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ARTICLE INFO ABSTRACT

Handling Editor: Ray Norton The timely administration of antivenom is the most effective method currently available to reduce the burden of

snakebite envenoming (SBE), a neglected tropical disease that most often affects rural agricultural global pop-

Keywords: ulations. There is increasing interest in the development of adjunctive small molecule and biologic therapeutics
ir?keb‘te that target the most problematic venom components to bridge the time-gap between initial SBE and the
ljunctive

administration antivenom. Unique combinations of these therapeutics could provide relief from the toxic effects
of regional groupings of medically relevant snake species. The application a PRISMA/PICO literature search
methodology demonstrated an increasing interest in the rapid administration of therapies to improve patient
symptoms and outcomes after SBE. Advice from expert interviews and considerations regarding the potential
routes of therapy administration, anatomical bite location, and species-specific venom delivery have provided a
framework to identify ideal metrics and potential hurdles for the development of a field-based medical device
that could be used immediately after SBE to deliver adjunctive therapies. The use of subcutaneous (SC) or
intramuscular (IM) injection were identified as potential routes of administration of both small molecule and
biologic therapies. The development of a field-based medical device for the delivery of adjunctive SBE therapies
presents unique challenges that will require a collaborative and transdisciplinary approach to be successful.
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1. Introduction

The idea of developing novel therapies for the treatment of snakebite
envenoming (SBE) has existed ever since humans have recognized that a
bite from a venomous snake causes a host of negative physiological ef-
fects that may ultimately lead to a painful and rapid death. The ancient
Roman physician Galen who may have attended to Cleopatra’s death
wrote, “human and prompt executions were made in Alexandria with
the intervention of cobras” and “there is nothing more dangerous in life

than poisons, and the bites of noxious animals ... one may avoid most
dangers by fleeing from them, but poisons and venomous animals are
treacherous enemies, since, if one is careless, he can take poison by
mistake, or he falls victim to a quick bite without warning.“(Kuhn, 2011)
The symbol of the snake has impacted medical symbology from Greek
and Roman times becoming first the entwined snake around the Rod of
Asclepius, the Greek God of healing and medicine, and later the a
ubiquitous medical symbol known as the caduceus(Tsoucalas and
Androutsos, 2019), and many ancient cultures detailed the specific

Abbreviations: Ach, acetylcholine; AChE, acetylcholinesterase; BMI, body mass index; BPPs, bradykininpotentiating peptides; BUC, buccal; CL, clearance; Cpax,
maximum concentration in plasma; CRISPs, cysteine-rich secretory proteins; DMPS, 2,3-dimercapto-1-propanesulfonic acid; DNA, deoxyribonucleic acid; EDTA,
ethylene-diaminetetraacetic acid; ELISA, enzyme linked immunosorbent assay; EMS, emergency medical systems; ETT, envenoming therapy timeline; F, bioavail-
ability; Fab, fragment antigen binding; F(ab"),, divalent antibody fragment; FcRn, neonatal Fc receptor; FDA, Food and Drug Administration; IA, intra-arterial; IART,
intra-articular; ID, intradermal; IgG, immunoglobulin G; IM, intramuscular; INH, inhalation; IP, intraperitoneal; IT, intrathecal; IV, intravenous; kDa, kiloDaltons;
LAAO, L-amino acid oxidases; MMP, matrix metalloproteinase; nAChR, nicotinic acetylcholine receptor; NAS, nasal; NGF, nerve growth factor; PD, pharmacody-
namics; PDE-5, phosphodiesterase 5 inhibitors; PICO, Population, Intervention, Comparison, Outcome; PK, pharmacokinetics; PLA,s, phospholipase A,s; PO, oral;
PRISMA, Preferred Reporting Items for Systematic reviews and Meta-Analyses; REC, rectal; RNA, ribonucleic acid; SBE, snakebite envenoming; SC, subcutaneous;
scFv, single-chain variable fragment; SL, sublingual; SNACLECs, C-type lectin-like proteins; SVMPs, snake venom metalloproteinases; SVSPs, snake venom serine
proteases; t;,5, elimination half-life; TD, transdermal; TOP, topical; TTD, tetraethyl thiuram disulfide; USFDA, United States Food and Drug Administration; Vg,
volume of distribution; Vy, variable heavy chain; VyH, Variable Heavy domain of Heavy chain (nanobodies); WHO, World Health Organization; 3FPs, three finger
fold proteins; 3FTXs, three-finger toxins.

* Corresponding author.
E-mail address: wernerro@gvsu.edu (R.M. Werner).

https://doi.org/10.1016/j.toxcx.2023.100169

Received 31 May 2023; Received in revised form 27 July 2023; Accepted 12 August 2023

Available online 19 August 2023

2590-1710/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:wernerro@gvsu.edu
www.sciencedirect.com/science/journal/25901710
https://www.journals.elsevier.com/toxicon-x
https://doi.org/10.1016/j.toxcx.2023.100169
https://doi.org/10.1016/j.toxcx.2023.100169
https://doi.org/10.1016/j.toxcx.2023.100169
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxcx.2023.100169&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R.M. Werner and A.N. Soffa

effects of bites from particular snake species as well as potential rem-
edies to prevent the negative outcomes from such bites(Sanchez and
Harer, 2019; Scarborough, 1977; Slouber, 2012, 2016; Walker-Meikle,
2014). Once such ancient remedy, Theriac, was touted as a “universal
antidote” for a variety of diseases, toxins, and snakebites and included
ingredients such as opium and snake flesh(Karaberopoulos et al., 2012).
Ancient remedies often attempted to reduce the negative effects of snake
venom or to draw venom out of the local wound site, and in some cases
amputation of an affected extremity was used.

It was not until the simultaneous development of species specific
antivenoms in 1894 by Calmette, Phisalix and Bertrand, that a highly
effective remedy for SBE became available(Calmette, 1894; Phisalix and
Bertrand, 1894). The history of antivenom development has been
recently reviewed(Pucca et al., 2019). Antivenom research over the last
130 years has revealed how to produce these immunologic derived
antivenoms on a large scale at a reasonable economic cost, that intra-
venous (IV) administration of species-specific antivenom can be highly
effective by providing rapid systemic distribution resulting in significant
reductions in morbidity and mortality, and that despite their advan-
tages, antivenoms still possess limitations as a treatment for SBE.

SBE primarily affects poor rural communities of Southeast Asia, sub-
Saharan Africa, and South America where agricultural activities and low
socioeconomic conditions contribute to increases in snake-human
interaction(Harrison et al., 2009). For millions of people around the
world, the risk of SBE is a daily concern. Global estimates reveal that
approximately 500,000 individuals either die or are disfigured on an
annual basis as the result of SBE(Gutiérrez et al., 2017). When one
considers the effects of SBE on family units and communities, the
number of affected individuals increases into the millions. Studies from
India(Bawaskar et al., 2008; Bawaskar and Bawaskar, 2002; Chaaitha-
nya et al., 2021; Darshani et al., 2021; Kadam et al., 2021; Suchithra
et al., 2008), Southeast Asia(Patra and Mukherjee, 2021; Schioldann
et al., 2018), Africa(Benjamin et al., 2020a; Blaylock, 2005; Chippaux,
2011; Chippaux et al., 2019; Godpower et al., 2019; Iliyasu et al., 2015;
Chuat et al., 2021; Moos et al., 2021; Steinhorst et al., 2021), and South
America(Cristino et al., 2021; Gutiérrez, 2014; Hansson et al., 2013;
Magalhaes et al., 2019; Ochoa-Avilés et al., 2020) reveal that rural
agricultural communities bear the largest burden of SBE. These regions
possess unique factors that lead to increased vulnerability to the con-
sequences of SBE including a high density and variety of venomous
snakes coupled to with inequalities in health care and a lack of access to
effective therapy(Longbottom et al., 2018).

In 2017, the World Health Organization (WHO) classified SBE as a
neglected tropical disease and subsequently in 2019, they presented an
integrated strategy with the overarching aim of reducing the global
burden of SBE 50% by the year 2030(Lancet, T., 2017; Williams et al.,
2019; World Health Organization, 2019). The major focus of the WHO
strategy to address the global burden of SBE, is to foster increases in
global production and testing of polyvalent antivenom on a regional
basis and to improve access to quality health care and facilities that
stock appropriate regional antivenoms. However, the WHO strategy also
recognizes that antivenom has limitations as a treatment for SBE(World
Health Organization, 2019). Antivenoms are typically produced from
horses, donkeys, goats, or sheep, and thus can cause life-threatening
adverse reactions in humans. Additionally, antivenom does not reverse
some of the negative impacts of venom components such as local tissue
necrosis as well as kidney and organ damage, particularly if adminis-
tered many hours after the SBE has occurred. All antivenoms must be
administered via intravenous (IV) injection as “serotherpy” because they
are rendered inactive by the acidic and enzymatic conditions found in
the gut. Antivenoms may have issues related to folding instabilities,
aggregation or solubility when produced in lyophilized form. When in
liquid form, antivenoms require cold chain storage, a luxury often not
available in many tropical or sub-tropical regions with high SBE
burdens.

As a result of these limitations and the fact that many SBE victims
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lack access to timely antivenom therapy, the WHO recommends that a
strategy to “accelerate the development of pre-hospital treatments”
should be pursued to help reduce the global burden of SBE(World Health
Organization, 2019). The WHO’s strategy recognizes that there is an
urgent need to bridge the time-gap between an SBE event in the field and
subsequent administration of IV antivenom. It is well established that
delays in the administration of antivenom lead to increases in mortality
and morbidity related to SBE(da Silva Souza et al., 2018; Gutiérrez et al.,
2021b; Habib and Abubakar, 2011; Iliyasu et al., 2015; Longbottom
et al., 2018; Michael et al., 2017; Pintor et al., 2021). Thus, the suc-
cessful treatment of SBE with antivenom becomes a race against time
that is guided by the mantra, “Time is Tissue”, as the severity of venom
effects are proportional to the elapsed time between envenoming and
when antivenom can be administered(Boyer et al., 2015). This paper
focuses on a strategy to bridge this time-gap by examining consider-
ations for the development of a field-based medical device that could be
used to deliver adjunctive SBE therapies immediately after a bite has
occurred.

2. Envenoming therapy timeline (ETT)

When an individual is bitten by a venomous snake, a time-sensitive
cascade of events rapidly ensues(Cristino et al., 2021). The longer it
takes for an SBE victim to receive IV antivenom the more likely that
disfigurement or death will result(Boyer et al., 2015; Iliyasu et al.,
2015). The only therapy that has scientifically validated efficacy for
treating SBE in humans is the administration of either species-specific or
polyvalent antivenom (see section 4.4.2 describing the differences be-
tween these two types of antivenom). Administration of IV antivenom
thus represents the “gold-standard” for SBE treatment(Bénard-Valle
et al., 2015; Gutiérrez et al., 2017). The post-SBE journey to treatment
can be described as the envenoming therapy timeline (ETT) that can be
divided into five stages (Fig. 1). Mortality and morbidity related to SBE
could be reduced by bridging the time gap between initial SBE and the
administration of IV antivenom with the field-based administration of
adjunctive therapies during Stage 1 (and possibly Stage 2) of the ETT.

The first stage of the ETT represents the short time interval (~10
min) immediately following SBE. Approaches such as the application of
a tourniquet, excision and vacuum extraction, cryotherapy, the appli-
cation of herbal remedies or snakestones by traditional healers, and even
amputation have been utilized during this stage (see section 3.2 for
further discussion). These approaches ultimately result in negative
outcomes and delay of IV administration of IV antivenom(Bénard-Valle
et al., 2015). Best practices for the proper administration of first aid to
an SBE victim during this stage are presented in Section 3.1. It has been
proposed that Stage 1 of the ETT would be an ideal time to administer
adjunctive therapeutic agents to inactivate, bind or destroy the harmful
components of the venom thus reducing their negative effects while the
victim is prepared to travel to a medical facility (Gutiérrez et al., 2007).
Much of this paper will focus on providing evidence for this approach
and considerations for the development of methods to deliver such
therapies in a field-based setting. The administration of pre-hospital
therapies should not significantly delay when the victim begins their
journey to a medical facility with appropriate regional antivenom and
should not be viewed as a “cure” for snakebite or discourage a victim’s
journey to a medical facility for appropriate care.

The second stage of the ETT is transporting the SBE victim to an
appropriate medical facility for IV antivenom therapy. As encounters
with venomous snakes are typically in rural environments, SBE victims
seeking medical care must then begin a lengthy, stressful, and arduous
journey typically by foot, boat, motorcycle, or other vehicle(Hansson
et al., 2013; Longbottom et al., 2018; Potet et al., 2021). On a global
perspective, it is estimated that approximately 95% of those in areas
with endemic medically relevant snakes reside more than 1 h travel time
to a medical facility with the ability to administer antivenom(Long-
bottom et al., 2018). For example, studies performed by the Asclepius
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Envenoming Therapy Timeline (ETT) — “Time is Tissue?,
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Fig. 1. Envenoming therapy timeline (ETT), representing the five stages along the timeline required for post-SBE treatment. Stage 1: victim and wound stabilization
during the first 10 min after SBE represent an ideal pre-hospital treatment window, Stage 2: the variable time required for victim transport to reach a medical facility
that stocks regional snake antivenom, Stage 3: the time required for victim assessment by trained medical personnel at a hospital facility, Stage 4: the variable time
for the administration of IV antivenom, and Stage 5: the variable time required for post-therapy assessment and follow-up.

Snakebite Foundation, an organization that treats SBE victims in West
Africa, show that SBE victims most often travel by motorcycle on a
journey taking up to several days to receive medical care, with an
average transit time of 8 h(Brandehoff, 2022). This example illustrates
that the method of transport may not allow for a victim to be immobi-
lized properly for the duration of travel (see section 3.1). Ideally,
adjunctive therapies administered during Stage 1 would reduce the
destructive effects and systemic spread of venom toxins during travel.
Depending on the method of transport, one could also envision the
administration of additional adjunctive therapies during this travel
phase, recognizing that logistical complications may make this
impossible.

The third stage of the ETT begins with the arrival of the SBE victim at
a medical facility with appropriate regional antivenom in stock where
initial patient assessment by qualified medical staff can begin. Arrival at
such a facility does not represent the end of the ETT as delays are often
encountered while a patient is assessed for signs of envenoming
including pain, swelling, and ptosis(Benjamin et al., 2020b; Gutiérrez
et al., 2017). The use of ELISA-based venom detection kits could be used
to confirm envenoming, but these are only widely available in Australia
(Theakston and Laing, 2014). In addition, preliminary blood coagulop-
athy tests may be performed and attempts may be made to identify the
species of snake to allow for the appropriate choice of antivenom
(Benjamin et al., 2020b). During this time, an IV line should be estab-
lished to obtain blood samples, measure baseline indicators, and to
determine if blood coagulability issues exist. The IV line may also be
used to provide supportive therapies or pain management as well as for
the administration of antivenom if indicated(Gutiérrez et al., 2017).
Adjunctive therapies to antivenom could be administered during this
stage, but if the time duration of Stages 1 and 2 is significant, their effect
may be attenuated (see section 4 for further discussion).

The fourth stage of the ETT involves the preparation and adminis-
tration of antivenom to the SBE patient. In cases where lyophilized an-
tivenom must be reconstituted under sterile conditions, additional
delays of between 30 and 60 min may occur(Gerardo, 2021). Adminis-
tration of IV antivenom can be a slow process often taking many hours
depending on the severity of symptoms and the required dosage.
(Brandehoff et al., 2023) Patients must be monitored for adverse re-
actions over the course of antivenom treatment. Such reactions can be
reduced by the administration of adrenaline(de Silva et al., 2011;
Gutiérrez et al., 2017). Organ and system failures must be detected and
treated early in during Stage 4 of the ETT.

The fifth and final stage of the ETT involves continued patient
assessment, often for several days or even weeks to monitor potential
antivenom related serum sickness or persistent blood coagulopathy is-
sues and to assess wound healing(Boyer et al., 1999). Longer term

rehabilitation may be needed in cases of amputation or debilitation, and
many patients experience significant mental health effects including
post-traumatic stress disorder that may require additional counseling
and therapy(Bhaumik et al., 2020; Williams et al., 2011b).

3. Treatment strategies for SBE
3.1. Best practices for first aid management of SBE

First aid intervention strategies for SBE have a complex history that
has evolved over the last century, and bites are rare enough that few
have sufficient training regarding the most effective ways to render first
aid for SBE. Outcomes are improved with knowledge of basic SBE first
aid, awareness of resources for obtaining help, and avoidance of prac-
tices that cause more harm than good. The most important consideration
is that first aid should stabilize the victim for ultimate transport to the
closest medical facility with regional antivenom as quickly as possible.
Fundamental actions that improve victim health and survival immedi-
ately after SBE include calming the victim to reduce heart rate and
venom spread, splinting affected extremities to further limit the spread
of venom through hemodynamic stabilization, maintaining the airway,
and in the case of elapid envenoming(Sutherland et al., 1979), the
proper application of pressure-immobilization bandages/pads(Rogers
and Winkel, 2005). It should be noted that pressure immobilization may
not be recommended for crotalid (viper) bites(Bush et al., 2004; Seifert
et al., 2011). Here we present currently recommended best practices as
summarized in several recent reviews and publicly available resources
(Avau et al., 2016; Benjamin et al., 2020b; Hamza et al., 2021; Par-
ker-Cote and Meggs, 2018; World Health Organization, 2016; Warrell
and Williams, 2023).

Guidelines for first aid administered to an SBE victim (adapted from
WHO recommendations) (World Health Organization, 2016).

1) Move victim away from the snake that caused the bite.

2) If possible, carefully determine species of snake (take photos if
possible) but do not risk harm or waste time doing so.

3) Reassure and calm the victim by stating that dry bites are com-
mon and most venomous snakebites do not cause immediate
death.

4) Remove tight objects from the body to avoid harm if swelling
occurs.

5) If supplies and training permit, apply a pressure immobilization
pad/bandage if an elapid bite is confirmed or cannot be excluded.

6) Immobilize the victim completely on their left side in the recov-
ery position in case of vomiting. Minimize movement of affected
limb with splint or sling.
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7) Where available, contact emergency services, poison control
centers or make inquiries on internet or with local residents for
advice about nearby health facilities most capable of adminis-
tering palliative care and antivenom.

8) Carefully transport victim to closest appropriate medical facility
as soon as possible.

9) Monitor airway and breathing and resuscitate if necessary.

10) If available, paracetamol (acetaminophen) may be given for se-
vere pain.

3.2. Ineffective pre-hospital intervention strategies for SBE

Recommendations for treatment of SBE during the mid-1900s were
generally directed towards inactivating, removing or slowing the action
of venom near the local site of envenoming, and preventing systemic
spread of toxins using tourniquets (Blackman and Dillon, 1992; Pope
and Peterson, 1946; Russell, 1967). First aid techniques that are at best
questionably effective or, at worst, severely detrimental, have been
reviewed(Bénard-Valle et al., 2015; Fry, 2018; Parker-Cote and Meggs,
2018). These discouraged methods include the use of immediate
autotomy (self-amputation)(Bénard-Valle et al., 2015), tourniquets
(Amaral et al., 1998; Bush and Kinlaw, 2015), suction devices(Alberts
et al., 2004; Bush, 2004; Bush et al., 2000; Holstege, 2006), incisions
(Hall, 2001), cryotherapy(Canul-Caamal et al., 2020; Frank, 1971),
electric shock(Howe and Meisenheimer, 1988; Johnson et al., 1987),
“medicinal” stones(Baldwin, 1995), and herbal or traditional remedies
(Puzari et al., 2022; Gomes et al., 2010; Martz, 1992). Unfortunately, the
use of many of these ineffective techniques persist not only in rural areas
with high burdens of SBE(Ameade et al., 2021; Chaaithanya et al., 2021;
Chuat et al., 2021; Mahmood et al., 2019; Michael et al., 2011; Sin-
garavelu et al., 2021), but also in clinical, government, and military
settings(Afroz et al., 2023; Bhargava et al., 2020; Chen et al., 2017;
Johnson et al., 2013; Michael et al., 2017, 2018; Wilkins et al., 2018).
The use of unproven and unregulated commercial snakebite kits over the
past one hundred years has continued to the present day. These “first-aid
kits” often contain antiseptic wipes, blades to make incisions, restriction
bands or chords for tourniquets, and a suction device. These commercial
kits are typically not approved by regulatory authorities and their use
may provide the victim with a false sense of security and lead to further
harm(Fry, 2018; Gellert, 1992).
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4. Adjunctive field-based therapies for pre-hospital
management of SBE

4.1. Benefits of early intervention after SBE

The current mechanism to provide life-saving therapies to an SBE
victim involves waiting until Stage 4 of the ETT to administer IV anti-
venom (Fig. 1). This approach could be considered a late intervention
strategy. In 2007, Gutierrez et al. outlined a future approach to treat
viperid SBE that might first involve intervention with an immediate
administration of venom toxin inhibitors post-SBE aimed at preventing
local tissue damage and potentially the systemic effects of venom toxins
(Fig. 2).(Gutiérrez et al., 2007) While this field-based administration of
therapeutics was suggested for viperid SBE, the general concepts could
be applied for any SBE. A proposed advantage to this early intervention
strategy was to mitigate the harmful local effects of venom components,
effects that generally cannot be fully reversed with IV antivenom, with
the local in situ administration of therapies. It was proposed that such an
early intervention would delay the onset of both local and systemic ef-
fects, thus providing additional time for an SBE victim to travel to a
medical facility. The time for an SBE victim to travel to a medical facility
with regional antivenom ranges between hours to days, with long travel
times leading to increases in mortality and morbidity.

4.2. Tracing the “idea” of pre-hospital adjunctive SBE therapy

Where did the idea of administering a therapy immediately after SBE
begin and how has it evolved? To address this question, we have applied
a PRISMA (Preferred Reporting Items for Systematic reviews and Meta-
Analyses) that incorporates a PICO (Population, Intervention, Compar-
ison, Outcome) framework to search the relevant literature from the late
1800s to 2022 (Fig. 3).(Eriksen and Frandsen, 2018; Page et al., 2021)
Our search question was defined as, “Does rapid administration of
therapy improve patient symptoms or outcomes after SBE?” A total of
1793 records were identified from Medline/Pubmed, PMC Europe, De-
fense Technology Information Center, Cochran Library, and Prospero.
After initial screening for duplicates, ongoing trials, and removal based
on title or abstract irrelevance, 591 records were identified for retrieval
and further evaluation. In addition to citations identified using
peer-reviewed article databases, a number of popular literature

Early in-field
administration of

adjunctive therapy Travel to

Late administration
of IV antivenom

Fig. 2. Potential benefits of early field-based admin-
istration of adjunctive SBE therapy along the enve-
noming therapy timeline (ETT). The immediate
administration of adjunctive therapeutics after SBE
may halt local effects such as necrosis, hemorrhage,
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< >
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?
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Lymph / Vascular Infiltration

Effects

and infiltration of venom into the vascular and
lymphatic system. This early intervention strategy
may also help reduce the systemic effects of venom
toxins such as altered coagulopathy, neurotoxicity,
and organ failure. While administration of IV anti-
venom is often highly effective at preventing systemic
effects, these agents typically do not reverse the im-
mediate effects of venom on local tissues. Mortality
and morbidity due to SBE increases the longer it takes
for the victim to travel to a medical facility with
regional antivenom (adapted from Gutiérrez et al.)
(Gutiérrez et al., 2007).
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PICO Search Framework
Population: Snakebite victim
Intervention: Immediate intervention with therapy
Comparison: Late intervention with therapy
Outcome: Improvement of symptoms or outcome

Research question: Does rapid administration of therapy improve patient symptoms or
outcomes after SBE?

[ Identification of studies via databases ]
(o)
Records identified from:
E -Medline/Pubmed (n=388) Records removed before screening:
'g -PMC Europe (n=1076) -Duplicates removed (n=29)
& || -Defense Tech. Info. Center (n=207) =i -Others removed (n=234)
€ || -Cochran Library (n=103) (irrelevant or ongoing trials)
& || -Prospero (n=18) Total (n=263)
= || Total (n=1793)
[ || Records screened > Records excluded (Title/Abstract review)
(n=1530) (n=939)

£
3 Reports sought for retrieval > Reports included in
(n=591) supplemental

Fig. 3. Application of PRISMA/PICO search methodology to identify research articles related to the question, “Does rapid administration of therapy improve patient
symptoms or outcomes after SBE?” A total of 1793 records were identified from a variety of databases, and after screening, the number sought for retrieval was
reduced to 591 records. See supplemental material for a full listing of records and search methodology.

references have also been identified in our analysis and several are The last 25 years has seen a dramatic increase in articles dealing with
mentioned below. While a full review of both peer-reviewed and popular rapid delivery and evaluation of therapies for SBE in a first aid or field-
literature references is beyond the scope of this article, these records, based setting (Fig. 4). Using the PICO framework outlined above, we
search methodology, and associated search terms are provided as sup- found that between 1889 and 1959 there were a total of ten relevant
plemental material. articles and between 1960 and 1998 there were an average of 3—4
45
a0 Relevant Records Count (N=591)
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Fig. 4. Number of articles published by year with relevance to the search question, “Does rapid administration of therapy improve patient symptoms or outcomes
after SBE?” The last 25 years has seen a dramatic increase in articles dealing with rapid delivery and evaluation of therapies for SBE in a first aid or field-based
setting. Details of search terms, search methodology, and a full listing of records are provided in the supplemental material.
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articles per year. However, after 1999 the number of relevant articles
per year steadily increased to 45 in 2021 (note: this review only covered
thru July 2022).

In the late 1950s and early 1960s, the United States Army funded a
significant research program investigating the effects of and treatments
for SBE. Flowers and Goucher at the U.S. Army Medical Research and
Development Command in Fort Knox, KY investigated the effect of im-
mediate subcutaneous injection of the metal chelating agent ethylene-
diaminetetraacetic acid (EDTA) at the site of envenoming by either
Bothrops asper (fer-de-lance) or Agkistrodon piscivorus (cottonmouth
moccasin) in both rabbits and chimpanzee(Flowers and Goucher, 1963,
1965). Two major conclusions from the study were: 1) “The prompt local
use of EDTA is helpful in diminishing local edema, hemorrhage, and
necrosis following cottonmouth and fer-de-lance envenomation”, and 2)
“EDTA affects the local activity of venom and appears to be a useful
adjunct to specific antivenin therapy.” The results of this study suggest
that the prompt local use of EDTA is helpful in diminishing local edema,
hemorrhage, and necrosis following cottonmouth and fer-de-lance
envenoming.

In 1975, researchers investigating the use of local trypsin injection
after SBE stated, “Trypsin can be put into pocketable first-aid auto-
injector and can be used after snakebite at the possible earlier time.“(-
Yii-liang et al., 1975) This represents one of the earliest statements
clearly identifying how an adjunctive therapy for SBE might be deliv-
ered in the field. The idea of using an autoinjector for in-field admin-
istration of therapies immediately after SBE picked up momentum in the
mid-2010s when an opinion piece in the New York Times written by
Matthew Lewin (California Academy of Sciences) entitled, “The Killers
Underfoot™” stated that, “The world needs the snakebite equivalent of
EpiPens — epinephrine autoinjectors used to stop allergic reactions. The
ideal field treatment would have fewer side effects than antivenin and
could be administered easily and inexpensively on site before the venom
has spread. Nearly every study of snakebite has shown that survival
depends most on shortening the time between bite and treatment.
Reducing the lag time from hours to minutes is crucial to saving live-
s.“(Lewin, 2014) Since that time, an ever increasing number of research
groups have been working on developing novel adjunctive therapies for
SBE, and often mention the use of rapid field-based delivery of therapy.
In 2021, a review of inhibitors that would complement antivenom as
therapies for SBE states that, “The possibility of introducing therapies
that could be administered in the field rapidly after the snakebite, with a
good safety profile and without requiring specialized medical personnel,
is being actively considered as a step forward in the management of
envenomings."(Gutiérrez et al., 2021a). Only very recently has there
been discussion of designing delivery methods for adjunctive therapies
for SBE in the form of microneedles(Tiwari et al., 2022). This article
seeks to expand this discussion.

Our initial review of the literature has revealed that since the 1950s,
there has been an ever-growing effort to discover and develop adjunc-
tive therapeutic compounds that could be administered immediately
after SBE in a field-based setting to reduce negative outcomes and bridge
the time-gap until IV antivenom can be administered. However, little
attention has been devoted to developing the methods by which these
potential therapies could be effectively delivered in the field immedi-
ately following SBE. Potential reasons for this deficiency in research on
delivery methods for SBE therapies include challenges related to.

1) Administration of therapies in austere rural environments

2) Stability of therapies and compatibility of delivery methods partic-
ularly in tropical and sub-tropical environments

3) Training requirements to effectively administer therapies

4) Development of therapy formulations acting as regional or universal
therapies

5) Cost-effective production of therapies and associated delivery
methods

6) Regulatory limitations on development and implementation
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7) Procuring funding as SBE burdens are highest in economically
challenged regions

8) False perceptions that effective treatment is widely available in re-
gions with high SBE burden (Asia, sub-Saharan Africa, South
America)

9) False perceptions that IV antivenom can reverse and treat all effects
of SBE

4.3. Which venom components should adjunctive therapies target?

Most medically relevant snakes (those capable of causing harm to
humans via envenoming) are members of one of only three clades: the
families Elapidae (cobras, mambas, sea snakes, taipans, and their rela-
tives) and Viperidae (vipers and pit vipers, including adders, rattle-
snakes, and their relatives) and the subfamily Atractaspidinae (mole
vipers/stiletto snakes)(Casewell et al., 2020). Through a combination of
toxicological and proteomic analyses, toxicity scores have been devel-
oped to help identify the most relevant venom toxins that adjunctive SBE
therapies should address (Laustsen et al., 2015). These scores are based
on evaluations of specific activities (myotoxic, hemorrhagic, etc.) and
lethality as well as relative abundances in the major medically relevant
snake species. Based on this scoring regime, the four main categories of
potential venom targets are those with: (a) high toxicity and high
abundance, (b) high toxicity and lower abundance, (c) high abundance
and lower toxicity, and (d) low abundance and low toxicity (Fig. 5A). It
has been proposed that the first of these groupings, venom targets with
both high abundance and high toxicity including snake venom metal-
loproteinases (SVMPs), phospholipase Ajs (PLAys), three-finger toxins
(3FTs), and to a somewhat lesser extent, snake venom serine proteases
(SVSPs), should receive the most attention in terms of developing po-
tential adjunctive therapies for SBE (Fig. 5B).(Gutiérrez et al., 2021a;
Laustsen et al., 2015) While there is significant inter-species variation in
venom components, this approach seeks to maximize the likelihood that
therapies administered would provide an SBE victim with broad pro-
tection by focusing on the most harmful and universally “common”
venom targets. Fortunately, most medically relevant snakes are either
elapids or vipers, with elapid venom consisting of mainly PLA;s and
3FTxs with lower amounts of SVMPs and SVSPs, and viper venom con-
sisting mainly of PLAgs, SVMPs, and SVSPs with virtually no 3FTxs
(Sanhajariya et al., 2018).

In addition to targeting venom toxins, there is growing interest in the
potential to disrupt venom absorption by limiting intrinsic lymphatic
pumping, the dominant propulsive mechanism in humans under resting
conditions(Aukland, 2005; Olszewski and Engeset, 1980; Schmid--
Schonbein, 1990), by paralyzing smooth muscle contraction involved
with lymphatic flow(Saul et al., 2011). The reason for this interest is that
these toxins are thought to enter systemic circulation mainly by
lymphatic absorption or direct vascular entry. High molecular weight
toxins such as SVMPs and SVSPs enter the bloodstream through the
lymphatic system, while lower molecular weight toxins such as PLAys
and 3FTXs may enter the vasculature directly(Neri-Castro et al., 2020;
Paniagua et al., 2012, 2017, 2019; Sanhajariya et al., 2018; Supersaxo
et al., 1990; van Helden et al., 2014, 2019; Vergara et al., 2016).

4.4. Potential adjunctive field-based SBE therapies

4.4.1. Small molecule adjunctive therapies for SBE

There are a number of promising small molecule therapeutics that
could be used to target PLAys, SVMPs, and SVSPs whereas drugs tar-
geting non-enzymatic neurotoxins such as the 3FTxs represent a more
challenging target that existing small molecule drugs may not be able to
address(Gutiérrez et al., 2021a). In addition, there are several small
molecules that reduce venom effects by the disrupting lymphatic ab-
sorption. An increasingly popular approach to the development of drugs
for SBE therapy is to utilize “repurposed” molecules that were developed
to address other diseases and often have significant clinical efficacy and
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Fig. 5. A: representation of toxicity scores where the major medically relevant snake venom toxins are distributed into four groups according to their percent
abundance in venom and their toxicity (Abbreviations: LAAO: L-amino acid oxidases; CRISPs: cysteine-rich secretory proteins; BPPs: bradykininpotentiating peptides;
SNACLECGs: C-type lectin-like proteins; SVMPs: snake venom metalloproteinases; PLAys: phospholipases Ajs; 3FTxs: three-finger toxins; SVSPs: snake venom serine
proteases; NGF: nerve growth factor; AChE: acetylcholinesterase) (adapted from Gutiérrez et al.)(Gutiérrez et al., 2021a). B: representation of SBE showing the initial
bite followed by injection of venom into subcutaneous tissue and the generalized actions of PLA,s, SVMPs, SVSPs, and 3FTXs. Venom components with both high
abundance and high toxicity (circled) should be prioritized for the development of novel inhibitors (X) that could be administered in the field immediately after SBE.

toxicological data(Bulfone et al., 2018; Puzari et al, 2021).
Ethno-pharmaceuticals for use as SBE therapy also show promise and
reviews are provided elsewhere(Puzari et al., 2022). The leading can-
didates for small molecule adjunctive therapies for SBE have been
reviewed and are presented here (Fig. 6) (Bulfone et al., 2018; Clare
et al., 2021; Gutiérrez et al., 2021a; Hamza et al., 2021; Laustsen et al.,
2016; Puzari et al., 2021).

The PLA; inhibitor varespladib (LY315920) was originally devel-
oped for treatment of pancreatitis and sepsis and, later, entered phase III
trials for the treatment of coronary heart disease(Nicholls et al., 2014).
More recently, varespladib and its orally bioavailable pro-drug methyl

et al., 2018), and have been shown to reduce mortality in a variety of in
vivo models by protecting against neurotoxic, myotoxic, and coagulo-
pathic effects brought about by PLA; toxins found in a variety of elapid
and viper venoms from different geographic regions(Bittenbinder et al.,
2018; Bryan-Quir6s et al., 2019; Chowdhury et al., 2021a; Dashevsky
et al., 2021; Gutiérrez et al., 2020; Lewin et al., 2016, 2018a, 2018b;
Salvador et al., 2021; Tan et al., 2022; Wang et al., 2018; Youngman
et al., 2020; Zdenek et al., 2020; Zinenko et al., 2020). Orally admin-
istered methyl varespladib represents a likely candidate for wide-spread
use as an adjunctive treatment of SBE and has recently entered a
multicenter, randomized, double-blind, placebo-controlled, phase 2

varespladib (LY333013) have been repurposed by Ophirex(Bulfone study in the United States and India(Carter et al., 2022). The
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Fig. 6. Structures of small molecule therapeutics with potential utility as field-administered adjunctive therapies against SBE. Molecules that inhibit PLAs include,
varespladib, methyl varespladib, and suramin. Molecules that inhibit SVMPs include the hydroxamate peptidomimetics batimistat, marimastat, and prinomastat.
Metal chelators DMPS, CaNa,EDTA, disulfram, and dimercaprol can inhibit SVMPs. The molecule nafomastat shows promise as a SVSP inhibitor. Neostigmine can be
used to reverse the neurotoxic effects of elapid bite, while lidocaine, nifedipine, and glyceryltrinitrate can disrupt lymphatic flow. Many of these molecules are
repurposed drugs including both methyl varespladib and DMPS which are currently in human clinical trials as potential treatments for SBE.
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anti-trypanosomal drug suramin, inhibits the myotoxic and cytotoxic
activities of a variety of geographically distinct presynaptic PLA; neu-
rotoxins  including p-bungarotoxin, taipoxin, ammodytoxin,
bothropstoxin-I, and provides protection against the myotoxic effects in
venom from a number of North and South American crotalids as well as
the Asian viper Echis carinatus(Arruda et al., 2002; de Oliveira et al.,
2003; Fathi et al., 2011; Hajari et al., 2019; Murakami et al., 2005;
Salvador et al., 2018).

The peptidomimetic hydroxamate containing SVMP inhibitors bati-
mastat, and its more bioavailable cousin marimastat(Fischer et al.,
2019), were first generation matrix metalloproteinase (MMP) inhibitors
originally developed as anti-cancer therapies(Li et al., 2020; Rasmussen
and McCann, 1997; Winer et al., 2018), but have been repurposed as
potential SBE therapies(Preciado and Pereanez, 2018). Both are potent
in vitro inhibitors of a variety of isolated SVMPs, and in several animal
models injected with whole venoms, have provided protection against
hemorrhage, skin necrosis, and mortality(Arias et al., 2017; Escalante
et al., 2000; Howes et al., 2007; Layfield et al., 2020; Menzies et al.,
2022; Rucavado et al.,, 2000). The MMP inhibitor prinomastat
(AG-3340) has also been reinvestigated and found to inhibit SVMPs and
whole venom from E. ocellatus(Howes et al., 2007). In addition, prino-
mastat has displayed dual-inhibitory properties as it inhibits both
SVMPs responsible for factor X, activation in procoagulant venoms from
a variety of viper species(Chowdhury et al., 2021b), while at the same
time inhibiting PLA; toxins of all the African spitting cobras(Chowdhury
et al., 2021a).

Because SVMPs require a divalent cation such as zinc for activity, the
use of metal chelating agents such as CaNayEDTA(Flowers and Goucher,
1963, 1965; Gowda et al., 2011; Howes et al., 2007; Leon et al., 1998;
Rucavado et al., 2000; Silva-Neto et al., 2018), tetraethyl thiuram di-
sulfide (Disulfiram/TTD)(Nanjaraj Urs et al., 2015; Rudresha et al.,
2021), 2,3-dimercapto-1-propanesulfonic acid (DMPS/Unithiol)(Albu-
lescu et al., 2020a; Menzies et al., 2022; Xie et al., 2020a), and dimer-
caprol (British anti-Lewisite) (Albulescu et al., 2020b; Xie et al., 2020b)
for SBE therapy has been demonstrated in a variety of animal models.
These agents have traditionally been used to treat metal intoxication
(Flora and Pachauri, 2010), but have found a use as repurposed drugs for
SBE therapy. Despite the fact that these molecules typically exhibit
non-specific zinc binding, the oral administration of the chelator DMPS
provides in vivo neutralization of local and systemic effects of Echis
ocellatus venom(Albulescu et al., 2020a, 2020b). Orally administered
DMPS has recently entered phase I clinical trials in Kenya as a potential
SBE therapy(Abouyannis et al., 2022).

Inhibitors specifically targeting SVSPs are challenging due to off
target effects on serine proteases found in the blood clotting cascade
(Gutiérrez et al., 2021a). While SVSPs can have significant effects upon
envenoming, they have received less attention as potential targets
because they are typically found in lower quantities in most snake
venoms. However, the serine protease inhibitor nafamostat was recently
shown to broadly neutralize the SVSP activity found in South American,
African, and Asian viper venoms in a dose-dependent manner(Albulescu
et al., 2020b).

The a-neurotoxins are non-enzymatic peptide toxins present in the
venom of elapid snakes and belong to the superfamily of three finger fold
proteins (3FPs) that competitively inhibit a variety of molecular targets,
most notably the nicotinic acetylcholine receptor (nAChR). Upon bind-
ing, these molecules abolish normal neurotransmission leading to pa-
ralysis and subsequent respiratory failure(Nirthanan et al., 2017). The
most well characterized of this superfamily are the three-finger toxins
(3FTxs) that exhibit a wide range of biological activities, including
cytotoxicity, proteinase activity, and neurotoxicity(Kessler et al., 2017;
Utkin, 2019). The small molecule neostigmine is an acetylcholinesterase
(AChE) inhibitor that prevents the breakdown of acetylcholine (ACh)
thus prolonging neurotransmission. Neostigmine has been used either
IM or IP in mouse models to reverse the neurotoxic effects of 3FTxs
found in elapid venom(Banerjee et al., 1976; Irshad et al., 2021). In
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addition, internasal administration of neostigmine had similar effects on
a single human patient in a clinically controlled setting at very high
concentration (8.4% w/v)(Lewin et al., 2013, 2014). While controver-
sial, neostigmine is commonly used in small doses as part of India’s
national snakebite management protocol despite potentially significant
side effects(Mahadevan and Jacobsen, 2008; Naguib and Kopman, 2018;
Karthika and Satapathy, 2021). Neostigmine has recently been sug-
gested as a transdermal therapy for elapid SBE, but this approach has yet
to be validated(Tiwari et al., 2022). Discovering drugs that counteract
non-enzymatic toxins such as 3FTxs remains challenging, and is more
likely to be addressed with larger biologic molecules such as phage
display peptides(Lynagh et al., 2020), receptor decoys(Albulescu et al.,
2019), DNA aptamers(Alomran et al., 2022; Chen et al., 2016), and re-
combinant antibodies(Laustsen et al., 2015). With the recent structural
determination of the molecular mechanism of a-neutrotoxin binding to
muscle-type nAChRs(Nys et al., 2022), it is likely that increased research
on the use of small molecules to inhibit these toxins will increase.

Drugs that disrupt the lymphatic absorption of venom components
were demonstrated first using a topical application of glyceryl trinitrate,
a nitric oxide donor that reduced lymphatic transit in the legs of human
subjects approximately three-fold, and increased time to respiratory
arrest by approximately 50% in rats injected with Pseudonaja textilis
venom(Saul et al., 2011). However, the use of glyceryl trinitrate to treat
SBE in humans should be carefully considered as its use could invoke a
rapid decline in blood pressure resulting in cardiovascular collapse for
patients also utilizing contraindicated vasodilating drugs (e.g. phos-
phodiesterase 5 (PDE-5) inhibitors such as sildinafil/Viagra)(Webb
et al., 1999). Fortunately, similar results were found for both lymphatic
transit time and time to respiratory arrest using topical applications of
the Ca?t channel antagonist nifedipine and the local anesthetic lido-
caine (lignocaine) in the same model system(van Helden et al., 2014).
Importantly, lidocaine can reduce lymphatic transit times up to 60 min
when administered SC. Conversely, lymphatic flow is increased when
both lidocaine and epinephrine were administered in combination
(Kwon and Sevick-Muraca, 2016). Because epinephrine is often given to
help reduce anaphylaxis when SBE patients are administered anti-
venom, the use of lidocaine in combination with epinephrine should be
carefully considered(de Silva et al., 2011). The recent finding that the
crotamine-like protein from Crotalus durissus terrificus activates calcium
influx, decreases nitric oxide release, and increases rates of lymphatic
transport of large molecular weight molecules, provides additional ev-
idence that therapeutics targeting lymphatic flow shows promise(Si
et al., 2023).

The ability of small molecules to inhibit or alter the action of mul-
tiple toxin isoforms from the major venom toxin families (PLA2s, SVMPs,
SVSPs, 3FTxs) or that disrupt lymphatic absorption of venom compo-
nents provides the opportunity to develop drug combinations that one
day may be used as a pan-specific therapy(Clare et al., 2021; Hall et al.,
2022). This approach has been demonstrated when a combination of
marimastat and varespladib showed synergistic efficacy over the indi-
vidual drugs and prevented mortality in mice when exposed to venom
from the most medically important vipers of South Asia, Africa, and
Central America(Albulescu et al., 2020b; Xie et al., 2020a). There are
also a growing number of examples demonstrating the synergistic effects
of small molecule drugs when used in combination with traditional
biologic antivenoms (see section 4.5) (de Souza et al., 2022; Lay et al.,
2023; Silva-Carvalho et al., 2022; Silva et al., 2021).

While small molecules hold tantalizing potential for the treatment of
SBE in humans, their use remains experimental, and none have been
clinically validated. However, the use of small molecule drugs as ther-
apies for SBE are envisioned as adjunctive to conventional polyvalent
antivenom, and their use represents a much different approach than
current practice(Bulfone et al., 2018; Clare et al., 2021; Gutiérrez et al.,
2021a; Hamza et al., 2021; Laustsen et al., 2016; Puzari et al., 2021).
The advantages that small molecules drugs possess when compared to
conventional biologic antivenom therapy have been summarized and
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include cross-species inhibition, stability, timeliness and ease of
administration, lower immunogenicity, and affordability(Clare et al.,
2021). Small molecule drugs can be administered by a variety of
convenient and safe routes and generally have relatively short half-lives
coupled with rapid systemic and local tissue penetration due to their
large volumes of distribution. In contrast, biologic antivenoms must be
administered IV, and because of their small volume of distribution, are
characterized by rapid systemic distribution with little extravascular
local penetration. Thus, antivenoms are often not effective in addressing
local SBE effects, particularly if treatment is given well after envenom-
ing has occurred. In contrast, the small molecule therapeutics mentioned
above have the potential to reduce the local tissue damage inflicted by
many venoms, particularly if applied near the site of envenoming. It is
possible that combinations of these repurposed pharmaceuticals may
have enhanced synergistic effects towards a variety of venom toxins, and
if administered immediately after envenoming, could provide additional
time for an SBE victim to be administered IV antivenom.

4.4.2. Biologic adjunctive therapies for SBE

Biologic therapies are generally classified as substances derived from
living organisms that either occur naturally or can be synthesized in the
laboratory and are used to treat disease. Biologic therapies such as the
antibodies found in antivenom are effective due to their inherent spec-
ificity resulting from the in vivo selection and maturation process
involved in their production. This specificity also presents a significant
limitation with respect to their use for treatment of SBE. It is well
established that inter- and intra-specific variations in snake venom
composition render the specific antibodies found in existing animal-
derived antivenoms ineffective against heterologous toxins found in
different venoms(Casewell et al., 2014). As a result, monovalent anti-
venoms raised against a particular species of snake are often ineffective
in treating snakebite by different, even closely related species, and thus,
an SBE victim must be given antivenom that is specific to the offending
snake species.

Unfortunately, most regions with high SBE burden (Southeast Asia,
sub-Saharan Africa, Central and South America) have diverse pop-
ulations of venomous snakes with overlapping geographic ranges often
making it difficult for clinicians to determine exactly which species
caused an envenoming, thus, polyvalent antivenom is often employed.
Polyvalent antivenom is produced when pooled venom from a variety of
regionally important medically relevant snake species is used to inocu-
late production animals (i.e. horse, sheep, goat, donkey), and the
resulting antibodies are then isolated(Gutiérrez et al., 2017). In order to
reduce the risk of adverse reactions or to improve bioavailability, some
antivenom manufacturers will further process the whole IgG antibodies
extracted from animal plasma by enzymatic digestion with either pepsin
or papain. Pepsin digestion removes the Fc moiety from the
antigen-binding (Fab) fragment producing a F(ab’), fragment, while
papain digestion produces smaller Fab fragments(Gutiérrez et al., 2017;
World Health Organization, 2017). While there are examples of suc-
cessful production and application of both mono- and polyvalent anti-
venoms, they still possess the limitations discussed previously (Section
1) and the number of global manufacturers, and thus supplies, have
decreased in the last decade(Alirol et al., 2015; Potet et al., 2021; Wil-
liams et al., 2019).

It is helpful to classify biologic therapies by their biophysical prop-
erties and molecular size, typically expressed as a molecular weight in
kiloDaltons (kDa). For the purposes of this discussion, we also charac-
terize larger sized nanoparticle and polymer derived therapies as bio-
logic therapies despite their “unnatural” nature. The biophysical
properties and molecular size affect both the pharmacodynamics (PD)
and pharmacokinetics (PK) of therapeutic molecules. Pharmacody-
namics describe a molecule’s in vivo ability to neutralize specific venom
toxins, whereas pharmacokinetics describe the rates of absorption, dis-
tribution, metabolism, and excretion which are generally characterized
by parameters such as volume of distribution (Vy), bioavailability (F),
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clearance (CL), maximum concentration in plasma (Cpax), and elimi-
nation half-life (t;/»)(Laustsen et al., 2018). The PK properties of bio-
logic therapies such as IgG, F(ab’),, and Fab antivenom used for SBE,
play a critical role in their effectiveness. In general, as the molecular
weight of the biologic therapy increases, therapy half-life tends to in-
crease. Conversely, as molecular weight increases, volume of distribu-
tion and thus peripheral tissue distribution and penetration tends to
decrease(Gutiérrez et al., 2003). Thus, smaller Fab fragments are more
rapidly cleared via renal filtration resulting in a shortened half-life, but
can penetrate extravascular tissues more easily, due to their larger
volume of distribution. Conversely, larger IgGs do not penetrate extra-
vascular tissues readily due to a small volume of distribution and have
much longer half-lives because they are not filtered renally and are
recycled by the neonatal Fc receptor (FcRn) of cells in the mononuclear
phagocytic system(Tabrizi et al., 2006). The F(ab’), fragments appear to
have PK profiles intermediate to those of Fab and IgGs.

There are several potential formats of biologic therapy that could be
considered as field-administered adjunctive therapies for SBE. These
include antibody formats(Hamza et al., 2021; Laustsen et al., 2018),
antibody-like protein scaffold formats(Jenkins et al., 2019), peptide
formats(Komives et al., 2017; Laustsen et al., 2022; Lipps, 1996; Lynagh
et al., 2020; Silva et al., 2021; Titus et al., 2017), DNA/RNA aptamer
formats(Alomran et al., 2022; Ascoét and De Waard, 2020; Chen et al.,
2016), and nanoparticle polymer formats(Karain et al., 2016; Nakamoto
et al., 2021; Nakamoto et al., 2020; O’Brien et al., 2016; O’Brien et al.,
2018). Each format has its own advantages and disadvantages centered
around attributes such as safety, immunogenicity, serum half-life, rates
of systemic or peripheral distribution and penetration, method of se-
lection (in vivo vs. in vitro), cost to manufacture, stability, and solubility.
The major biologic therapy formats that show potential as adjunctive
therapies for SBE are summarized in Table 1.

Given the complexities of the biologic formats presented in Table 1,
the question arises, “Is there a role for biologic therapies for the pre-
hospital treatment of SBE”? In a comparison of different biologic ther-
apy formats, Lausten et al. argues that it is unlikely that the animal-
derived IgG antibody format will be used in a field setting for several
reasons(Laustsen et al., 2018). First, these preparations can cause
life-threatening adverse reactions, a situation that would only exacer-
bate the precarious situation of SBE. Second, without IV administration,
IgGs are slow to absorb or can be degraded via other potential routes of
administration (see section 5.1 below for additional discussion). Third,
the distribution of IgGs are mostly restricted to the intravascular
compartment, where they are effective in neutralizing systemically
acting toxins for many days due to their long elimination half-life, but
they have limited ability to act on extravascular tissues near the site of
envenoming. However, because smaller antibody fragments, peptides,
or aptamers have larger volumes of distribution allowing them to
penetrate tissue compartments more effectively, they have the potential
to neutralize both toxins present in or around the bite wound, and toxins
that have reached the systemic circulation or target organs. Most of
these smaller formats have lower human immunogenicity, particularly
those that involve the use of recombinant, monoclonal, or “humanized”
technologies(Laustsen et al., 2018). Unfortunately, these smaller bio-
logic formats have a shorter elimination half-life, and may require
increased or prolonged dosing for maximal effect. The use of abiotic
toxin binding nanoparticles administered subcutaneously at the site of
SBE to reduce the extent of local tissue damage and mitigate the sys-
temic distribution of toxins is an exciting prospect(Nakamoto et al.,
2020; O’Brien et al., 2018), but issues related to safety and toxicity still
need to be investigated.

4.5. Regional therapies required
Venomous snakes are widely distributed, especially in tropical

countries, from sea level to altitudes of up to 4900 m (Gloydius hima-
layanus) and occur in ranges of latitude from 47 °S in Argentina
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Table 1
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The attributes considered for potential biologic and large molecule (polymer) formats for use as SBE therapies include molecular weight (kDa), serum half-life, human
immunogenicity, tissue distribution and penetration inferred from volume of distribution, selection technique, and cost to manufacture. Scores for these attributes
were adapted from recent reviews(Laustsen et al., 2018; Ascoét and De Waard, 2020; Hamza et al., 2021; Knudsen et al., 2019; Laustsen, 2019), or inferred based on
general trends of pharmacokinetics or published reports. The major antibody formats used in either existing animal-derived antivenoms (where indicated) or
experimental recombinant/monoclonal antivenom include IgG: whole IgG antibody (~150 kDa), F(ab’),: pepsin-digested IgG antigen-specific region (~110 kDa), Fab:
papain-digested antigen-specific region (~50 kDa), scFv: single-chain variable fragments (~25 kDa), and Camelid V4H (nanobodies): single-domain antigen-specific
fragments (~15 kDa). Additional formats with promising potential as a therapy for SBE include antibody-like protein scaffold formats (~1.5-20 kDa), peptide formats
(~1-10 kDa), DNA/RNA aptamer formats (~3-30 kDa), and nanoparticle polymer formats (variable kDa).

Therapy Format Mol. Wt.  Serum Half-Life Immunogenicity  Tissue Dist./Penetration In vivo maturation  Cost to Manufacture
(kDa) Long  Medium  Short High Low High  Medium Low  Yes No Low  Medium High

Antibody Format

Animal-derived polyclonal IgG ~150 X X X X X

Animal-derived polyclonal F(ab’), ~110 X X X X X

Animal-derived polyclonal Fab ~50 X X X X X

Human IgG ~150 X X X X X

Human F(ab’), ~110 X X X X X

Human Fab ~50 X X X X X

Human scFv ~25 X X X X X

Camelid VyH (Nanobodies) ~15 X X X X X

Bispecific IgG ~150 X X X X X

Bi/multispecific Vi and VygH ~10-15 X X X X X

Antibody-like scaffold proteins ~1.5-20 X X X X X

Peptide Format

Phage display peptides ~1-10 X X X X X

pepB/pepC ~0.7 X X X X X

LTNF Peptides ~1.5 X X X X X

DNA/RNA aptamers ~3-30 X X X X X

Nanoparticles Variable ? ? ? X ? ? ? X X

(Bothrops ammodytoides) to 72 °N into the Arctic circle (Vipera berus)
(World Health Organization, 2017). In addition, tremendous venom
component diversity exists across phylogenetic levels of venomous
snakes(Casewell et al., 2014). As a result of these geographic and bio-
logical variations, it is unlikely that a universal antidote or therapy could
be developed for SBE covering all venomous snakes. Fortunately, the
WHO has classified the venomous snake species representing the
greatest threat to public health and divided them into two categories
(World Health Organization, 2017). Category 1 (CAT 1) are species with
the highest medical importance, having widespread distribution,
causing numerous SBEs, and resulting in high levels of morbidity,
disability, or mortality. Category 2 (CAT 2) are species of secondary
medical importance capable of causing morbidity, disability, or mor-
tality, but lack solid epidemiological or clinical data, and are less
frequently implicated owing to their activity cycles, behavior, habitat
preferences or occurrence in areas remote from large human pop-
ulations. The WHO considers snakes in both CAT 1 and CAT 2 as species
for which antivenom production is important, however CAT 1 species
should be given the highest priority for antivenom production as they
are responsible for greater SBE burdens. In addition, based on current
herpetological, epidemiological, and medical literature, the WHO has
divided the medically relevant snake species into four main regions:
Europe, the Americas, Africa, and Australasia. Each of these main re-
gions is further divided into sub-regions with the aim of helping anti-
venom producers identify cohorts of “regional” snake species for the
production of polyvalent antivenom.

The use of these regional groupings of medically relevant snakes, and
considerations about the commonalities between their venom compo-
nents, could be used to guide the types of adjunctive therapies that
might be combined to provide broad cross-species protection to SBE
victims.(Bulfone et al., 2018; Clare et al., 2021; Gutiérrez et al., 2021a;
Laustsen, 2018). For example, medically relevant snakes in the Americas
or Europe are dominated by viperids while those in Australia are elapids.
Thus, a combination of adjunctive therapies for SBE victims in the
Americas or Europe might include small molecule inhibitors of PLAys,
SVMPs, SVSPs, and metal chelators, while SBE victims in Australia might
benefit more from a combination of small molecule PLA; inhibitors and
elapid specific 3FTx inhibitors. Several recent studies demonstrate the
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synergy provided when a combination of therapies was utilized to
address SBE. The first study examined the synergistic use of a SVMP
inhibitor (marimastat) and a PLA, inhibitor (varespladib) with an in vivo
mouse model demonstrating increased protection against medically
relevant vipers of Africa, South Asia and Central America when the
therapies were used in combination(Albulescu et al., 2020b). A second
study examined the use of varespladib and antivenom to the South
American rattlesnake Crotalus durissus terrificus, a venom that contains
both the presynaptically-acting heterodimeric PLA; crotoxin and the cell
penetrating myotoxin crotamine(de Souza et al., 2022). This study
demonstrated that varespladib was effective in reducing the neuro-
muscular blocking activity of C. d. terrificus venom and acted synergis-
tically with antivenom. A third study demonstrated in vivo synergistic
effects in a mouse model when the SVSP inhibitor peptides pepB and
pepC were used in combination with bothropic antivenom. This
approach significantly reduced coagulopathy and hemorrhage induced
by B. jararaca venom(Silva et al., 2021). A fourth in vitro study examined
a combination of varespladib and Chinese D. siamensis (Russell’s viper)
antivenom finding that when administered 60 min after envenoming,
the combination failed to produce better results than varespladib alone,
demonstrating that the window of time in which antivenom remains
effective is relatively short compared to the small molecule inhibitor
varespladib(Lay et al., 2023).

While the last three studies mentioned above used small molecules in
combination with animal-derived antivenom, the future use of the
smaller biologic formats mentioned above, including recombinant or
monoclonal antivenom fragments, would eliminate concerns related to
adverse reactions. A recent review of next-generation biologic anti-
venoms summarized views concerning future SBE treatments as follows:
“Due to their complexity, snake venoms are unlikely to be neutralized by
a single molecule, and this makes ‘one hit’ drugs therapeutically un-
feasible. Furthermore, as snake venoms are highly diverse and different
across continents, developing a ‘universal antivenom’ that theoretically
would be able to neutralize all key toxins from all snakes across the
world seems highly infeasible and irrelevant. However, future anti-
venoms will most likely be quite complex therapeutic products with
mixed compositions of toxin-neutralizing modalities.” (Knudsen et al.,
2019) Combining different biologic therapy formats with small
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molecule drugs is an exciting possibility for SBE therapy, and such an
approach will require significant research on therapy formulations and
effective routes of administration.

5. Considerations for delivery of field-administered therapies
for SBE

5.1. Route of SBE therapy administration

Since its inception, the United States Food and Drug Administration
(USFDA) has approved a total of approximately 35,000 drugs for human
use. The routes of administration of these drugs can be broken down into
six major categories with the following distributions: oral (62.02%),
injection (22.5%), cutaneous (8.70%), mucosal (5.22%), inhalation
(1.24%), and a remaining category defined as “other” (0.34%)(Zhong
et al.,, 2018). Clearly, oral (PO) drug delivery remains the most
appealing delivery route due to the ease of administration coupled with
high patient compliance. As a result, generic drug companies favor the
development of oral medications with approximately 70% of their for-
mulations being delivered via the oral route. The PLA inhibitor methyl
varespladib entered clinical trials in 2022 as an oral medication for the
treatment of SBE in both the United States and India(Carter et al., 2022).
In addition, a smaller trial involving both oral and IV administration of
the metal chelator (DMPS) as a potential treatment of SBE has recently
started in Kenya where the pharmacokinetics and tolerability of DMPS
will be determined(Abouyannis et al., 2022).

Although at first glance oral delivery of SBE therapeutics appears
ideal, there are some significant disadvantages to this approach. The low
pH and presence of digestive enzymes in the gastrointestinal tract can
degrade some therapeutics, particularly biologic therapeutics, well
before absorption into the bloodstream. Additionally, many drugs
become insoluble at low pH significantly reducing their bioavailability,
and drugs taken orally can have variable absorption rates due to an
inability to effectively cross the epithelial lining in the gut resulting in
variable serum concentrations. Furthermore, drugs ingested orally can
be inactivated by hepatic enzymes before entering systemic circulation,
and many medications may cause gastrointestinal side effects. Finally,
oral administration can only be applied to conscious patients capable of
swallowing(Algahtani et al., 2021; Jain, 2020).

Many researchers have reported on the potential of administration of
therapies for SBE in the field immediately after a bite. However, few
have discussed a route or method to deliver these agents with most
authors simply stating that therapies could be “administered” or “given”
in the field immediately after envenoming. The nasal (NAS) adminis-
tration of neostigmine to counteract the neurotoxic effects of elapid
envenoming shows promise, but this approach has only been confirmed
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in a hospital setting for a single human patient (Lewin et al., 2013). An
ideal route of delivery for SBE therapies in the field would be compatible
with both small molecule drugs and larger biologic formats discussed
above (see section 4.4.1 and 4.4.2), and should maximize their
bioavailability, systemic and local distribution, and metabolic stability.
In addition, therapies given in the field should be easily
self-administered or given by individuals without specialized training
and account for the possibility of victim incapacitation or uncon-
sciousness. The route of administration should not cause significant pain
or fear as these can reduce patient willingness to receive therapy(Ber-
teau et al., 2010; Gupta et al., 2011). The major routes of administration
that might be considered for administration of adjunctive therapies for
the field-administration of SBE therapies are shown in Fig. 7.

To evaluate convenient potential routes of delivery for their ability to
deliver adjunctive therapeutics for SBE in the field, we have performed a
viability analysis by examining a variety of parameters that are relevant
for SBE therapies (Table 2). To each parameter we assigned scores of
zero, one, two, or three representing a particular route’s effectiveness as
being none, low, moderate, or high, respectively. Tallying up individual
parameter scores resulted in a cumulative “viability score” for each of
the routes of delivery. This approach is meant to highlight the advan-
tages and disadvantages each delivery route may have and is not meant
to exclude any particular route from consideration. A combination of
either small molecule or biologic therapies tailored to treat regional
snake species of medical importance might also require several routes of
delivery.

The viability analysis presented is meant to illustrate that there are
multiple viable routes of therapy delivery for adjunctive treatment of
SBE. The cumulative viability scores are composite estimates and will be
different for individual therapeutics due to differences in chemical and
physical properties as well drug formulation. What becomes apparent is
that oral (PO) delivery is a viable option but is hampered by its inability
to be used with an unconscious victim, and its inability to tolerate bio-
logic therapies due to chemical modification by the liver and degrada-
tion primarily in the stomach. On the other hand, routes of delivery that
do not involve injection of therapies such as nasal (NAS), sublingual
(SL), buccal (BUC), respiratory inhalation (INH), and even rectal (REC)
administration are viable options for the delivery of a wide variety of
therapeutics. These routes avoid potential complications from infection
or hematoma and will cause little to no pain when administered, how-
ever, they suffer from limited bioavailability for polar or biologic ther-
apeutics and their reduced ability to cross mucosal membranes.
Administration by TD, TOP, and ID methods are convenient but are
limited with respect to large dosing, bioavailability, and ability of polar
or biologic therapies to infiltrate below the dermal layer to provide
significant local or systemic distribution(Benson et al., 2019).

| Routes of Administration |

v
|oral (PO) (enteral)|

A

y

Parenteral

Topical (TOP)

|Transmucosal | |Transdermal (TD)|

v v
|Injections| |Inhalation (INH) |
|

v v
Intradermal (ID) Intra-arterial (1A) Buccal (BUC) Patch .
Subcutaneous (SC) | | Intrathecal (IT) Sublingual (SL) lontophoresis
Intramuscular (IM) || Intra-articular (IART) Nasal (NAS) Jet Injection

Intravenous (IV)
Intraperitoneal (IP)

Rectal (REC)

Fig. 7. The major routes of administration (and related abbreviations) that might be considered for administration of adjunctive therapies for the field-based
treatment of SBE. Routes that would involve specialized medical equipment or trained personnel are highlighted in red. Adapted from Udaykumar et al.(Udayku-

mar, 2017).
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Table 2
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Viability analysis of convenient SBE therapy routes of delivery listed in descending order of cumulative viability score. Individual scores for each parameter were
assigned as 0 = none, 1 = low, 2 = moderate, and 3 = high. The anatomical routes of therapy administration considered in this analysis are oral (OP), buccal (BUC),
sublingual (SL), rectal (REC), nasal (NAS), intradermal (ID), subcutaneous (SC), intramuscular (IM), intravenous (IV), transdermal (TD), topical (TOP), and pulmonary
inhalation (INH). IV administration is shown for comparison but would require specialized training. Parameters for evaluation were selected as relevant for adjunctive
SBE therapies given in the field immediately after envenoming and scores were assigned based adaptations from previous work(Jain, 2020; Jin et al., 2015; Jonaitis

et al., 2021).
Route of Delivery Ease of Dose Volumn  Bioavail. Avoid Deg. Rapid Onsetof  Protection Tolerate Rapid Uncon.  Pain  Viabililty
Self- Control  greater 1 (Stomach/ Systemic  Action from Biologics Dist. Admin.  Free Score
Admin. mL/1g Liver) Dist. infection Locally
Intramuscular (IM) 2 3 3 3 3 2 2 2 3 3 3 1 30
Subcutaneous (SC) 2 3 2 3 3 2 2 2 3 3 3 1 29
Nasal (NAS) 3 1 1 2 3 2 3 3 2 2 3 3 28
Intravenous (IV) 0 3 3 3 3 3 3 1 3 2 3 1 28
Buccal (BUC) 3 2 3 2 2 2 2 3 1 1 3 3 27
Sublingual (SL) 3 2 3 2 2 2 2 3 1 1 2 3 26
Resp. Inhilation (INH) 3 2 1 2 3 2 3 3 3 2 0 2 26
Rectal (REC) 2 1 3 2 2 2 2 3 1 2 3 2 25
Intradermal (ID) 3 2 0 2 3 1 1 2 3 1 3 2 23
Oral (PO) 3 3 3 2 0 2 2 3 0 1 0 3 22
Topical (TOP) 3 1 1 1 3 0 1 3 1 1 3 3 21
Transdermal (TD) 3 1 0 1 3 1 1 3 0 2 3 3 21

Intramuscular (IM) and subcutaneous (SC) injection of therapeutics
appear to have the most cumulative advantages for SBE therapy
administration. These advantages include avoidance of gastrointestinal
or hepatic modification or degradation well as excellent dose control
and absorption characteristics providing relatively rapid local and sys-
temic distribution. While IM and SC routes are not without pain or risk of
infection, their ability to be delivered to an unconscious victim or to be
self-administered are clear advantages. It should be noted that the
possibility of local hematoma formation may be a disadvantage of SC or
IM delivery, particularly if the therapy is injected local to an enve-
noming site that is already severely swollen or developing necrosis. This
situation may be avoided if SC or IM injection is provided immediately
after envenoming before these symptoms appear or by injection at a site
other than the envenoming site.

The use of multiple routes of administration for SBE therapeutics
may be required for the effective use of small molecule drugs, biologic
therapies, or combinations of both. Different administration routes may
be required due to the specific mechanisms of absorption and distribu-
tion for individual therapies. In addition, as discussed in section 4.5, the
treatment of SBEs appropriate therapies may require different routes of
administration based on regional differences in venomous snake
populations.

5.2. SBE location

The location of envenoming could affect the success of pre-hospital
treatment of SBE due to differences in tissue composition and vascu-
larization. Reviews of North American and Indian SBE incidents reveal
strikingly consistent locations of SBE with approximately 80% are to the
lower extremities (foot, ankle, calf), 18% to the upper extremities (hand,
wrist, forearm), 2% (thigh, torso, shoulder, back) (Kulkarni and Anees,
1994; Russell et al., 1975; Willson, 1908) Similar findings are presented
in a review of SBE incidents in sub-Saharan Africa between 1970 and
2010 with approximately 76 percent of SBE occurring on the lower
extremities(Chippaux, 2011). In Europe, SBE locations are divided more
equally between lower and upper extremities(Chippaux, 2012). Inter-
estingly, there is growing evidence that trends in the anatomical loca-
tion of SBE may be changing with respect to socioeconomic conditions
and gender with females and people with lower socioeconomic condi-
tions differing from males and those with higher socioeconomic condi-
tions(Albuquerque et al., 2013; Blackman and Dillon, 1992; O’Neil
et al., 2007). It is unclear how epidemiological differences may affect the
pre-hospital delivery of SBE therapies.
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The location of SBE is important when it comes to the use of
adjunctive field-based therapies and their ability to rapidly distribute
either systemically or locally. When SBE occurs on an extremity, the
likelihood of amputation or surgical fasciotomy is increased, particu-
larly if antivenom is given late during the ETT(Bennett et al., 1961; Hall,
2001; Russell et al., 2021; Stewart et al., 1989). The absorption kinetics
of both venom components and potential therapies will undoubtedly
vary depending on the location and vascularization of the tissue sur-
rounding the site of SBE. The rapid use of adjunctive therapies at or near
the site of envenoming may slow the progression of venom toxicity and
absorption and decrease the need for surgical intervention.

5.3. Species-specific venom delivery apparatus

Snakes that utilize venom for the capture of prey are often classified
by the position of their fangs as either rear- or front-fanged snakes, with
the majority of medically relevant snakes being front-fanged (Viperidae
and Elapidae)(Vonk et al., 2008). The venom glands in viperids and
elapids are enclosed in a muscularized fibrous sheath that allows the
venom glands to inject venom by contraction of the compressor muscle
(Young and Kardong, 2007). In elapids, the venom fang is attached to a
rigid maxillary bone, and thus is always erect. However, viperid snakes
have a maxilla capable of rotating, enabling the fang to be erected or laid
parallel to the jaw when in the relaxed state. The ability to rotate the
maxilla is why viperids are said to possess the most efficient venom
delivery systems of all venomous snakes(Pucca et al., 2020).

The venom delivery apparatus can affect the volume of venom
injected, fang penetration width and depth, and prevalence of dry bites.
The fang length of venomous snakes ranges between 5.0 cm in certain
vipers (Bitis gabonica, Bitis rhinoceros) to as little as 0.2 cm in some el-
apids (Pseudonaja guttata)(Mirtschin et al., 2017). There are studies
related to fang length, inter-fang distance, and venom yield for some
medically relevant snakes available, but additional measurements
would be useful to compare these attributes for regional groupings of
medically relevant snakes(Braga et al., 2022; de Roodt et al., 2016; de
Roodt et al., 1998; Gao et al., 2019; Hayes et al., 2017; Mirtschin et al.,
2017; Mirtschin et al., 2002; Morrison et al., 1983; Nascimento da Costa
et al., 2020). The amount of venom delivered as well as the depth of
tissue penetration may affect the pre-hospital treatment of SBE in a
variety of ways. Large venom volumes and deeper injection depths
would require larger dosing to counteract venom absorption and dis-
tribution at both a local and systemic level.

Therapies used for field-based treatment of SBE must be safe when



R.M. Werner and A.N. Soffa

administered even when a dry bite occurs. Dry bites occur when venom
is not injected when a snakebite occurs. A review of sub-Saharan SBE
incidents revealed that dry bites occurred in approximately 23% of re-
ported cases(Chippaux, 2011). while a review of 3025 global SBE in-
cidents, revealed a similar proportion of dry bites for viperids (14.7%)
and elapids (14.5%) providing evidence that there is little difference in
the proportion of dry bites between these two snake families(Pucca
et al., 2020). To avoid the complications due to adverse reactions, the
administration of animal-derived antivenom is only recommended when
a bite and the resulting symptoms are confirmed. In contrast, the
administration of small molecule or non-immunogenic biologic thera-
pies with good safety profiles would avoid this complication.

6. IM or SC administration of SBE therapies using a medical
device

6.1. Identification of ideal attributes for a medical device

Given the above considerations related to route of administration
and variabilities in bite location and venom delivery, our group has
recently focused our efforts on the development of a field-based medical
device for the subcutaneous (SC) and/or intramuscular (IM) adminis-
tration of adjunctive therapies for SBE. As previously mentioned, the
idea of using a device such as an autoinjector immediately after enve-
noming, was originally proposed in 1975 and has seen increasing in-
terest in the last decade (Section 4.2). While there has been both medical
and industrial interest in the development of such an approach, there is
currently no commercially available device for the treatment of SBE.

Through a series of in-depth interviews with physicians and veteri-
narians that treat SBE, as well as industrial and academic groups
involved in the development of therapies for SBE (see supplemental
material), we have identified several “ideal” attributes that a device for
in-field delivery of either small molecule or biologic adjunctive SBE
therapies should possess.

The device should:

1. Be compatible and complementary with existing first aid and
health care regimes.

2. Not cause a delay in patient travel to a medical facility with
antivenom.

. Be compatible with self-administration using one hand.

. Induce little pain when administered.

. Be compatible with a variety of bite locations.

. Be small enough to be carried by an individual in the field.

. Have a rugged design to withstand demanding conditions.

. Have a long shelf-life when stored in tropical and sub-tropical
environments.
9. Require no external power source to function.

10. Be inexpensive to manufacture and have a low cost to the end

user.

Focus on delivery of rapidly distributing small molecule and/or

non-immunogenic biologic therapy formats.

0N U AW
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We envision that such a device could deliver therapies immediately
after SBE via SC or IM injection at or near the local site of envenoming,
or at a remote location. Depending on the therapy format (small mole-
cule or non-immunogenic biologic formats), SC or IM delivery of ther-
apeutics at the local site would provide direct inhibition of venom
components and potentially reduce their systemic absorption and dis-
tribution (Table 2). Delivery of therapies to a site distant from the
envenoming site would most likely involve IM delivery as SC therapy
delivery would take longer to reach systemic circulation. IM delivery
may avoid further damaging the envenoming site, however this
approach would require therapeutics that could reach local tissues via
rapid absorption and extravascular distribution. Such a device could
deliver therapy rapidly, like an Epipen autoinjector (>1 s), or more
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slowly, like an insulin infusion pump (minutes to hours). A successful
device would need flexibility to accommodate variables discussed pre-
viously (see sections 5.2 and 5.3) such as bite location, volume of venom
injected, and the spacing and depth of venom injection. In addition, the
device should be compatible with dry bites and not further damage the
already vulnerable tissue where envenoming occurs. Fortunately, there
is a good track record for the successful development and widespread
use of such devices for the delivery of either small molecule or biologic
therapeutics(Collins et al., 2020).

6.2. Human use-case and engineering metrics

Identifying and evaluating human use-case scenarios and patient
risks that can be mitigated, controlled, and managed throughout a
product’s lifecycle is critical for the development of combination prod-
ucts that combine both therapy and a device to administer that therapy
(DeGrazio and Paskiet, 2020). Thus, we have identified potential
use-related issues at the onset of the design process to enhance the safety
and improve the usability of the product. This approach is recommended
by regulatory bodies such as FDA who suggest that manufacturers
investigate use-related problems that have occurred in the past with
devices that are similar to the one under development and apply lessons
learned to the development of the new product(Gupta and Pidgeon,
2016). Most of the safety and use-case metrics for our proposed device
mimic those found for the use of mechanical autoinjectors or infusion
pumps. However, additional factors related to the painful, stressful,
emotional, and emergent nature of SBE, both for the victim and by-
standers, were identified. In addition to use-case scenarios and safety
considerations, expert opinions gleaned from personal interviews (see
supplemental material) helped us develop the ideal engineering metrics
that our proposed device should possess (Table 3).

A complicating factor related to SBE is the anatomical location of
envenoming, particularly if therapies are to be administered near the
bite location. As discussed in section 5.2, the majority of SBEs occur on
the lower and upper extremities, however, bites can take place at any
location. Individual differences in skin thickness and subcutaneous tis-
sue depth as measured by ultrasonography are related not only to the
anatomical location in question, but also to factors such as body mass
index (BMI), hydration, age, and gender(Alexander and Miller, 1979;
Seidenari et al., 1994). A representative study evaluating the subcu-
taneous administration of insulin in adults (N = 101) found that the
average skin thickness of adult males ranges from 0.6 mm to 2.60 mm
and in adult females from 1.55 mm to 3.00 mm, giving an average skin
thickness in adults of 1.92 mm(Jain et al., 2013). Likewise, the subcu-
taneous tissue thickness in the arms of adult males ranged from 1.65 mm
to 14.65 mm, whereas it ranged from 3.30 mm to 18.20 mm in females,
giving an average subcutaneous tissue thickness in adults of 9.45 mm.
Since these average thicknesses have such large variations, it is difficult
to predict the exact route of administration if therapies are meant to be

Table 3

Engineering metrics for a field-based device for the administration of adjunctive
therapies for SBE. The identified units and the corresponding reasons for the
choice of those units are provided. The (*) indicates that SC administration is
ideal, but may involve IM administration depending on bite location.

Metric Ideal Units Reason

Volume Injected 2-5mL Encapsulate venom 0.1-2.0 mL
Dia. Injection Bolus 3-5cm Majority of inter-fang distance
Depth Injection Bolus 0.5-2 cm Majority of fang length
Needle Depth 0.5-1 cm Subcutaneous* injection
Time to Inject/Deliver 10-300 s Patient compliance

Shelflife 1-5yr Stable to heat/moisture
Device Width <8 cm Hold in adult hand

Device Length <30 cm Easily Packable

Device Weight <300 g Ease of transport, use

# steps to use 2-5 steps Simplicity

Power Mech. No external power required
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administered close to the site of SBE. Thus, we have identified between
5 mm and 10 mm as an ideal needle length for delivery of SC therapies,
however, depending on the location of therapy administration, we
recognize that IM delivery is a possibility (Table 3). Ideal therapies
included in such a device would be equally effective if administered by
either a SC or IM route.

Factors such as average venomous snake fang length, inter-fang
distance, and venom amount (bolus) helped us arrive at the identified
units related to therapy volume, needle depth and potential area of
coverage. The use of single needle or multi-needle injection designs are
possible approaches to meet these metrics. Opinions of medical experts
and experimental studies indicate that administration of SC or IM
therapies exceeding volumes of 1-2 mL can cause significant pain that
leads to reduced patient compliance(Berteau et al., 2010, 2015; Gupta
et al., 2011; Hill et al., 2016; Kim et al., 2012). Thus, the larger volume
of injection described necessitates the use of either lower injectio-
n/infusion rates or the distribution of the injection volume over a larger
surface are. Again, the use of a multi-needle approach to address these
issues may be considered. To maximize the shelf-life of the therapies
contained in the device, considerations regarding the use of lyophilized
components that are solubilized when needed could be considered. The
self-life is a parameter that is particularly relevant for biologic therapies
due to the increased likelihood of degradation given the high tempera-
tures and humidities that most regions with high burdens of SBE expe-
rience. Expert interviews helped us identify metrics related to size and
simplicity of use in an austere environment (see supplemental material).

6.3. Development hurdles

The development of medical devices, pharmaceuticals, or combina-
tion products that involve both have an increasingly difficult and
expensive path to successful implementation and ultimate commer-
cialization(DeGrazio and Paskiet, 2020; Gopalaswamy and Gopalasw-
amy, 2008). This presents a difficult challenge with respect to the
development of such a device for the treatment of SBE because the
populations most affected typically have the least financial resources
and medical infrastructure available to them (see section 1). Therefore,
therapies, or the devices used to administer them, must have a minimal
cost to the end user if they are to be widely adopted in the regions of the
world that would benefit most from their use. To achieve this goal,
production costs must be kept to a minimum, and the development of
effective “low-tech” devices over expensive multi-component “high--
tech” or “smart” devices appears warranted.

Given the magnitude of SBE on a global scale, there is clearly a need
for improved therapies for SBE and the accompanying ways to deliver
them. However, defining a need is not the same as defining a market for
a product. A market for a product is defined as the number and types of
entities (consumers) paying for an item, and thus can be used to calcu-
late the potential revenue generated by sales of the product. In the case
of a device to deliver therapies for SBE in the field, potential consumers
could be government entities (military, national health systems, etc.),
local hospital and EMS systems, or potentially small employers, villages,
or even individuals. Lessons can be gleaned from experiences with an-
tivenom funding and distribution that could be applied to market issues
for such a device. Studies of the global antivenom markets(Gutiérrez,
2012, 2019; Habib and Brown, 2018; Williams et al., 2011a), and
markets in South East Asia,(Patikorn et al., 2022), Africa(Brown, 2012;
Habib et al., 2020; Potet et al., 2019), Australia(Isbister, 2023), and
South America(Fan and Monteiro, 2018), reveal that significant markets
exist in these regions, but supply chain, quality control, and distribution
issues prevent supplies from adequately reaching these markets.

The markets for small molecule and non-immunogenic biologic
adjunctive therapies have the potential for global expansion if they are
shown to be effective, can be widely distributed, and have a low cost.
Lessons can be learned from the recent pathway of development for the
repurposed PLA; inhibitor (varespladib) by Ophirex(Lewin, 2022). The
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development pathway for varspladib started with small initial in-
vestments used to gather results demonstrating in vitro followed by in
vivo efficacy, and these results were then used to leverage much larger
private and defense related investments to help support the advance-
ment of varespladib into human clinical trials as an adjunctive therapy
for SBE. By analogy, if such adjunctive therapies can follow similar
pathways and become widely used, we anticipate that the market for a
device to deliver these therapies may also expand.

The process of regulatory approval for pharmaceuticals, medical
devices and combination products for use in humans will be different
depending on the country or region for which approval is sought
(Lamph, 2012; Sweet et al., 2011; Van Norman, 2016; Darrow et al.,
2021; Drashti et al., 2019). An approach called “bridging” that may
speed the regulatory approval of a device for the treatment of SBE could
be used. Bridging occurs when a new medical device delivers a therapy
that has already received regulatory approval. This approach focuses the
approval process on the device rather than the therapy and can often
expedite the approval of the device(USFDA, 2019). Despite the advan-
tages of bridging, combination products are still subject to often difficult
early-stage hurdles related to material selection, drug-device in-
teractions, and biocompatibility testing(DeGrazio and Paskiet, 2020;
Gopalaswamy and Gopalaswamy, 2008). Regulatory approval by the
FDA is often considered the gold standard, but since the burden of SBE is
very low in the United States, regulatory approvals from other regional
agencies may be more appropriate. Fortunately, there is increasing
awareness of the unique challenges that therapies for addressing
neglected diseases such as SBE possess, and some regulatory agencies
are attempting to facilitate more streamlined approval processes
(Mukherjee, 2023).

7. Opportunities for transdisciplinary collaboration

There has long been a recognition that collaborative trans-
disciplinary approaches can be highly successful when addressing the
challenges presented by SBE(Gutiérrez, 2016; Gutiérrez et al., 2006,
2022). Such a collaborative spirit would be necessary for the successful
development of a device for the field-based administration of adjunctive
SBE therapies, and a summary of potential collaborative entities is
provided in Fig. 8. In addition to small molecule and biologic therapy
developers, we envision collaborative efforts involving medical device
engineers and manufacturers, therapy formulation and packaging ex-
perts, animal testing and toxicology partners, legal and regulatory en-
tities, as well as government and industrial partners that can assist with
ultimate clinical testing, validation, and implementation of the device.

8. Conclusion

In this review, we have presented a summary of practices for treat-
ment of SBE and highlighted the crucial role that the timely delivery of
antivenom plays in SBE therapy. The time to travel to a medical facility
for the administration of antivenom is situationally dependent given the
geographically remote nature of most SBE incidents. In the last three
decades, there has been increasing interest in the development of
adjunctive therapeutics to bridge this time-gap between initial SBE and
the administration antivenom, and a summary of relevant literature is
provided as supplemental material. We presented potential points of
intervention along the envenoming therapy timeline (ETT) and dis-
cussed the possibility of delivering adjunctive therapies during the
initial minutes or hours following SBE with the aim of reducing overall
SBE mortality and morbidity. Small molecule and biologic therapies
with the highest potential for use as adjunctive SBE therapies targeting
the most relevant venom components (PLA3s, SVMPs, SVSPs, and 3FTxs)
were presented, as was the possibility of combining therapeutics to
provide protection against regional groupings of medically relevant
snake species. Considerations for the development of a field-based
medical device that could deliver adjunctive SBE therapies including
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Fig. 8. Opportunities for collaboration in the development of a field-based device for the administration of adjunctive therapies for SBE.

the route of therapy administration, anatomical bite location, and
species-specific venom delivery were presented. The advice gleaned
from expert interviews is provided as supplemental material and was
used in conjunction with the above considerations to develop ideal
metrics and identify potential development hurdles for a medical device
that could administer adjunctive SBE therapies via SC or IM injection in
a field-based setting. Future publications will detail the specific designs,
functionality, and testing of the device our group is developing for these
purposes. We look forward to seeing what the future holds for the
development of adjunctive SBE therapies and the devices that will be
needed to deliver them.
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