLA,). P-IIl SVMPs, with their multidomain
features, enzymatically break down extracellular matrix components
and regulate newly formed blood vessels and cancer spread, whereas

LAAO causes cell death via oxidative stress via the generation of one
of the main radicals, hydrogen peroxide [21]. The venom profile is
not fixed but rather changes according to developmental stage and
other species-specific factors. The comparison of the efficiency of
Indian polyvalent antivenoms against venoms from five Sri Lankan
snake species via proteomic, biochemical, pharmacological, and
immunological approaches is reported [22]. The antivenoms were
effective against Naja naja, Echis carinatus, Bungarus caeruleus,
and Daboia russelii but were less effective against Hypnale hypnale.
The immunoblot results revealed little binding to low-molecular-
weight proteins, especially the three-finger toxins (3FTx) and PLA,
recombinant variants; hence, region-specific immunogen addition is
needed to increase performance. Moreover, Deka et al. [23] carried
out a proteomics-based study on the venom of Indian Naja species
(N. naja, Naja kaouthia, and Naja oxiana). Unigenes encoding the
major protein families of venom were identified: 3FTx, PLA,, SVMPs,
and other minor components. The Indian spectacled cobra (N. naja)
from the Western Ghats was characterized at the proteomic level, and
the venom gland transcriptome sequenced.

Researchers have also examined the role of endogenous inhibitors
in snakes as a potential source for developing new antivenom
strategies. Discovery of BJ46a reported a 46 kDa plasma glycoprotein
from Bothrops jararaca. It binds to SVMPs, therefore, preventing
degradation of the extracellular matrix and autotoxic damage [24].
This protein provides a natural model for the development of SVMP-
targeted antivenoms with greater specificity, which is supported by
evidence [25]. The above authors also reviewed in vitro techniques for
the evaluation of antivenom efficacy, including enzymatic inhibition
assays, immunoassays, and cell-based cytotoxicity models. These
methods could lessen the necessity for animal testing, increase the
reproducibility of assays, and allow toxin-specific neutralization
profiling. Still, their predictive value must be linked to in vivo results.
Moreover, Sanchez et al. [26] demonstrated the potential of paraspecific
neutralization, highlighting that some commercial antivenoms exhibit
high cross-reactivity beyond the species for which they are designed,
although their effectiveness varies considerably depending on the
product and snake species.

3.3. Production Methods and Quality Control

Manufacturing and quality control procedures in snake antivenom
production are essential for ensuring safety, effectiveness, and product
uniformity. Initially, research focused on ways to remove endotoxins
and purify immunoglobulins to enhance antivenom formulation. It
is reported that histidine poly(ethylene vinyl alcohol) hollow fiber
membranes enable the removal of endotoxin from horse F(ab’),
antivenom with a high antibody recovery rate depending on the
buffer composition and flow rate [27]. The employment of a two-
step depyrogenation procedure greatly improved the exclusion of
endotoxins. Similarly, De Freitas et al. [28] stated that macroporous
chitosan membranes could remove endotoxin by adsorption up to 97%
from Bothrops F(ab’), antivenom and maintain the protein recovery
rate at approximately 94%, indicating their promising potential for
large-scale production.

For the purpose of ensuring complete endotoxin removal and increased
protein yield, chromatographic methods have been improved and
optimized. It is reported that affinity resin-based chromatography
under acidic conditions led to the complete removal of bacterial
lipopolysaccharides, hence achieving a protein recovery of 91.2% [29]
. In their following research, Sheraba et al. [30] suggested that heat
activation at 70-80°C together with endotoxin-specific buffers should



Kala, et al.: AI-Driven Nano-Drugs for Snakebite Management 2026;14(4):54-66 57

be used so that the interference in the limulus amebocyte lysate assay
caused by (1—3)-f-D-glucans is as minimal as possible. Therefore,
further emphasizes the need for proper pH and ionic strength for
endotoxin detection and removal.

A major concern in antivenom production is the need to standardize
quality control protocols. Differences in venom and antivenom research
methods remain insufficiently harmonized at the international level [31].
They suggested that while the potency of the antivenom remained stable,
vigilance in the post-market surveillance is necessary to ensure uniform
safety and efficacy across manufacturers [32]. They also assessed
19 samples of snake antivenom from different manufacturers. They
reported that while most products complied with the endotoxin limits set by
the pharmacopoeia, there were a few that exceeded these limits. It indicates
that the antivenom might have become contaminated during the production
process rather than during storage. Besides being a confirmation point for
good manufacturing practices (GMP), it is also a reminder that testing for
compliance with the WHO guidelines must be regular.

The advancements in antivenom manufacturing processes have
also been the subject of process intensification. Traditional plasma
processing in horses was optimized using a factorial design. This
approach allowed pepsin digestion at pH 3.2 and 37°C, with an enzyme-
to-protein ratio of 1:15 for 60 min, followed by ammonium sulfate
precipitation (14 g/dL at 56°C or 16 g/dL at 30°C). It is the simplest
method for obtaining the highest yield and purity of the product
[33]. Similarly, Sanchez et al. [34] investigated the applicability of
dynamic body feed filtration (DBF) for antivenoms obtained via
caprylic acid precipitation. Pilot-scale studies have shown that DBF
with C1000 diatomite at 90 g/L can remove 50 L of plasma batches
from impure batches in a few minutes. This verifies that the technique
is far superior to traditional open filtration in terms of time. It allowed
immunoglobulin recovery/yield to be maintained at approximately
108% while minimizing the risk of microbial contamination.

Furthermore, the closed system that uses a single-use apparatus
makes this particular method a promising, cost-effective, and
GMP-compliant alternative for industrial antivenom production.
Furthermore, antivenom production requires careful attention to
minimize adverse effects associated with complement activation and
endotoxin contamination. Patra et al. [35] tested polyclonal F(ab’), Pan
Africa antivenom batches and reported that these were composed of
approximately 92% IgG/F(ab’),, over 60% venom-specific antibodies,
with low endotoxin levels, and moderate complement activation as
safe cytokine profiles in pre-clinical studies, allowing wide cross-
reactivity. Collectively, the findings highlight the importance of robust
quality assurance in developing antivenoms with enhanced efficacy
and safety.

4. ADVANCES IN THERAPEUTIC PROSPECTS AGAINST
SNAKEBITE

Conventional and modern antivenom therapies against snakebite
include  serum-based therapies, small-molecule inhibitors,
oligonucleotides, small peptides, and nanomaterials. Each type of
therapy has its own advantages and disadvantages.

4.1. Serum-based, Small Molecules and Oligonucleotide-
mediated Therapy

Didelphis marsupialis (common opossum) serum protein DM43 binds
explicitly to SVMPs, effectively inhibiting and neutralizing their
activity. It inhibits venom-induced hemorrhage and tissue damage

in pre-clinical models [36]. PO41 from the serum of Philander
opossum, a metalloproteinase inhibitor of snake venom, results in
binding with high specificity [37]. A novel a-type PLA, myotoxin
inhibitor, agkistrodon nummifer myotoxin inhibitory protein, has been
reported in the plasma of the snake Atropoides nummifer (Mexican
jumping pit viper) [38]. Another PLA, inhibitor in the serum of
Elaphe climacophora (Japanese rat snake) prevents venom-induced
muscle damage [39]. A glycoprotein, gpMuc, from Mucuna pruriens
seeds neutralizes venom-induced damage such as hemorrhage and
coagulopathy [40]. Purification of an SVMP inhibitor (SVMP1i) from
Pichia pastoris was reported previously [41].

Recombinant alpha-type myotoxin inhibitors from Bothrops alternatus
snake venom [42] and C60 (buckminsterfullerene) carbon nanomaterial
have been used for the treatment of snakebite envenomation [43].
Pre-treatment with betulin (triterpenoid) significantly reduces muscle
paralysis and enhances survival rates in mice exposed to Bothrops
jararacussu venom [44]. Inhibitors of LY315920 (Varespladib),
against Group I and I myotoxic PLAs,, are effective in envenomation.
It potently diminishes the phospholipase activity as well as myotoxicity
in both groups of PLAs,, thus indicating that its capacity as a drug
to decrease venom-induced muscle injury can lead to snakebite
envenomation [45-47]. An experiment to determine how LY333013
(methyl-Varespladib), a single oral dose of a PLA  inhibitor, could
save mice injected with neurotoxic venom of Oxyuranus scutellatus
(common taipan) was carried out [48]. Even hours after envenomation,
the mice treated with LY333013 successfully survived venom-induced
paralysis and neurotoxicity. These results highlight the potential of
LY333013 to counteract the lethal effects of venom. It is a promising
therapeutic intervention, particularly as an effective oral therapy [49].
SVMPI, serpin Al, small serum protein o-type PLA2 inhibitor,
[-type PLA2 inhibitor, and y-type PLA2 inhibitor (hepatic inhibitors) have
a dose-dependent effect on envenomation in Sinonatrix annularis [50].
Aqueous extracts and oils of Toona ciliata have antivenom/procoagulant
activities and completely neutralize venom [51].

Researchers have discovered that deoxyribonucleic acid (DNA)
aptamers might be great resources for the development of various types
of antivenom therapy, as they can selectively bind to neurotoxins as
well as the cardiotoxins present in snake venom. These aptamers may
serve as adjuncts or enhance the efficacy of existing antibody-based
antivenoms, as illustrated in Figure 3. The specific DNA aptamers
were selected against o-bungarotoxin from Bungarus multicinctus
(Taiwan Banded Krait) and cobra (Naja atra) through the systematic
evolution of ligands by exponential enrichment (SELEX) method,
using the SELEX, and they bound to target proteins with high affinity
and specificity. In addition, cardiotoxins are recognized as diagnostic
tools [52], whereas oligonucleotide-based therapies offer efficient
and targeted strategies for neutralizing lethal peptide toxins [53].
Marimastat and the 2,3-dimercapto-1-propanesulfonic acid (DMPS)
have shown good results as inducers of SVMP-driven coagulopathy,
although only to a limited extent [54].

High-resolution crystallographic analysis (1.7 A) revealed that
aristolochic acid (AA) binds to D. russelii PLA , illustrating competitive
inhibition (Ki~ 1.18 uM) through hydrogen bonding with the catalytic
residues His48 and Asp49, whereas Trp31 acts as a gate controlling
ligand access [55]. Afterward, Gonzalez Rodriguez e al. [56] confirmed
that AA is the strongest inhibitor of PLA , i.e., the enzyme leading to
venom-induced myotoxicity and hemolysis. According to test results
on Bothrops spp. venom and isolated myotoxins, the maximum
protective effect (85%) was achieved without protein secondary
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structure changes; however, nephrotoxicity still limits safe therapeutic
use. Ascoét and De Waard [57] and Alomran et al. [58] demonstrated
through their experiments with aptamers that these inhibitors inactivate
venom serine proteases and o-neurotoxins, resulting in the restoration
of clotting and partial toxin neutralization both in vitro and ex vivo.

Snake
venom proteins
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membrane
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Figure 3: Schematic illustration of the mechanisms of snake venom

action and therapeutic diversion. (a) DNA aptamers adhere to toxin
surfaces thus blocking receptor engagement (0--Bungarotoxin; PDB
ID: 2BTX bound to the deoxyribonucleic acid aptamer sequence
5’-GCGAGGTGTTCGAGAGTTAGGGCGACATGACCAAACGTT-3);
(b) Small-molecule inhibitors direct venom enzymes such as phospholipase
A, or snake venom metalloproteinases to catalytic pockets, hence blocking
their enzymatic activity (Bothrops pirajai Piratoxin-1 (PrTX-I); PDB ID:
8DND in complex with the synthetic inhibitor Varespladib); (c) Peptide
antagonists locate toxin epitopes to neutralize binding to membrane receptors
(0-Cobratoxin; PDB ID: 6ZFM complexed with a peptide inhibitor). The
combination of these modalities prevents venom constituents from wreaking

havoc on cellular integrity.

An optimized DNA aptamer, referred to as BB3, was developed to
specifically bind to B-bungarotoxin, the primary toxic component
of the venom of B. multicinctus [59]. By SELEX for 14 cycles and
chemical alterations (cutting, 2'-O-methylation, 3’-inverted-dT), BB3
showed high binding ability, resistance to nucleases in plasma, and
extended survival time in mice injected with lethal doses of the toxin.
This highlights the potential of the aptamer as a new and effective
recombinant antivenom solution.

4.2. Peptide Engineering and Functional Optimization

An advance in venom peptide delivery has been the rational
engineering of these peptides, which in turn has had a positive impact
on drug development. CyLoP-1, a cysteine-rich peptide derived from
the nuclear localization sequence of crotamine, was introduced. It was
found to be capable of both penetrating mammalian and plant cells
and selectively killing methicillin-resistant Staphylococcus aureus.
Both direct membrane translocation and endocytosis, which are dual
uptake pathways of disulfide-stabilized peptide folding, depend on
which fibrillogenic region is involved [60]. This phenomenon was
further explained by the identification of nucleolar-targeting peptides,
which are capable of delivering large macromolecular cargos, such as
[-galactosidase, into cells without loss of enzymatic activity [61,62].
These peptides have a strong affinity for anionic lipid membranes
through which they form transient pores, as a result of which the
cargo could move over and at the same time maintain cell viability.
The mechanistic studies of Sieber et al. [63] revealed that crotamine
integrates weakly cation-selective pores in lipid bilayers; therefore,
a mechanistic theory for antimicrobial activity is given. This study
contributes to the understanding of the biological features of Crotalus.
It highlights the continued therapeutic prospects of truncated peptide
fragments by showing that the derivatives of Crotalicidin (Crotalus
durissus) not only exhibit antibacterial and anticancer activities but
also have better selectivity and serum stability. These results led to
recognition as potential therapeutics or diagnostic tools [64-66]. Short

Liposome
(photo sensitive hydrophobic lipids)

. small molecule ' V,H antibody

Sanke venom Y Cell membrane receptor

Figure 4: Graphical representation of liposome-mediated antivenom drug delivery
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peptides capable of inhibiting PLA, activity in Western cottonmouth
venom in vitro were identified using the phage display technique [67].

The classification of venoms as ‘mini drug libraries’ is justified by
successful therapeutics including captopril, eptifibatide, and tirofiban
[68]. These results revealed the potential of venom derivatives, both
enzymatic and non-enzymatic, as new pharmacological agents. The
“serpentides,” a short synthetic peptide with the capability of binding
and neutralizing the effect of oi-cobratoxin on nicotinic acetylcholine
receptors [69]. Data on co-crystallization revealed that these peptides
had properties that allowed them to mimic receptor binding motifs. An
experiment was performed on peptide-enzyme-linked immunosorbent
assays that involved the use of epitopes from a-bungarotoxin and
cardiotoxin A3 [70]. The results showed that the results of the assays
correctly correlated the antibody titers with the neutralization of MN.
atra neurotoxic and cytotoxic effects.

Similarly, Camperi ef al. [71] demonstrated that synthetic peptides can
replace crude venom as safe and effective immunogens. Rodriguez
et al. [72] designed d-ctenitoxin Pn2a-derived peptides that promoted
immune activation and had good cytotoxicity profiles; these peptides
could be used as real immunogens. In parallel, Saladini et al. [73]
developed CDR3 loop peptides from a monoclonal antibody against
Bothrops serine proteases, identifying inhibitors that neutralized
venom thrombin-like enzymes more effectively, with stability
and safety. Chanda et al. [74] advanced this concept by integrating
antibodies against 17 synthetic peptide “epitope strings,” significantly
enhancing the neutralization of enzymatic activity against B. caeruleus.
Hence, guaranteeing that they would form the basis of synthetic
peptide-based antivenoms that have high specificity, and therefore,
are less immunogenic than regular serum therapies. Peptide-based
neutralization of the snake venom proteins is shown in Figure 3.

4.3. Nanomaterial-based Therapy

Engineered nanoparticles, which are designed to mimic cell
membranes, efficiently bind and sequester venom components,
thereby diminishing their ability to interact with cellular targets and
neutralize their toxic effects [75]. Montanide adjuvants — IMS 3012
(nanoparticle-based), ISA 35, and ISA 206 (emulsion-based) have
been shown to effectively hyper-immunize equines, facilitating the
production of biocompatible polyvalent snake antivenoms [76].
The development of polymer-based antidotes (Melittin) is aimed at
efficiently sequestering toxins by binding and neutralizing them in the
bloodstream, thereby mitigating their harmful effects. These polymers
show strong potential as alternative or complementary approaches to
conventional antivenom therapies for toxin neutralization [77].

Synthetic polymer nanoparticles from corona proteins enable
broad-spectrum sequestration and neutralization of venomous
biomacromolecules (PLA,) by modifying the surface properties of
these nanoparticles [78]. Hydrogel nanoparticles were designed with
high affinity for binding toxic venom components (PLA, and 3FTX)
and successfully inhibited Naja nigricollis venom-induced cell death
and tissue damage, significantly reducing dermonecrosis [14]. Venom-
loaded chitosan nanoparticles induced a potent antibody response
against C. durissus cascavella venom in mice and thus acted as an
immune-adjuvant [79]. Nano-hydroxyapatite pickering emulsions
used as adjuvants to increase the antibody response against Bothrops
asper venom exhibit excellent physical properties, including uniform
particle distribution and high stability [80].

These findings demonstrated that chitosan nanoparticles could be
effective immune-adjuvants for antivenom production by Bothrops.
It has a high venom encapsulation efficiency, stability, and high
antibody titers in mice similar to aluminium hydroxide, but with
lower antigen doses and minimal inflammatory responses [81]. These
findings indicate that chitosan nanoparticles are a safer, controlled-
release system with the possibility of being used in the production
of antivenom on a large scale. Delving into futuristic antivenom
creation through nano-fractionation methods is a strategy that allows
one to be very specific when identifying venom toxins, especially
those disrupting blood coagulation [82]. Singh et al. [83] can be
considered another source that is in good harmony with these results,
as they revealed the environmentally friendly synthesis of ~35 nm
silver nanoparticles (AgNPs) with Dryopteris cochleata extract,
which dramatically improved both PLA, inhibition and venoms;
therefore, these nanoparticles can significantly facilitate the delivery
of phytochemical-based antivenom formulations. Furthermore,
this approach, which uses molecules with better pharmacokinetic
properties, becomes the rationale for making antivenom therapies
more selective, efficient, and hence leads to the alleviation of
snakebite victims. The AgNPs-mediated bark extract of Alstonia
scholaris demonstrated promising venom neutralization potential [84].
Curcumin-based AgNPs were employed to counteract the toxic effects
of Philodryas olfersii venom [85].

The utilization of cationic nanoparticles as biocompatible immune-
adjuvants has been shown to increase serum production and
strengthen the immune response against B. jararaca venom [86].
AgNPs-mediated saponins derived from Quillaja saponaria bark
extract demonstrated significant venom-neutralizing efficacy against
Vipera russelli [87)]. Hence, nanobody-based drugs are more potent
than conventional antivenom, as recently reported [5]. A nano-
formulation of an oligoclonal mixture of eight polyvalent recombinant
antivenoms was able to neutralize the venom of 18 snakes, including
Jameson’s mambas (Dendroaspis jamesoni, Dendroaspis viridis, and
Dendroaspis polylepis), rinkhals (Hemachatus haemachatus), and
Naja spp. (species of anchietae, annulifera, ashei, haje, katiensis,
melanoleuca, mossambica, nigricincta, nigricollis, nivea, nubiae,
pallida, and senegalensis under the genus Naja). This study highlights
the promising potential effects of nano-antivenoms for snakebite
management. The list of various globally available antivenoms is
given in Table 1.

The immune-protective effects of synthetic epitopes encapsulated in
synthetic peptides trapped in liposomes against the lethal venom of
C. durissus. It showed that the synthetic epitopes successfully elicited
a strong immune response and provided significant protection against
the lethal effects of the venom for snakebite immunotherapy [105].
Encapsulation of antivenom components in nanoparticles improves
their stability, controlled release, and pharmacokinetics [106].
Furthermore, squalene oil-in-water emulsions have demonstrated
better efficacy against viperid venoms than other agents [107].

5. CHALLENGES IN AI-BASED PROTEINS AND NEXT-
GENERATION ANTIVENOMS

Moreover, the use of machine learning and Al-based modeling, as in
the case of mini-protein binders, can be a source of rapid generation and
optimization of therapeutic molecules. Using this approach to design
proteins that neutralize snake venoms provides a faster, cheaper, and
more efficient alternative to traditional animal-derived antivenoms.
Al recently contributed to the invention of synthetic antivenom in
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Table 1: Physiochemical properties of some available commercial global antivenoms.

S.No. Name of the antivenom Formulation Snake species covered Type Country References
1 EchiTAb-Plus-ICP 1gG West African vipers (Echis spp., Bitis spp., and  Monovalent  Africa [88]
Naja spp.)

2 Antivipmyn Africa F (ab’), African vipers Polyvalent Africa [89]

3 CSL antivenoms 1gG Australian snakes (brown, tiger, taipan) Polyvalent Australia [90]

4 Bothropic-crotalic antivenom  IgG/F (ab’), Bothrops, Crotalus, Micrurus, Lachesis Polyvalent Brazil [91]

5 Antivipmyn TRI F (ab’, Bothrops, Lachesis, Crotalus species Polyvalent Central/South America [92]

6 PoliVal-ICP (Costa Rica) 1gG Bothropic, crotalic, lachesic Polyvalent Costa Rica, Central [93]

America

7 Snake antivenin F (ab’), Cobra, Krait, Russell’s viper, Saw-scaled viper ~ Polyvalent India [94]

8 Snake venom antiserum F (ab’), Cobra, Krait, Russell’s viper, Saw-scaled viper ~ Polyvalent India [95]

9 Sii polyvalent anti-snake F (ab”), Indian cobra, Russell’s viper, saw-scaled viper ~ Polyvalent India [96]

10 ASVS F (ab’), Cobra, Krait, Russell’s viper, Saw-scaled viper ~ Polyvalent India [97]
(Snake Venom Antiserum)

11 SL PAV Bl1, B2 F (ab’), South Asian vipers, cobras (PoliVal-ICP) Polyvalent Sri Lanka [98]

12 Neuro polyvalent snake F (ab”), Neurotoxic snake species (Kraits, Cobras) Polyvalent India, South Asia [99]
antivenin

13 Antivipmyn Fab fragments Latin American pit vipers Polyvalent Latin America [100]

14 SAIMR polyvalent F (ab’), Black mamba, Green mamba, Puff adder Polyvalent South Africa [101]
antivenom

15 Serum Bisa Ular Antivenom  F (ab’), Southeast Asian venomous snakes Polyvalent Southeast Asia [102]

16 Fav-Afrique F (ab’), African vipers, elapids, cobras Polyvalent Sub-Saharan Africa [103]

17 CroFab Fab Cottonmouth, rattlesnake, diamondback Polyvalent United States of [104]

America

IgG: Immunoglobulin G.

the form of computationally designed mini-proteins, or “binders,”
which were fabricated with the RFdiffusion (RoseTTAFold Diffusion)
tool [108]. These binders are designed to neutralize key venom toxins,
including three-finger toxins, neurotoxins, and tissue-damaging
enzymes. They provide protection in murine models and exhibit heat
stability, which is important for use in hot, resource-limited regions
affected by snakebites. However, their effectiveness decreases when
tested with whole venom, and tissue protection remains limited in
some species, such as N. nigricollis. Thus, binder cocktails designed
for local snake fauna may provide a more practical solution [109,110].
Figure 5 shows the methodology used for Al-based antivenom protein
design and synthesis.

This methodology was further extended by implementing deep
learning-guided de novo protein design (RFdiffusion + ProteinMPNN/
AlphaFold2 [AF,]) for the production of highly stable binders that
target three-finger toxin subfamilies, i.e., short and long-chain
o-neurotoxins, and cytotoxins. The neurotoxin binders (SHRT
and LNG; Kd ~0.7-6.7 nM) were able to efficiently block nAChR
inhibition by o-cobratoxin and ScNtx at almost stoichiometric ratios
efficiently, and hence mice challenged with 3 x LD, toxins were
provided with 100% survival, whereas the cytotoxin binder (CYTX;
Kd ~271-740 nM) only managed to prevent keratinocytes in vitro
from being attacked by the toxin but was of a minor extent in vivo
against dermonecrosis, thereby, mainly used to indicate the necessity
of affinity and pharmacokinetic optimization [111]. Structural analysis
has validated the interactions between the computationally designed
binder and toxin with almost atomic precision. In essence, these results
indicate the possibility of an affordable, stable, and usable antivenom
in the field being synthesized from the next generation, with further
development relying on increasing the binder range, improving

AI program
Al-driven (RFdiffusion) program create synthetic
miniproteins act as an antivenoms

Data of th: finger toxins &
proteins fed into the AI program

Synthetic
miniprotein miniproteins binds with
/ snake venom protein

(eg.: neurotoxins)

Z<EO0ET<

P

Figure 5: Schematic workflow of artificial intelligence-driven protein design
(RFdiffusion), which utilizes structural and sequence data from three-finger
snake toxins and a-neurotoxins to generate compact synthetic miniproteins.

These designed binders neutralize venom toxins, representing a promising

next-generation strategy for antivenom development and victim protection.

combinations, verifying safety and effectiveness through clinical
trials [112-117]. Among the in silico tools, only two, namely AF, and
ColabFold, while the former was better than the latter, were found to
yield appropriate results for antivenom development in the case of
snake bites. Kalogeropoulos et al. [118] described the above two tools
after screening approximately 1000 toxins. While this approach can
generate highly precise drug molecules, it offers limited options for
antivenom development. This finding indicates that such Al-based
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Figure 6: Schematic representation of antivenom research and the developmental landscape of next-generation antivenom strategies across translational stages.

tools also have limitations and challenges. Al-based development of
the next generation of antivenoms is strongly believed to minimize and
tackle the deadly snake venoms.

6. ADVANTAGES AND CHALLENGES FOR NEXT-
GENERATION ANTIVENOMS

Small molecules, serum proteins, and recombinant inhibitors are
the agents that selectively block the venom enzymes such as PLAs,
and metalloproteinases in order to stop bleeding, neurotoxicity, and
tissue necrosis. Compounds such as varespladib and its oral analog
LY333013, along with serum inhibitors such as DM43 and PO41,
show high selectivity, cross-species activity, and stability, and in some
cases can be administered orally as first-aid treatments. However,
their function is typically confined to specific toxin groups, and
consequently, they offer less systemic protection than polyclonal
antivenoms. Recombinant antibodies can partially solve the problem
of limited spectrum coverage by having wider and adjustable toxin
coverage. Still, they are more complex and expensive to produce.

Oligonucleotide-based methods, such as DNA aptamers, short
peptides, and small-molecule inhibitors, offer more accuracy to the
extent that they selectively bind to neurotoxins, cardiotoxins, and
PLA,. For instance, aptamers manufactured by SELEX exhibit strong
binding to o-bungarotoxin and are used in diagnostic devices for
quick toxin detection. Peptides from phage display, inhibitors such as
Marimastat or DMPS, and nanoparticle-assisted phytochemicals are
a few examples of the additional potential that these can demonstrate
for targeted neutralization. Although these approaches provide high
selectivity, reproducibility, and low immunogenicity, they are limited
by a narrow toxin range, short half-life in circulation, and potential
toxicity risks such as AA-induced nephrotoxicity. Similar to small
molecules, these oligonucleotide-based drugs are the most suitable as
a complement to the therapeutic arsenal to widen it, instead of being
substitutes only.

In addition to these next-generation innovations, liposome,
nanomaterial, peptide, and Al-based strategies are also the ones to
come. Nanoparticles such as liposomes and polymers are capable of
not only stabilizing drugs but also controlling release and enhancing
immune response. At the same time, engineered nanomaterials could
be very effective in venom sequestration or in co-injection forming
as they are good adjuvants. Peptides created through a rational
design (e.g., crotalicidin derivatives, “serpentides”) and aptamer-
peptide hybrids exhibit extremely high toxin-binding activity and
low immunogenicity. The newest breakthroughs in Al have given the
ability to create synthetic mini-protein “binders” that are very selective

in the deactivation of the conserved venom toxins and possess
thermal stability and scalability. The main benefit of these methods
is specificity, stability, and delivery potential, to which limitations in
terms of narrow toxin coverage, occasional nanomaterial toxicity, and
lack of clinical validation are added. Similar to the other alternatives,
they can be seen as complementary platforms that have the potential
not only to become one step further but also to make the therapy of
snakebite, based on antibodies, more effective.

To ensure that cases treated with traditional or recombinant antivenom
are not left out, combinations with adjunctive therapies are now the
major sources of patients’ chances increasing, especially in very
distant places or where resources are limited. The combination of
omics technologies and computational platforms is rapidly developing
venom research and antivenom design. Antivenomics driven by
proteomics allows the mapping of the detailed antivenom cross-
reactivity, thereby guiding a rational immunogen formulation and
improving toxin coverage [Figure 6].

7. FUTURE ASPECTS OF SNAKEBITE MANAGEMENT
AND DRUG DESIGN

Snake venom is a highly adaptive ecological trait that changes with age,
diet, habitat, and geography, thus reflecting the evolutionary strategies
that snakes use for predation. It is not uncommon for juvenile and
adult snakes to have different feeding behaviors, in which molecular
adjustments in venom composition are affected correspondingly.
Local variations, which are influenced by the diversity of ecology
and evolutionary pressures, among other factors, also highlight the
necessity of precise and adaptable treatment approaches. Changes
in genomic and proteomic technologies have greatly contributed to
our knowledge of venom diversity and have enabled the creation of
personalized immunotherapies that are tailored to species-specific
venoms and patient responses. First region-specific antivenoms are the
best option because they are more effective and safer than polyvalent
formulations. Therefore, establishing reliable stockpiles and well-
coordinated distribution systems, particularly in high-risk and
underserved regions, will be essential to reducing delays in treatment.
In general, these measures, including molecular innovations and
improvements in healthcare infrastructure, are expected to transform
snakebite management by reducing mortality and improving recovery
outcomes.

The recent developments in therapeutic methods include monoclonal
antibodies, nanobodies, DNA aptamers, and peptide therapies, which
all provide more specificity and fewer side effects than conventional
antivenoms do. Furthermore, research into small molecules, adjuvant
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drugs, and nanoparticle-based delivery systems is gaining momentum
as they provide increased stability, accuracy, and controlled
release. Moreover, the research results related to heparin and other
similar substances reveal their role in diminishing venom- induced
tissue suffering, thus they constitute an important group of novel
adjunctive treatments. One key factor behind the development of
effective antivenoms is the collaboration among researchers, medical
practitioners, and the pharmaceutical industry. First, standardizing
venom extraction and production processes, along with the use of
more sustainable methods such as recombinant DNA technology,
would contribute to both the quality and availability of antivenoms.
Moreover, at the health care level, the implementation of training
programs and the design of rapid diagnostic kits adapted to local snake
species will guarantee more timely and correct interventions.

Envenomation caused by snakebite remains a major public health
concern in tropical and subtropical regions. Challenges related to the
production, availability, accessibility, and cold-chain maintenance
of antivenoms persist globally, and the increasing diversity of snake
venoms further complicates effective treatment. To address the
limitations of conventional snakebite therapies, recent advances
in Al-based screening and peptide prediction, along with nano-
biotechnological approaches for antivenom development, are being
extensively explored. In this review, we highlight the latest progress
in antivenom research, from traditional serum-based therapies to
cutting-edge strategies such as nanobody-based antivenoms, liposomal
delivery systems, natural compound-derived nanomaterials, DNA-
based interventions, and Al-driven protein and peptide therapeutics.

8. CONCLUSION

To successfully fight against snake envenomation, a complete strategy
that combines more than just scientific research but also traditional
knowledge is needed. Many studies have periodically analyzed the
composition of snake venom and created corresponding antidotes;
however, many obstacles remain regarding the production, distribution,
and accessibility of effective treatments. New therapies such as
oligonucleotides (messenger ribonucleic acids), recombinant engineered
antibodies, nanobodies with or without encapsulation, and targeted
small molecule inhibitors are expected to contribute significantly to the
efficiency of snake antivenoms. In addition, improved surveillance, the
enactment of more stringent regulatory measures, and more vigorous
publichealthinitiatives are vital in overcoming the difficulties in snakebite
management that the present data gaps represent. Collaboration among
healthcare professionals, researchers, and policymakers is essential to
ensure timely and accessible treatment, reduce snakebite incidence, and
improve recovery outcomes in affected communities. Sustained funding
for research and the development of accessible therapeutic options will
play a crucial role in addressing this neglected public health crisis and
protecting vulnerable populations worldwide.
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