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Abstract: Snakebite envenoming affects millions of people annually, with current treatments
limited to animal-derived antivenoms. Repurposed drug-inhibitors of toxin families offer
an exploitable avenue to improve snakebite treatment, including heparins which can
inhibit cytotoxic three-finger toxins. However, to be effective therapies in-the-field such
treatments must be engineered into drug delivery devices capable of rapidly
administering drug(s) to the envenomation site. Herein we introduce the concept of
integrating heparins, specifically unfractionated heparin (H) and its low molecular
weight heparinoid variant, tinzaparin (T), into hydrogels composed of whey protein
isolate (WPI), an inexpensive byproduct of the dairy industry that is cytocompatible,
stiff, sterilizable by autoclaving, and that has the dual function of being able to locally
deliver drugs and act as wound dressings. The aims of this research were to
investigate whether heparin-containing WPI hydrogels displayed physical
characteristics suitable for wound dressings and could effectively release drug in
sufficient quantities to inhibit the cytotoxic activity of spitting cobra venom. To do so,
five hydrogel prototypes were produced: 40% WPI no drug control, and 5% H, 10% H,
5% T, and 10% T all within 40% WPI hydrogels. It was determined that heparins
successfully integrated into WPI hydrogels and heparin-containing WPI hydrogels
exhibited improved swelling versus the 40% WPI no drug control, suggesting improved
absorption of wound exudate; however, this heparin integration also increased the
hydrogel degradation rate in simulated wound environments. Most importantly,
sufficiently high concentrations of T were released into phosphate buffered saline from
the 10% T hydrogels to neutralise Naja nigricollis venom cytotoxicity in a HaCaT cell
cytotoxicity model. Together, our results suggest that the integration and diffusion of
venom-inhibiting drugs in WPI hydrogels is possible and that the development of such
drug-integrated hydrogels into snakebite wound dressings warrants further research.

Response to Reviewers: Please note, we have also attached these Comments to Reviewers as a separate word
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document, which is better formatted and likely easier for the reviewers and editor to
read.

We would like to sincerely thank the editor and reviewers for their time and their
detailed commentary. We would also like to thank them for their patience in allowing us
an extended deadline to complete further experimentation addressing their concerns
with the previous version of this study. We believe that we have adequately tackled the
identified issues, and that the suggested edits have been implemented to produce an
improved manuscript. Below you can find a point-by-point response to the specific
comments made. For clarity, please note that all revisions to the manuscript have been
highlighted using red font, including minor errors we noticed in our original writing that
we edited of our own accord including italicising all instances of et al.

Reviewer #1
Background: cytotoxins are the prevail components in the venom of this cobra.
Heparins bind and neutralize them. The WPI-based hydrogel is capable of including
heparin. Methodology: the authors incubated tinzaparin-containing hydrogel with PBS
for a 24h, measured the release of tinzaparin (after 24h), and established its
neutralizing activity towards the cytotoxicity of cobra venom. Findings: The authors
have found that tinzaparin retains its ability to neutralize cobra venom cytotoxicity being
released into PBS from WPI-based hydrogel during 24h incubation. To my knowledge,
this is the first report on activity of pure WPI-hydrogel against cobra venom cytotoxicity.
Roughly, this suggests the possibility of using such a drug to treat a cobra bite. In
addition, the authors provided some data (SEM and others) on heparin-containing
WPI-hydrogels. Although the latest data are not directly related to toxinology, they are
of interest for the pharmacy technology.
In overall, the manuscript is well-written and of interest. Graphical abstract, figures, and
tables are relevant.

We would like to thank Reviewer #1 for their thorough evaluation and supportive
comments.

However, some questions require answers before recommendation for publication.
The main issue is: the effect of cytotoxins develops quite quickly (in the very first
minutes of envenomation; and even delayed effects, such as necrotic lesions, are
triggered in the first hours after the bite). The questions are: why did the authors not
investigate the release of tinzaparin from the hydrogel in the first 1-3-5 hours of its
application? Why are they waiting 24 hours? The speed of the onset of the drug's
effect is critically important for the successful recovery of a bitten person. After 24
hours, all pathological processes have already started and are in full swing. Will 10%T
be effective if applied immediately (does tinzaparin release enough, for example, within
an hour or three)? The fact that an effective final concentration of tinzaparin has
accumulated in PBS after 24 hours does not guarantee an effect in the early stages of
the lesion, while this is important. Therefore, based on the data provided, it is
premature to talk about 10%T as a promising treatment for snake bites. Based on the
above, I strongly recommend the authors either soften the wording regarding the use
of 10%T as a medicine (wound dressing) for cobra bite (including in the title of the
manuscript and elsewhere in text, e.g. Lines 539 and 549), or to determine the release
of tinzaparin from the hydrogel in PBS during the first hours of incubation.

This is a very fair point, and we agree that showing effective tinzaparin release at more
appropriate time points is crucial for demonstrating the potential of WPI hydrogels. To
address this, we have conducted additional experimentation to determine the release
of tinzaparin from a hydrogel at the more biologically relevant timepoint of 1 hour. This
work is summarised in the new Fig. 5 which demonstrates that tinzaparin is released
from the gels at high concentrations within the first hour, with no significant difference
to the release after 24 hours. Several changes have been made to the manuscript
following the acquisition of these results. Sam Hyam and Layla Tyrrell have been
added to the list of authors for the creation of a new batch of tinzaparin-containing WPI
hydrogel discs and for completing this new set of requested experiments, respectively.
Throughout the document, details have been added to include the 1-hour incubation
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and the 24-hour incubation. For the methods section, under subheading 2.2.7., lines
224-233 have been rewritten to detail an updated analysis method for quantifying
tinzaparin release, wherein each sample was compared to each standard curve and
the average found, which should give a more accurate measurement of how much
tinzaparin is within each sample. In addition, detail has been added regarding the new
1-hour incubation time point. This section now reads:
“To measure drug release from the tinzaparin-containing WPI hydrogel, 10% T and
WPI control discs were soaked in PBS (3 discs / 180 μL PBS) for 1 hour or 24 hours
under standard conditions (37 oC, 5% CO2). Over three experimental replicates, 50
microlitres of the resulting solutions were pipetted into separate wells in a half-volume
96-well UV-capable microplate along with serial dilutions of known tinzaparin
concentrations (4,000 – 31.25 μg/mL, with a halving of the concentration with each
serial dilution). A230 was measured in each well using a Tecan MPLEX plate reader
and a standard curve plotted for each known tinzaparin concentration serial dilution,
from which the concentration of tinzaparin released from the 10% tinzaparin-containing
discs under standard conditions was determined for each of three experimental
replicates and the means calculated.”
In the results section, a new version of Fig. 5 has been produced, with the absorbance
of new tinzaparin standard curves being given in Fig. 5B, and the quantity of tinzaparin
released after incubation in PBS for 1 hour compared to 24 hours being given in the
new Fig. 5C. The figure legend has also been revised to describe these new figures.
The paragraph following this describing the results has also been edited to reflect the
new data and experimental methods (lines 396-407).
In addition, we then also repeated the venom-inhibition experiments with the 1 hour-
soaked 10% T hydrogel solution, which provided statistically significant evidence that
this solution was capable of inhibiting the N. nigricollis venom’s cytotoxic activity (Fig.
6B). Finally, Table 3 has been revised to include the 1-hour tinzaparin release
concentration (2.80 mg/mL) and that of the tinzaparin concentration released after
incubation for 24 hours determined after these new experiments (3.05mg/mL), since
new hydrogel discs had to be prepared for their completion.
The discussion section has principally been edited between lines 506-523 to discuss
the new 1-hour incubations and to utilise the updated tinzaparin concentrations. In
addition, we have softened the language at the end of this paragraph regarding the use
of these hydrogels as medicines for the treatment of snakebite in line with the
reviewer’s suggestion. Additional editing for this purpose has been conducted in the
conclusions.
Thank you to Reviewer #1 for this comment. We believe the additional experiments
that have been undertaken in response address their valid critique.

Line 104. There's probably a typo here. Heparis is a hepatoprotector food supplement.

This is a typo and has now been corrected to “heparin”.

Line 141 (or Line 208). What the proteases have been used? Human collagenases?

The proteases used for this experiment were a dried mixture of proteases produced
from bovine pancreas obtained from Sigma-Aldrich, incubated with the hydrogels at a
concentration consistent with human blood collagenase levels. For improved clarity,
this sentence (starting in line 209) has been altered to read:
“Five hydrogel samples were incubated in 200 μL of pH 7.4 PBS containing 13.33
μg/mL protease mixture obtained from bovine pancreas (CAS no. 9001-92-7),
concentrations consistent with blood collagenase levels”

Line 384. Here it states that PBS incubated with 10% WPI was used as a solution for
control samples of 10%T. However, the hydrogel used for 10%T was 40% WPI (Table
1). 40% WPI releases protein into solution in 24 hours with an absorption of about 0.3
A at 280 nm (Fig. 4A). Then, taking into account a typical protein spectrum, absorption
at 230 nm should be about 1 A, or even more. Therefore, 10% WPI is an unsuitable
control for calculating tinzaparin release, since an increase in 0.5-1.5 A absorption at
230 nm will mostly be due to protein loss from the 10%T preparation based on
40%WPI, rather than the release of tinzaparin.
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The statement “10% WPI” was a typo. This should instead read “40% WPI”, as the
same control gel was used here as with other experiments. As such, there should not
be a technical issue to address, and the typo has now been corrected in the
manuscript. Thank you for catching this error.

Line 414. What prevented the authors from taking the same venom concentration in A
and B? The authors describe a purely technical situation (Lines 525-535). I suggest the
authors repeat this important experiment both A and B under the equal conditions;
otherwise, these data raise doubts about the validity of the observed difference.

This is again a highly valid critique. The experiments summarised in Fig. 6 have
therefore been repeated to ensure that an equal venom concentration (20 µg/mL)
could be used for both 10% T  and 40% WPI hydrogels, as well as exploring the effect
of PBS solutions incubated with either hydrogel type for only 1 hour compared to 24
hours. Surprisingly, whilst this has continued to demonstrate that the solutions
generated from 10% T hydrogel incubations, including 1-hour incubations, are able to
inhibit spitting cobra venom cytotoxicity, albeit at slightly different concentrations than
previously observed, the significant inhibitory effect from the blank 40% WPI hydrogels
solutions was no longer seen. As a result of this, changes have been made to this
manuscript to reflect these new results which are no longer statistically significant by
removing any previous mention of such significance, and instead now focuses on the
significant results observed from the 10% T hydrogel solution. We did, however, feel it
was important to mention that despite the lack of significance, it was still interesting
how the mean % cell viability in cells treated with venom and the blank WPI hydrogel
solution was slightly higher than the venom-only control, and that further research is
required to determine if this is a real effect that could be exploited in future snakebite
therapies or not.
The methods section has been rewritten to accurately detail the methodologies used
for the new and repeated experiments. Under subheading 2.2.8., this section has been
modified to reflect that the cytotoxicity assays were repeated using the same venom
concentration for each condition, and now reads:
“Three discs of both hydrogel types were incubated in the same manner for 1 hour.
Serial dilutions of the resulting hydrogel solutions (0.08x to 1.95x10-5x dilutions with a
quartering of the concentration with each serial dilution) were mixed with a constant 20
µg/mL N. nigricollis venom or venom vehicle control (PBS) in Low Background
Fluorescence Medium.”
Several sections from the results section have also needed to be modified to reflect
these new results. Firstly, the title of section 3.6 is now:
“3.6. 10% Tinzaparin WPI Hydrogels Inhibit N. nigricollis Venom Cytotoxicity”
Fig. 6 has now been improved using the new experimental data based on the
reviewer’s suggestions, with all experiments being conducted at the same venom
concentration (20 ug/mL), as well as additional cytotoxicity assays being conducted on
solutions derived from 1-hour hydrogel incubations which should more accurately
reflect the realities of treating snakebite in the field (Fig. 6A and 6B). The figure legend
has also been updated to describe the new figure. The following paragraph describing
the results shown in Fig. 6 and Table 3 has therefore also been rewritten:
“HaCaT cells exposed to N. nigricollis venom and treated with vehicle control for both
hydrogel experiments effectively reduced cell viability to close to 0%, confirming that
cytotoxic venom concentrations were used in both cases (Fig. 6). The supernatant from
the 40% control hydrogels for both incubation periods did not significantly increase cell
viability at any concentration, although mean cell viability did increase from the vehicle
control at most concentrations (Fig. 6A, 6C). The 1-hour incubation, 10% T hydrogel
supernatant dilution series effectively inhibited the venom-induced cytotoxicity only at
the 0.02x dilution which contained approximately 56 μg/mL of T (Table 3), resulting in a
significant increase in mean cell viability to 52.5% (Fig. 6B). The 24-hour incubation,
10% T hydrogel dilution series was able to inhibit N. nigricollis venom cytotoxicity at a
greater concentration range than the 1-hour incubation, significantly increasing cell
viability at dilution factors of 0.05, 0.02 and 0.08 (15, 61 and 244 µg/mL [Table 3]),
resulting in cell viabilities of 39.5%, 48.8% and 31.5% respectively (Fig. 6D).”
Finally, the discussion section has been amended in several places to reflect the new
experimental results and to remove mention of the previously significant cytoprotective
effect of 40% WPI hydrogels. The first of these is between lines 514-517, which has
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been altered to read:
“As predicted, the 24-hour incubated, 10% T hydrogel-derived solution successfully
inhibited N. nigricollis venom-induced skin cell cytotoxicity at several tested serial
dilutions (15 – 244 μg/mL of T; Table 3), and at one tested concentration for the
solution derived from a 1-hour incubation (61 ug/ml of T; Table 3). These results
confirm that T-integrated WPI hydrogels can release drug at sufficiently high
concentrations within as little as an hour to inhibit snake venom-induced cytotoxicity – a
valuable characteristic since rapid treatment is crucial for necrosis prevention
(Gutiérrez et al., 2017a). As such, this evidence suggests that drug-incorporated WPI
hydrogels warrant further research and development as potential pre-hospital drug
delivery devices for the treatment of snakebite envenoming.”
As Reviewer #1 requested, all the new experiments have been repeated using the
same concentration of N. nigricollis venom (20 ug/mL). As such, the paragraph which
detailed the limitation inherent in using different venom concentrations (previously lines
525-535) has been removed entirely, and the reference found only in this paragraph
(Jain et al., 2021) removed from the reference list.
Finally, the final paragraph of the discussion as well as the conclusions (have also
been edited to accurately reflect the data generated by the new experiments, including
the new 1-hour incubation timepoints and the non-significant results from the blank
hydrogels.
Thank you again to Reviewer #1 for their valid criticism which, after completing these
new experiments, has certainly improved our manuscript.

Line 547. Baines et al., 2024 used hydrogel but did not use varispladib or another anti-
venom drug; Lewin et al., 2016 used varespladib but did not use hydrogels or any
similar delivery system. I understand what the authors meant by that, but these
references don't complement each other in a reason way, so they seem to be improper
here.

We thank Reviewer #1 for flagging this. This section has been rewritten to now read:
“In addition, a range of other snake venom inhibitors which are currently under
investigation such as varespladib, a hydrophobic inhibitor of snake venom PLA2s
(Clare et al., 2021; Lewin et al., 2016) , could be incorporated into hydrogels and tested
against a range of snake venoms. This could exploit WPI hydrogels’ ability to bind and
release hydrophobic drugs (Baines et al., 2024).”

Reviewer #2

This research manuscript investigated whether heparin-containing WPI hydrogels
displayed physical characteristics suitable for wound dressings and could effectively
release drug in sufficient quantities to inhibit the cytotoxic activity of spitting cobra
venom.
I have read the manuscript and have some suggestions that I recommend to do on it to
be accepted:
1- On Introduction on line 87, the authors mentioned that..." Some promising
candidates are heparins including unfractionated heparin..." There are previous
relevant publications on heparins as antivenom against diferente snakes from different
continents, that they should be mentioned in your citations.

We thank reviewer #2 for their feedback. This is a fair comment. Additional historic
citations about the use of heparins as antidotes against snake venoms across the
globe have now been included and the sentence between lines 88-92 reworded to
read:
“Some promising candidates are heparins including unfractionated heparin (H), a
highly sulphated polysaccharide previously explored for hemotoxic snakebite
treatment, and its low molecular weight (LMW) heparinoid variant, tinzaparin (T), both
of which are anticoagulants traditionally used for thromboembolic indications (Boechat
et al., 2001; Christy et al., 1973; Du et al., 2024; Hirsh, 1998).”
In addition, the full citations for Boechat et al., 2001 and Christy et al., 1973 have been
added to the reference list.
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2- On line 104 is the word heparis correct ?

Apologies, this was a typo. It has now been corrected to “heparin”.

3- Which protein composition has the WPI hydrogels? If it contains casein, could
explain some results of your data about incorporating the snake venom component. It
would be better to add more specific information about the WPI. On line 269 Fig., the
morphological changes induced by the polyanions on the surface of WPI indicated its
contain charged amino acid, which allowed the incorporation of heparins. This needs a
comment to explain it.

Whey protein isolate does not contain casein, as part of the process involved in
producing WPI from milk is to remove casein proteins (Khalid et al., 2025). Specific
information about the composition of WPI has also been added to the discussion
section over Lines 447-449, reading:
“WPI is >97% protein, of which the majority is β-lactoglobulin (75%), however other
components include α-lactalbumin, immunoglobulins, bovine serum albumin, bovine
lactoferrin and lactoperoxidase (Keppler et al., 2014; Madureira et al., 2007).”
Additionally, β-lactoglobulin has been reported to have an isolelectric point of pH 5.3 in
the native state which would make it negatively charged at neutral pH (Wang et al.,
2024). However, it is possible that the denaturation of β-lactoglobulin caused by
heating may change the isoelectic point resulting in the binding of heparinoid
polyanions, however this is only speculative. A comment has been added to explain
this in the discussion between Lines 450-454, reading:
“β-lactoglobulin has been reported to be negatively charged in the native state
(isoelectric point = pH 5.3), with polyanions such as heparin typically binding patches
of positively charged amino acids (Kamerzell et al., 2011; Wang et al., 2024). However,
it may be possible that protein denaturation caused by heating may alter the isoelectric
point, allowing heparin polyanion binding.”
In addition, the full citations relating to these additional in-text citations have been
added to the reference list.
Note that the decision was made to add these further details to the discussion section
rather than the results section (i.e. on Line 269) as they are a commentary upon the
results found instead of a description of the results.

4- On line 228 topic 2.2. Cytotoxicity Assay, please indicate the temperature that the
experiment was performed on.

The temperature under which tinzaparin was released from the gel was 37oC. This has
been corrected in the manuscript by adding the term “under Standard Conditions”,
defined earlier in the document as 37oC and 5% CO2.

5- On line 452-453 Could the authors explain better this statment?

Thank you to Reviewer #2 for pointing out the ambiguous nature of this statement. This
has now been expanded to say:
“The improved swelling properties observed in the WPI hydrogels integrated with
heparins is also a desirable characteristic for a snakebite wound dressing, as
snakebite envenoming often produces excess wound exudate which should be
removed for more effective wound healing (Collier et al., 2014; Ibiapina et al., 2019;
Rucavado et al., 2016).”
The additional citation by Collier et al., 2014 details why excess wound exudate should
be removed, and this has also been added to the reference list.

6- Line 503-504 - It could interact as a substract for the venom, decreasing the amount
of free active toxins

Thank you to Reviewer #2 for this suggestion regarding a possible mechanism of
action regarding the inhibition of cytotoxicity by the blank 40% hydrogel-derived
solutions. However, as we are no longer observing a significant cytoprotective effect
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from these solutions after repeating these experiments, we have stripped back the
commentary about the effects of the blank 40% hydrogel-derived solutions from the
discussion, as previously discussed in our response to a comment from Reviewer #1,
and as such will no longer go into extended detail regarding a possible mechanism of
action.

Final comments: I have enjoyed to read this this relevant manuscript that raises an
important issue in Toxinology, the development of experimental models. New and good
experimental models need time to be reproduced and become relevant. This is an in
vitro model that show the relevance of polyanions as antitoxin agents against isnake
venom.
After a good revision and adjustment in the citations it will be better suited for
acceptance.

We thank Reviewer #2 for their kind words as well as their suggestions for how we
could improve our manuscript.

Editorial Comments
Owing to the model limitations, it would seem necessary to tone down the concluding
statements on the suitability of this kind of device until more detailed evidence of its
translational usefulness is gathered.

Thank you to the editor for their review of our manuscript. Due to the additional
experiments undertaken to improve this manuscript, we believe that the translational
utility of these heparinoid-incorporated WPI hydrogels is now much less in question, as
we have demonstrated that they are able to operate at more relevant time points, as
well as improving the validity of the cytotoxicity assay experiments by using the same
concentration of venom for each experiment. However, we have also taken the editors
suggestion to soften the language used in some of our concluding experiments, as we
acknowledge more information is needed before we can confidently state that this
methodology could be used for in-the-field treatment of cytotoxic snakebite injury. This
includes commentary within the discussion (lines 521-523) and conclusions (lines 560).

The work is certainly important and interesting. The final sentence in the cover letter
"...our results do suggest that the integration and diffusion of venom-inhibiting drugs in
WPI hydrogels is possible and that the development of such drug-integrated hydrogels
into snakebite wound dressings warrants further research." seemed to me even better
than the final sentence of the abstract "...these data suggest drug inhibitor-containing
WPI hydrogels could be suitable for translation into snakebite wound dressings for field
use, and that future work is certainly warranted". Just a personal suggestion.

We thank the editor for their kind words and for their observation on the final sentence
of the abstract. This sentence has now been replaced with the conclusion of the cover
letter, now reading:
“Together, our results suggest that the integration and diffusion of venom-inhibiting
drugs in WPI hydrogels is possible and that the development of such drug-integrated
hydrogels into snakebite wound dressings warrants further research.”
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Dear Prof. Lomonte and your fellow editors of Toxicon,      09/03/2026 

My co-authors and I wish to re-submit an original research manuscript titled, “Heparin-incorporated 
whey protein isolate-derived hydrogels with an intended dual function as snakebite wound dressings 
and drug delivery systems inhibit spitting cobra venom-induced cytotoxicity” for consideration to be 
published in Toxicon. I can confirm that this work is original, has not been written with AI, the results 
have not been published elsewhere, is currently not being considered for publication by any other 
academic journals, and that we have addressed the comments and concerns posed by the reviewers. 

While the overall findings of the manuscript remain largely unchanged – in that the drug tinzaparin 
(a) successfully incorporates into whey protein isolate (WPI) hydrogels, (b) can be released from 
these hydrogels upon soaking in saline solution, and (c) retains its ability to inhibit the cytotoxic 
activity of Naja nigricollis venom – we can confirm that the manuscript has been substantially 
improved following careful consideration of the reviewers’ comments. First and foremost, where we 
previously only tested whether solution in which tinzaparin-containing hydrogels had been soaked 
for 24 hours could inhibit venom-induced cytotoxicity, we have now demonstrated that such 
inhibition is also achievable following a much shorter 1-hour soaking period. Secondly, we have 
repeated the cell viability experiments in which 12.5 µg/mL of N. nigricollis venom was used for the 
control (drug-free) WPI hydrogels and 20 µg/mL for the tinzaparin-containing WPI hydrogels, 
correcting this inconsistency by performing both conditions using 20 µg/mL of venom. Thirdly, these 
repeated experiments, while providing stronger evidence that solution derived from tinzaparin-
containing hydrogels can inhibit N. nigricollis venom-induced cytotoxicity, no longer show that 
solutions derived from blank (drug-free) hydrogels produce significant inhibition. While this 
difference may be attributable to the use of 20 rather than 12.5 µg/mL venom in these control 
hydrogel experiments, the fact remains that these results are no longer statistically significant and 
therefore should not be discussed as such. Accordingly, much of the discussion surrounding these 
findings in the previous version of the manuscript has been removed. Finally, all editorial suggestions 
made by the reviewers have been addressed in our Response to Reviewers document, and all 
manuscript edits have been highlighted in red text to ensure clarity where all such changes occurred. 

In addition, I would like to mention that we have added two co-authors to the author list: Layla 
Tyrrell and Sam Hyam. This is because this work was initially completed by students of mine and of 
Dr Douglas’ during the 2024-2025 academic year who have since completed their degrees and are 
no longer in our lab. Sam, Dr Douglas’ current Master of Engineering student, therefore prepared 
new hydrogel discs and Layla, my current Integrated Masters student, then performed the new 
cellular assays requested by the reviewers. An Authorship Change Request form has been completed 
for which I have received all required signatures, all of which are included within the manuscript re-
submission documents. 

In summary, this manuscript is the first to detail how a drug inhibitor of a snake venom can be 
incorporated into a hydrogel, retained in that hydrogel, and then later released from that hydrogel 
at which point the drug retains its venom-inhibiting properties. Whilst much work must be done to 
confirm if other drugs or antibodies can be used, whether such a biomaterial could be used against 
other venoms, and whether it would prove effective in a more clinically relevant in vivo model of 
envenoming, it does provide an important initial proof-of-concept for the development of hydrogel-
based drug delivery devices that could one day be translated into pre-hospital treatments for the 
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local effects of snakebite. My collaborators and I will continue pursuing this line of research in the 
coming years, and we hope to share further developments with you in future submissions to 
Toxicon. 

Thank you kindly for your time and for considering our manuscript re-submission. 

Yours sincerely, 

 
Dr Steven R. Hall 
T: +44 (0) 7495 809945 | E: s.r.hall@lancaster.ac.uk 
Lecturer in Pharmacology and Director of Studies for Pharmacology 
Division of Biomedical and Life Sciences | Lancaster University | United Kingdom 
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The publisher and editor cannot investigate or mediate any authorship disputes. If you are unable to obtain 
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If your manuscript has already been accepted and is in the proofing or production stages, please return this 
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Response to Reviewers  Gray, et al. 2026 

We would like to sincerely thank the editor and reviewers for their time and their detailed 

commentary. We would also like to thank them for their patience in allowing us an extended deadline 

to complete further experimentation addressing their concerns with the previous version of this study. 

We believe that we have adequately tackled the identified issues, and that the suggested edits have 

been implemented to produce an improved manuscript. Below you can find a point-by-point response 

to the specific comments made. For clarity, please note that all revisions to the manuscript have been 

highlighted using red font, including minor errors we noticed in our original writing that we edited of 

our own accord including italicising all instances of et al. 

 

Reviewer #1 

Background: cytotoxins are the prevail components in the venom of this cobra. Heparins bind and 

neutralize them. The WPI-based hydrogel is capable of including heparin. Methodology: the authors 

incubated tinzaparin-containing hydrogel with PBS for a 24h, measured the release of tinzaparin 

(after 24h), and established its neutralizing activity towards the cytotoxicity of cobra venom. 

Findings: The authors have found that tinzaparin retains its ability to neutralize cobra venom 

cytotoxicity being released into PBS from WPI-based hydrogel during 24h incubation. To my 

knowledge, this is the first report on activity of pure WPI-hydrogel against cobra venom cytotoxicity. 

Roughly, this suggests the possibility of using such a drug to treat a cobra bite. In addition, the 

authors provided some data (SEM and others) on heparin-containing WPI-hydrogels. Although the 

latest data are not directly related to toxinology, they are of interest for the pharmacy technology.  

In overall, the manuscript is well-written and of interest. Graphical abstract, figures, and tables are 

relevant.  

We would like to thank Reviewer #1 for their thorough evaluation and supportive comments.  

 

However, some questions require answers before recommendation for publication.  

The main issue is: the effect of cytotoxins develops quite quickly (in the very first minutes of 

envenomation; and even delayed effects, such as necrotic lesions, are triggered in the first hours after 

the bite). The questions are: why did the authors not investigate the release of tinzaparin from the 

hydrogel in the first 1-3-5 hours of its application? Why are they waiting 24 hours? The speed of the 

onset of the drug's effect is critically important for the successful recovery of a bitten person. After 24 

hours, all pathological processes have already started and are in full swing. Will 10%T be effective if 

applied immediately (does tinzaparin release enough, for example, within an hour or three)? The fact 

that an effective final concentration of tinzaparin has accumulated in PBS after 24 hours does not 

guarantee an effect in the early stages of the lesion, while this is important. Therefore, based on the 

data provided, it is premature to talk about 10%T as a promising treatment for snake bites. Based on 

the above, I strongly recommend the authors either soften the wording regarding the use of 10%T as a 

medicine (wound dressing) for cobra bite (including in the title of the manuscript and elsewhere in 

text, e.g. Lines 539 and 549), or to determine the release of tinzaparin from the hydrogel in PBS 

during the first hours of incubation. 

This is a very fair point, and we agree that showing effective tinzaparin release at more appropriate 

time points is crucial for demonstrating the potential of WPI hydrogels. To address this, we have 

conducted additional experimentation to determine the release of tinzaparin from a hydrogel at the 

Response to Reviewers
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more biologically relevant timepoint of 1 hour. This work is summarised in the new Fig. 5 which 

demonstrates that tinzaparin is released from the gels at high concentrations within the first hour, with 

no significant difference to the release after 24 hours. Several changes have been made to the 

manuscript following the acquisition of these results. Sam Hyam and Layla Tyrrell have been added to 

the list of authors for the creation of a new batch of tinzaparin-containing WPI hydrogel discs and for 

completing this new set of requested experiments, respectively.  

Throughout the document, details have been added to include the 1-hour incubation and the 24-hour 

incubation. For the methods section, under subheading 2.2.7., lines 224-233 have been rewritten to 

detail an updated analysis method for quantifying tinzaparin release, wherein each sample was 

compared to each standard curve and the average found, which should give a more accurate 

measurement of how much tinzaparin is within each sample. In addition, detail has been added 

regarding the new 1-hour incubation time point. This section now reads:  

“To measure drug release from the tinzaparin-containing WPI hydrogel, 10% T and WPI control discs 

were soaked in PBS (3 discs / 180 μL PBS) for 1 hour or 24 hours under standard conditions (37 oC, 

5% CO2). Over three experimental replicates, 50 microlitres of the resulting solutions were pipetted 

into separate wells in a half-volume 96-well UV-capable microplate along with serial dilutions of 

known tinzaparin concentrations (4,000 – 31.25 μg/mL, with a halving of the concentration with each 

serial dilution). A230 was measured in each well using a Tecan MPLEX plate reader and a standard 

curve plotted for each known tinzaparin concentration serial dilution, from which the concentration of 

tinzaparin released from the 10% tinzaparin-containing discs under standard conditions was 

determined for each of three experimental replicates and the means calculated.” 

In the results section, a new version of Fig. 5 has been produced, with the absorbance of new 

tinzaparin standard curves being given in Fig. 5B, and the quantity of tinzaparin released after 

incubation in PBS for 1 hour compared to 24 hours being given in the new Fig. 5C. The figure legend 

has also been revised to describe these new figures. The paragraph following this describing the 

results has also been edited to reflect the new data and experimental methods (lines 396-407).  

In addition, we then also repeated the venom-inhibition experiments with the 1 hour-soaked 10% T 

hydrogel solution, which provided statistically significant evidence that this solution was capable of 

inhibiting the N. nigricollis venom’s cytotoxic activity (Fig. 6B). Finally, Table 3 has been revised to 

include the 1-hour tinzaparin release concentration (2.80 mg/mL) and that of the tinzaparin 

concentration released after incubation for 24 hours determined after these new experiments 

(3.05mg/mL), since new hydrogel discs had to be prepared for their completion.  

The discussion section has principally been edited between lines 506-523 to discuss the new 1-hour 

incubations and to utilise the updated tinzaparin concentrations. In addition, we have softened the 

language at the end of this paragraph regarding the use of these hydrogels as medicines for the 

treatment of snakebite in line with the reviewer’s suggestion. Additional editing for this purpose has 

been conducted in the conclusions.  

Thank you to Reviewer #1 for this comment. We believe the additional experiments that have been 

undertaken in response address their valid critique.   

Line 104. There's probably a typo here. Heparis is a hepatoprotector food supplement. 

This is a typo and has now been corrected to “heparin”. 
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Line 141 (or Line 208). What the proteases have been used? Human collagenases? 

The proteases used for this experiment were a dried mixture of proteases produced from bovine 

pancreas obtained from Sigma-Aldrich, incubated with the hydrogels at a concentration consistent 

with human blood collagenase levels. For improved clarity, this sentence (starting in line 209) has 

been altered to read: 

“Five hydrogel samples were incubated in 200 μL of pH 7.4 PBS containing 13.33 μg/mL protease 

mixture obtained from bovine pancreas (CAS no. 9001-92-7), concentrations consistent with blood 

collagenase levels”  

 

Line 384. Here it states that PBS incubated with 10% WPI was used as a solution for control samples 

of 10%T. However, the hydrogel used for 10%T was 40% WPI (Table 1). 40% WPI releases protein 

into solution in 24 hours with an absorption of about 0.3 A at 280 nm (Fig. 4A). Then, taking into 

account a typical protein spectrum, absorption at 230 nm should be about 1 A, or even more. 

Therefore, 10% WPI is an unsuitable control for calculating tinzaparin release, since an increase in 

0.5-1.5 A absorption at 230 nm will mostly be due to protein loss from the 10%T preparation based on 

40%WPI, rather than the release of tinzaparin. 

The statement “10% WPI” was a typo. This should instead read “40% WPI”, as the same control gel 

was used here as with other experiments. As such, there should not be a technical issue to address, and 

the typo has now been corrected in the manuscript. Thank you for catching this error.  

 

Line 414. What prevented the authors from taking the same venom concentration in A and B? The 

authors describe a purely technical situation (Lines 525-535). I suggest the authors repeat this 

important experiment both A and B under the equal conditions; otherwise, these data raise doubts 

about the validity of the observed difference. 

This is again a highly valid critique. The experiments summarised in Fig. 6 have therefore been 

repeated to ensure that an equal venom concentration (20 µg/mL) could be used for both 10% T  and 

40% WPI hydrogels, as well as exploring the effect of PBS solutions incubated with either hydrogel 

type for only 1 hour compared to 24 hours. Surprisingly, whilst this has continued to demonstrate that 

the solutions generated from 10% T hydrogel incubations, including 1-hour incubations, are able to 

inhibit spitting cobra venom cytotoxicity, albeit at slightly different concentrations than previously 

observed, the significant inhibitory effect from the blank 40% WPI hydrogels solutions was no longer 

seen. As a result of this, changes have been made to this manuscript to reflect these new results which 

are no longer statistically significant by removing any previous mention of such significance, and 

instead now focuses on the significant results observed from the 10% T hydrogel solution. We did, 

however, feel it was important to mention that despite the lack of significance, it was still interesting 

how the mean % cell viability in cells treated with venom and the blank WPI hydrogel solution was 

slightly higher than the venom-only control, and that further research is required to determine if this is 

a real effect that could be exploited in future snakebite therapies or not. 

The methods section has been rewritten to accurately detail the methodologies used for the new and 

repeated experiments. Under subheading 2.2.8., this section has been modified to reflect that the 

cytotoxicity assays were repeated using the same venom concentration for each condition, and now 

reads: 
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“Three discs of both hydrogel types were incubated in the same manner for 1 hour. Serial dilutions of 

the resulting hydrogel solutions (0.08x to 1.95x10-5x dilutions with a quartering of the concentration 

with each serial dilution) were mixed with a constant 20 µg/mL N. nigricollis venom or venom vehicle 

control (PBS) in Low Background Fluorescence Medium.” 

Several sections from the results section have also needed to be modified to reflect these new results. 

Firstly, the title of section 3.6 is now:  

“3.6. 10% Tinzaparin WPI Hydrogels Inhibit N. nigricollis Venom Cytotoxicity” 

Fig. 6 has now been improved using the new experimental data based on the reviewer’s suggestions, 

with all experiments being conducted at the same venom concentration (20 g/mL), as well as 

additional cytotoxicity assays being conducted on solutions derived from 1-hour hydrogel incubations 

which should more accurately reflect the realities of treating snakebite in the field (Fig. 6A and 6B). 

The figure legend has also been updated to describe the new figure. The following paragraph 

describing the results shown in Fig. 6 and Table 3 has therefore also been rewritten: 

“HaCaT cells exposed to N. nigricollis venom and treated with vehicle control for both hydrogel 

experiments effectively reduced cell viability to close to 0%, confirming that cytotoxic venom 

concentrations were used in both cases (Fig. 6). The supernatant from the 40% control hydrogels for 

both incubation periods did not significantly increase cell viability at any concentration, although 

mean cell viability did increase from the vehicle control at most concentrations (Fig. 6A, 6C). The 1-

hour incubation, 10% T hydrogel supernatant dilution series effectively inhibited the venom-induced 

cytotoxicity only at the 0.02x dilution which contained approximately 56 μg/mL of T (Table 3), 

resulting in a significant increase in mean cell viability to 52.5% (Fig. 6B). The 24-hour incubation, 

10% T hydrogel dilution series was able to inhibit N. nigricollis venom cytotoxicity at a greater 

concentration range than the 1-hour incubation, significantly increasing cell viability at dilution 

factors of 0.05, 0.02 and 0.08 (15, 61 and 244 µg/mL [Table 3]), resulting in cell viabilities of 39.5%, 

48.8% and 31.5% respectively (Fig. 6D).” 

Finally, the discussion section has been amended in several places to reflect the new experimental 

results and to remove mention of the previously significant cytoprotective effect of 40% WPI 

hydrogels. The first of these is between lines 514-517, which has been altered to read: 

“As predicted, the 24-hour incubated, 10% T hydrogel-derived solution successfully inhibited N. 

nigricollis venom-induced skin cell cytotoxicity at several tested serial dilutions (15 – 244 μg/mL of T; 

Table 3), and at one tested concentration for the solution derived from a 1-hour incubation (61 g/ml 

of T; Table 3). These results confirm that T-integrated WPI hydrogels can release drug at sufficiently 

high concentrations within as little as an hour to inhibit snake venom-induced cytotoxicity – a 

valuable characteristic since rapid treatment is crucial for necrosis prevention (Gutiérrez et al., 

2017a). As such, this evidence suggests that drug-incorporated WPI hydrogels warrant further 

research and development as potential pre-hospital drug delivery devices for the treatment of 

snakebite envenoming. ” 

As Reviewer #1 requested, all the new experiments have been repeated using the same concentration 

of N. nigricollis venom (20 g/mL). As such, the paragraph which detailed the limitation inherent in 

using different venom concentrations (previously lines 525-535) has been removed entirely, and the 

reference found only in this paragraph (Jain et al., 2021) removed from the reference list.  
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Finally, the final paragraph of the discussion as well as the conclusions (have also been edited to 

accurately reflect the data generated by the new experiments, including the new 1-hour incubation 

timepoints and the non-significant results from the blank hydrogels.  

Thank you again to Reviewer #1 for their valid criticism which, after completing these new 

experiments, has certainly improved our manuscript.  

Line 547. Baines et al., 2024 used hydrogel but did not use varispladib or another anti-venom drug; 

Lewin et al., 2016 used varespladib but did not use hydrogels or any similar delivery system. I 

understand what the authors meant by that, but these references don't complement each other in a 

reason way, so they seem to be improper here. 

We thank Reviewer #1 for flagging this. This section has been rewritten to now read: 

“In addition, a range of other snake venom inhibitors which are currently under investigation such as 

varespladib, a hydrophobic inhibitor of snake venom PLA2s (Clare et al., 2021; Lewin et al., 2016) , 

could be incorporated into hydrogels and tested against a range of snake venoms. This could exploit 

WPI hydrogels’ ability to bind and release hydrophobic drugs (Baines et al., 2024).” 

 

Reviewer #2 

This research manuscript investigated whether heparin-containing WPI hydrogels displayed physical 

characteristics suitable for wound dressings and could effectively release drug in sufficient quantities 

to inhibit the cytotoxic activity of spitting cobra venom. 

I have read the manuscript and have some suggestions that I recommend to do on it to be accepted: 

1- On Introduction on line 87, the authors mentioned that..." Some promising candidates are heparins 

including unfractionated heparin..." There are previous relevant publications on heparins as 

antivenom against diferente snakes from different continents, that they should be mentioned in your 

citations. 

We thank reviewer #2 for their feedback. This is a fair comment. Additional historic citations about 

the use of heparins as antidotes against snake venoms across the globe have now been included and 

the sentence between lines 88-92 reworded to read:  

“Some promising candidates are heparins including unfractionated heparin (H), a highly sulphated 

polysaccharide previously explored for hemotoxic snakebite treatment, and its low molecular weight 

(LMW) heparinoid variant, tinzaparin (T), both of which are anticoagulants traditionally used for 

thromboembolic indications (Boechat et al., 2001; Christy et al., 1973; Du et al., 2024; Hirsh, 

1998).” 

In addition, the full citations for Boechat et al., 2001 and Christy et al., 1973 have been added to the 

reference list.  

 

2- On line 104 is the word heparis correct ? 

Apologies, this was a typo. It has now been corrected to “heparin”. 
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3- Which protein composition has the WPI hydrogels? If it contains casein, could explain some results 

of your data about incorporating the snake venom component. It would be better to add more specific 

information about the WPI. On line 269 Fig., the morphological changes induced by the polyanions 

on the surface of WPI indicated its contain charged amino acid, which allowed the incorporation of 

heparins. This needs a comment to explain it. 

Whey protein isolate does not contain casein, as part of the process involved in producing WPI from 

milk is to remove casein proteins (Khalid et al., 2025). Specific information about the composition of 

WPI has also been added to the discussion section over Lines 447-449, reading:  

“WPI is >97% protein, of which the majority is β-lactoglobulin (75%), however other components 

include α-lactalbumin, immunoglobulins, bovine serum albumin, bovine lactoferrin and 

lactoperoxidase (Keppler et al., 2014; Madureira et al., 2007).” 

Additionally, β-lactoglobulin has been reported to have an isolelectric point of pH 5.3 in the native 

state which would make it negatively charged at neutral pH (Wang et al., 2024). However, it is 

possible that the denaturation of β-lactoglobulin caused by heating may change the isoelectic point 

resulting in the binding of heparinoid polyanions, however this is only speculative. A comment has 

been added to explain this in the discussion between Lines 450-454, reading: 

“β-lactoglobulin has been reported to be negatively charged in the native state (isoelectric point = pH 

5.3), with polyanions such as heparin typically binding patches of positively charged amino acids 

(Kamerzell et al., 2011; Wang et al., 2024). However, it may be possible that protein denaturation 

caused by heating may alter the isoelectric point, allowing heparin polyanion binding.” 

In addition, the full citations relating to these additional in-text citations have been added to the 

reference list.  

Note that the decision was made to add these further details to the discussion section rather than the 

results section (i.e. on Line 269) as they are a commentary upon the results found instead of a 

description of the results. 

 

4- On line 228 topic 2.2. Cytotoxicity Assay, please indicate the temperature that the experiment was 

performed on. 

The temperature under which tinzaparin was released from the gel was 37oC. This has been corrected 

in the manuscript by adding the term “under Standard Conditions”, defined earlier in the document as 

37oC and 5% CO2.  

 

5- On line 452-453 Could the authors explain better this statment? 

Thank you to Reviewer #2 for pointing out the ambiguous nature of this statement. This has now been 

expanded to say:  

“The improved swelling properties observed in the WPI hydrogels integrated with heparins is also a 

desirable characteristic for a snakebite wound dressing, as snakebite envenoming often produces 

excess wound exudate which should be removed for more effective wound healing (Collier et al., 

2014; Ibiapina et al., 2019; Rucavado et al., 2016).” 



Response to Reviewers  Gray, et al. 2026 

The additional citation by Collier et al., 2014 details why excess wound exudate should be removed, 

and this has also been added to the reference list.  

 

6- Line 503-504 - It could interact as a substract for the venom, decreasing the amount of free active 

toxins 

Thank you to Reviewer #2 for this suggestion regarding a possible mechanism of action regarding the 

inhibition of cytotoxicity by the blank 40% hydrogel-derived solutions. However, as we are no longer 

observing a significant cytoprotective effect from these solutions after repeating these experiments, 

we have stripped back the commentary about the effects of the blank 40% hydrogel-derived solutions 

from the discussion, as previously discussed in our response to a comment from Reviewer #1, and as 

such will no longer go into extended detail regarding a possible mechanism of action.  

 

Final comments: I have enjoyed to read this this relevant manuscript that raises an important issue in 

Toxinology, the development of experimental models. New and good experimental models need time to 

be reproduced and become relevant. This is an in vitro model that show the relevance of polyanions as 

antitoxin agents against isnake venom. 

After a good revision and adjustment in the citations it will be better suited for acceptance. 

We thank Reviewer #2 for their kind words as well as their suggestions for how we could improve our 

manuscript.  

 

Editorial Comments 

Owing to the model limitations, it would seem necessary to tone down the concluding statements on 

the suitability of this kind of device until more detailed evidence of its translational usefulness is 

gathered. 

Thank you to the editor for their review of our manuscript. Due to the additional experiments 

undertaken to improve this manuscript, we believe that the translational utility of these heparinoid-

incorporated WPI hydrogels is now much less in question, as we have demonstrated that they are able 

to operate at more relevant time points, as well as improving the validity of the cytotoxicity assay 

experiments by using the same concentration of venom for each experiment. However, we have also 

taken the editors suggestion to soften the language used in some of our concluding experiments, as we 

acknowledge more information is needed before we can confidently state that this methodology could 

be used for in-the-field treatment of cytotoxic snakebite injury. This includes commentary within the 

discussion (lines 521-523) and conclusions (lines 560). 

The work is certainly important and interesting. The final sentence in the cover letter "...our results do 

suggest that the integration and diffusion of venom-inhibiting drugs in WPI hydrogels is possible and 

that the development of such drug-integrated hydrogels into snakebite wound dressings warrants 

further research." seemed to me even better than the final sentence of the abstract "...these data 

suggest drug inhibitor-containing WPI hydrogels could be suitable for translation into snakebite 

wound dressings for field use, and that future work is certainly warranted". Just a personal 

suggestion. 



Response to Reviewers  Gray, et al. 2026 

We thank the editor for their kind words and for their observation on the final sentence of the abstract. 

This sentence has now been replaced with the conclusion of the cover letter, now reading: 

“Together, our results suggest that the integration and diffusion of venom-inhibiting drugs in WPI 

hydrogels is possible and that the development of such drug-integrated hydrogels into snakebite 

wound dressings warrants further research.” 
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 Whey protein isolate (WPI) hydrogels incorporating heparin or tinzaparin were designed to act as 

snakebite wound dressings. 

 Heparin-integration improves WPI hydrogels’ swelling properties but reduces their longevity in 

model wound environments. 

 WPI hydrogels released tinzaparin into solution at high concentrations following incubation at 

both 1 and 24 hours 

 1 and 24-hour tinzaparin-containing solutions inhibited N. nigricollis venom cytotoxicity in a 

dermonecrosis cell model. 
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Abstract 28 

Snakebite envenoming affects millions of people annually, with current treatments limited to animal-29 

derived antivenoms. Repurposed drug-inhibitors of toxin families offer an exploitable avenue to 30 

improve snakebite treatment, including heparins which can inhibit cytotoxic three-finger toxins. 31 

However, to be effective therapies in-the-field such treatments must be engineered into drug delivery 32 

devices capable of rapidly administering drug(s) to the envenomation site. Herein we introduce the 33 

concept of integrating heparins, specifically unfractionated heparin (H) and its low molecular weight 34 

heparinoid variant, tinzaparin (T), into hydrogels composed of whey protein isolate (WPI), an 35 

inexpensive byproduct of the dairy industry that is cytocompatible, stiff, sterilizable by autoclaving, 36 

and that has the dual function of being able to locally deliver drugs and act as wound dressings. The 37 
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aims of this research were to investigate whether heparin-containing WPI hydrogels displayed physical 38 

characteristics suitable for wound dressings and could effectively release drug in sufficient quantities 39 

to inhibit the cytotoxic activity of spitting cobra venom. To do so, five hydrogel prototypes were 40 

produced: 40% WPI no drug control, and 5% H, 10% H, 5% T, and 10% T all within 40% WPI 41 

hydrogels. It was determined that heparins successfully integrated into WPI hydrogels and heparin-42 

containing WPI hydrogels exhibited improved swelling versus the 40% WPI no drug control, suggesting 43 

improved absorption of wound exudate; however, this heparin integration also increased the hydrogel 44 

degradation rate in simulated wound environments. Most importantly, sufficiently high concentrations 45 

of T were released into phosphate buffered saline from the 10% T hydrogels to neutralise Naja 46 

nigricollis venom cytotoxicity in a HaCaT cell cytotoxicity model. Together, our results suggest that 47 

the integration and diffusion of venom-inhibiting drugs in WPI hydrogels is possible and that the 48 

development of such drug-integrated hydrogels into snakebite wound dressings warrants further 49 

research. 50 
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1. Introduction 75 

Snakebite envenoming is classified by the World Health Organization (WHO) as a neglected tropical 76 

disease (NTD), responsible for up to 131,000 deaths and 400,000 cases of long-term disability every 77 

year (Afroz et al., 2024; J. M. Gutiérrez et al., 2017a). Compounding this public health issue is the fact 78 

that the only currently available specific treatments are animal-derived antivenoms, which have 79 

remained broadly unchanged for over a century (Lalloo and Theakston, 2003). These conventional 80 

antivenoms suffer numerous limitations: often exhibiting poor pan-snake species efficacy, high expense 81 

of treatment, limited effectiveness at neutralising severe local envenoming caused by venom 82 

cytotoxicity, the requirement to be administered intravenously in a hospital environment, the need to be 83 

kept cold, and potentially serious adverse events that frequently develop (Alangode et al., 2020; Clare 84 

et al., 2021; Rivel et al., 2016). 85 

As such, other possible treatment options have begun to be explored, including the use of repurposed 86 

drug inhibitors targeting the main classes of toxins found in many different snake venoms across 87 

different species and genera (Clare et al., 2021). Some promising candidates are heparins including 88 

unfractionated heparin (H), a highly sulphated polysaccharide previously explored for hemotoxic 89 

snakebite treatment, and its low molecular weight (LMW) heparinoid variant, tinzaparin (T), both of 90 

which are anticoagulants traditionally used for thromboembolic indications (Boechat et al., 2001; 91 

Christy et al., 1973; Du et al., 2024; Hirsh, 1998). These drugs are inhibitors of cytotoxic three-finger 92 

toxins (3FTxs), a toxin class especially prevalent in the venoms of many cobra species and have been 93 

shown to markedly reduce venom cytotoxicity in both cell and animal models (Du et al., 2024; Tasoulis 94 

and Isbister, 2017). Such venom-induced cytotoxicity often causes severe and life-altering morbidity in 95 

snakebite victims, with spitting cobras (Naja spp.) being largely responsible for such injury in Africa 96 

(Du et al., 2024; Rivel et al., 2016).   97 

However, for any new toxin-inhibitor to be effective against snakebite-induced tissue damage it must 98 

first reach the venom in and around the envenomation site sufficiently quickly (Bartlett et al., 2024). 99 

This is problematic with IgG-based and intravenously delivered antivenoms due to their limited 100 

extravasation and tissue permeability (Clare et al., 2021; Conner et al., 2020; J. M. Gutiérrez et al., 101 

2017b) while promising oral drug candidates currently in development (Abouyannis et al., 2025; 102 

Gerardo et al., 2024) are limited by the time it takes for them to be absorbed by the gut and to adequately 103 

distribute from the blood stream into the affected tissues (Bartlett et al., 2024; Bashiardes and 104 

Christodoulou, 2024). One potential option to aid rapid local drug delivery is the use of hydrogels in 105 

which venom toxin-inhibiting drugs, such as heparins, are integrated and used as snakebite wound 106 

dressings. Hydrogels are three-dimensional hydrophilic polymers crosslinked to form a lattice which 107 

possess numerous benefits over traditional wound dressings including the ability to retain moisture, 108 

crucial for the wound healing process, and to absorb fluids such as wound exudate (Bashir et al., 2020; 109 

Brumberg et al., 2021; Sweeney et al., 2012). Importantly, hydrogels can be incorporated with drugs 110 

into their structure which can later diffuse out of the gel in solution or when applied to a wound, allowing 111 

them to be used for targeted drug delivery (Kesharwani et al., 2021). As such, it was hypothesised that 112 

by incorporating H or T into hydrogels, a unique material could be engineered to be later translated into 113 

a snakebite wound dressing that would simultaneously protect the physical site of a snakebite injury 114 

whilst also releasing drug into the wound to reduce the effects of cytotoxic 3FTx-containing snake 115 

venoms. 116 

Many different materials can be used to make hydrogels, however a promising one for this purpose is 117 

WPI (Bashir et al., 2020). WPI, a byproduct of the dairy industry, contains 97% protein, 75% of which 118 
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is β-lactoglobulin, the primary compound making up the hydrogel lattice (Baines et al., 2025). The 119 

benefits of WPI hydrogels include low cost, high cytocompatibility, and ease of gelation (Genç et al., 120 

2023). In addition, WPI hydrogels can incorporate and deliver both hydrophobic and hydrophilic drugs 121 

for a variety of biomedical applications including facilitating tissue engineering, managing conditions 122 

such as cancers, and the treatment of bacterial infections (Baines et al., 2025, 2024; Platania et al., 123 

2021). Both H and T have been incorporated into WPI hydrogels to explore their potential as tissue 124 

engineering scaffolds (Pawlak-Likus et al., 2025). Additionally, studies exploring H-incorporated non-125 

WPI hydrogels as wound dressings for diabetic, excisional, and burn injuries have demonstrated 126 

beneficial effects of H on wound healing (Uzunalli et al., 2017; Yergoz et al., 2017; Zhang et al., 2018). 127 

However, whilst studies have investigated the use of hydrogels incorporating snake venoms into their 128 

lattice as haemostatic agents (Yegappan et al., 2022), no studies have yet explored H- or T-integrated 129 

hydrogels for use as wound dressings for snakebite.  130 

Therefore, the aims of this study were to investigate as proof-of-concept whether heparin-containing 131 

WPI hydrogels could be engineered that (a) exhibit physical properties suitable to translation into 132 

wound dressings and (b) release their contained drug in sufficient quantities to inhibit spitting cobra 133 

venom-induced cell death. To date, no study has proposed or explored the potential utility of toxin 134 

inhibiting drug-integrated hydrogels as a pre-hospital snakebite wound treatment. However, the results 135 

contained herein suggest that this is a promising approach and that further work on this topic is 136 

warranted. 137 

 138 

2. Materials and Methods 139 

2.1. Materials 140 

2.1.1. Chemicals, drugs and biological materials 141 

WPI was purchased as the product BiPro from Davisco Foods International (Eden Prairie, MN, USA). 142 

Trypan blue stain (0.4%) was acquired from Logos Biosystems, resazurin and proteases were purchased 143 

from Sigma-Aldrich (Merck), and PBS purchased from Gibco, Corning or Sigma-Aldrich. 144 

Unfractionated heparin (H) sodium salt (Mw ≈ 20,000 g/mol) and tinzaparin (T; Mw ≈ 8,000 g/mol) 145 

derived from porcine mucosa were supplied by LEO Pharma (Ballerup, Denmark). 146 

2.1.2. Venoms 147 

Naja nigricollis venom (Nigeria) was provided by the Liverpool School of Tropical Medicine’s (LSTM) 148 

Centre for Snakebite Research and Interventions (CSRI). The venom was a pool collected from multiple 149 

milkings of four wild-caught snakes maintained in the CSRI Herpetarium facility, whose animal 150 

protocols are approved by the UK Home Office, the LSTM and the University of Liverpool’s Animal 151 

Welfare and Ethical Review Boards. The venoms were lyophilised and stored at 4 oC before 152 

reconstitution in PBS and storage at –80 oC until use. 153 

2.1.3. Cells  154 

Immortalised human epidermal keratinocytes (HaCaT cells) were provided by Prof Sarah Allinson 155 

(Lancaster University; originally sourced from AddexBio) and cultured in Dulbecco’s Modified Eagles 156 

Medium (DMEM) (Gibco) augmented with 9.5% Foetal Bovine Serum (FBS) (LabTech), 2% sodium 157 

pyruvate (2 mM; Cytiva), and 1% penicillin (100 IU/mL) and streptomycin (250 μg/mL) (Gibco), 158 

hereafter referred to as Standard Medium. Cellular assays were then conducted in low background 159 
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fluorescence medium, made up of FluoroBrite DMEM (Gibco), 1% FBS, 2% sodium pyruvate, 1% 160 

penicillin and streptomycin and 1% GlutaMax (Gibco), hereafter referred to as Low Background 161 

Fluorescence Medium (Hall et al., 2023). All 96-well plates were purchased from Greiner. 162 

2.2. Data Collection  163 

2.2.1. Hydrogel Formation 164 

- Five whey protein isolate (WPI) hydrogel types were produced (Table 1), formed as previously 165 

described (Pawlak-Likus et al., 2025). The solutions were homogenised for 24 hours using an IKA 166 

Loopster (IKA England LTD, Oxford, UK), before the mixture was sonicated to remove bubbles that 167 

could compromise gel uniformity. Solutions were injected into a hydrogel dressing-gelation device 168 

(Biomat Ltd, UK) and heated for 20 minutes at 70°C to encourage efficient gelation. Hydrogel samples 169 

were then cut into 0.03 g discs, hereafter referred to simply as discs, using a metal corer to ensure 170 

uniform volume and surface area. Experiments were conducted using discs of all five hydrogel types 171 

unless stated otherwise.  172 

 173 

- Table 1 – Hydrogel samples and their compositions. 174 

Sample group name WPI concentration (% w/v) Heparin or tinzaparin 

concentration (% w/v) 

40% WPI 40 0 

5% H 40 5 

10% H 40 10 

5% T 40 5 

10% T 40 10 

 175 

2.2.2. Scanning Electron Microscopy 176 

Hydrogel samples were imaged using scanning electron microscopy (SEM), conducted with a JSM-177 

6390 LV, JEOL Ltd. (Welwyn Gardens, UK) scanning electron microscope, an accelerating voltage of 178 

15 kV, and using magnifications of 100x, 3,000x and 10,000x. Samples were taken from the centre of 179 

each hydrogel disc, dehydrated in a desiccator, and gold-coating was performed with a Quorum 180 

Technologies, Q150RES, sputter coater to a thickness of ca. 5 nm before imaging took place. 181 

2.2.3. Fourier Transform Infrared Spectroscopy  182 

Fourier Transform Infrared Spectroscopy (FTIR) was used to determine chemical linkages present 183 

within the gel. Discs of each hydrogel type were dehydrated and the resultant IR spectra analysed using 184 

a Cary 630 FTIR spectrophotometer (Agilent, Santa Clara, CA, USA) in attenuated total reflection 185 

(ATR) mode and using a spectral range of between 650 and 4000 cm−1. Experiments were completed in 186 

triplicate. 187 

2.2.4. Hydrogel Swelling Analysis in Dulbecco’s Modified Eagles Medium and Phosphate 188 

Buffered Saline 189 

To determine how the incorporation of the H or T concentrations in the hydrogel affected the polymer’s 190 

swelling behaviour, samples of each hydrogel type were weighed before being incubated at 37oC for 7 191 

days in either Dulbecco’s Modified Eagles Medium (DMEM) or pH 7.4 Phosphate Buffered Saline 192 
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(PBS). Five samples per hydrogel were individually placed into 200 µL of pH 7.4 PBS, and ten samples 193 

were individually placed into 200 µL of DMEM. Following incubation, water excess was removed from 194 

the surface of each disc using a paper towel, and each sample reweighed.  The % mass change (M%) 195 

was calculated from the following formula:  196 

 197 

𝑀% =
𝑀𝑊 − 𝑀𝑖

𝑀𝑖
× 100% 198 

 199 

where Mw is the wet mass and Mi is the initial mass. 200 

2.2.5. Protein Release 201 

To determine how H or T incorporation altered the release of protein from the 3D polymer lattice, as a 202 

measure of general hydrogel degradation, hydrogel samples were submerged in 1 mL pH 7.4 PBS and 203 

incubated at 37oC. Following 24 and 48 hours, 1 µL of this solution was removed and analysed using a 204 

NanoDrop at A280 (NanoDrop 2000c, ThermoScientific) (Pawlak-Likus et al., 2025). Experiments were 205 

completed in triplicate.  206 

2.2.6. Enzyme Degradation 207 

To better evaluate how the hydrogels may degrade in protease-containing biological fluids, enzyme 208 

degradation experiments were conducted (Lee et al., 2005). Five hydrogel samples were incubated in 209 

200 μL of pH 7.4 PBS containing 13.33 μg/mL protease mixture obtained from bovine pancreas (CAS 210 

no. 9001-92-7), concentrations consistent with blood collagenase levels (Manicourt et al., 1994; 211 

Pawlak-Likus et al., 2025), at Standard Conditions for seven days. The samples were weighed before 212 

and after the incubation period, with excess solution being removed with a paper towel, and the % mass 213 

change (M%) calculated: 214 

 215 

𝑀% =
𝑀𝑎 − 𝑀𝑖

𝑀𝑖
× 100% 216 

 217 

where Ma is the mass after incubation and Mi is the initial mass.  218 

2.2.7. Tinzaparin Release Quantification  219 

Absorbance determination: An absorbance scan (230-400 nm with 2 nm increments) was completed on 220 

50 μL of 4 mg/mL tinzaparin in PBS and compared to a PBS-only control in a half-volume 96-well UV-221 

capable microplate using a Tecan MPLEX plate reader over three independent experimental replicates 222 

to confirm an absorbance wavelength at which tinzaparin could be quantified in solution. 223 

Tinzaparin release from hydrogels determination: To measure drug release from the tinzaparin-224 

containing WPI hydrogel, 10% T and WPI control discs were soaked in PBS (3 discs / 180 μL PBS) for 225 

1 hour or 24 hours under standard conditions (37 oC, 5% CO2). Over three experimental replicates, 50 226 

microlitres of the resulting solutions were pipetted into separate wells in a half-volume 96-well UV-227 

capable microplate along with serial dilutions of known tinzaparin concentrations (4,000 – 31.25 228 

μg/mL, with a halving of the concentration with each serial dilution). A230 was measured in each well 229 

using a Tecan MPLEX plate reader and a standard curve plotted for each known tinzaparin 230 

concentration serial dilution, from which the concentration of tinzaparin released from the 10% 231 

tinzaparin-containing discs under standard conditions was determined for each of three experimental 232 

replicates and the means calculated. 233 
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2.2.8. Cytotoxicity Assay 234 

Day 1: HaCaT cells (10,000/well) were seeded in black-sided, clear-bottomed, half-volume 96-well 235 

microplates and incubated for 24 hours under standard conditions. Three discs of the WPI control 236 

hydrogel or the 10% T hydrogel were added to 180 μl PBS and incubated for 24 hours at standard 237 

conditions. Day 2: Three discs of both hydrogel types were incubated in the same manner for 1 hour. 238 

Serial dilutions of the resulting hydrogel solutions (0.08x to 1.95x10-5x dilutions with a quartering of 239 

the concentration with each serial dilution) were mixed with a constant 20 µg/mL N. nigricollis venom 240 

or venom vehicle control (PBS) in Low Background Fluorescence Medium. The following control 241 

solutions were also prepared: the WPI control and 10% T hydrogel solutions with no venom, venom 242 

only, medium only, venom with 2,000 μg/ml T, and the 0% cell viability control using 0.1% EcosurfTM. 243 

All solutions were kept at standard conditions for 30 minutes prior to cell treatments, after which the 244 

cells were exposed to these solutions for 24 hours under standard conditions. Day 3: Resazurin cell 245 

viability assays were used as a model of cell viability as described previously (Du et al., 2024). Briefly, 246 

all wells were treated with 90 µg/mL resazurin and incubated for 1.5-2 hours. Fluorescence 247 

(Ex544/Em590) was quantified using a Tecan MPLEX plate reader. Percent cell viability within each 248 

experimental well was calculated relative to the mean within all untreated 100% cell viability positive 249 

control wells following subtraction of the average fluorescence response from all background control 250 

wells which contained no cells: 251 

 252 

% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐸𝑚590 (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑤𝑒𝑙𝑙) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑏𝑙𝑎𝑛𝑘 𝑤𝑒𝑙𝑙))

𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙))  − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑏𝑙𝑎𝑛𝑘 𝑤𝑒𝑙𝑙))
× 100 253 

2.3. Data Analysis  254 

All data are presented as mean ± standard deviation (SD) unless stated otherwise. ‘n’ is defined as an 255 

independent experimental replicate completed at a separate time from other replicates. At least three 256 

independent experimental replicates were completed for each statistically analysed set of data. 257 

Statistical analyses of data and graph creation were performed using GraphPad Prism unless stated 258 

otherwise. The specific statistical tests performed are stated in the figure legends. A difference was 259 

considered significant if P ≤ 0.05. 260 

3. Results  261 

Analysis of the effectiveness of hydrogels as heparin delivery vehicles was conducted along several 262 

avenues, beginning with the determination of their physical and mechanical properties, followed by 263 

investigating how they may act in the biological environment of a wound such as those caused by 264 

snakebite, before finally confirming both the release of the drug from the gel and the effectiveness of 265 

the hydrogel delivery vehicle in preventing N. nigricollis venom-induced cytotoxicity. This began with 266 

the generation of one control 40% WPI hydrogel with no drug and four drug-integrated hydrogels 267 

containing the same percentage of WPI: 5% H, 10% H, 5% T, and 10% T.  268 

3.1. Scanning Electron Microscopy Reveals Heparin Incorporation Alters Hydrogel Structure  269 

To generate a detailed image of its surface characteristics and three-dimensional structure of each of the 270 

hydrogels, SEM was conducted on a dried sample of each hydrogel type at 100x, 3,000x and 10,000x 271 

magnification (Fig. 1). 272 
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 273 

Fig. 1 – SEM images reveal structural differences between dried samples of the five tinzaparin types. SEM 274 
images of dried samples of control 40% WPI hydrogel with no drug, and WPI hydrogels integrated with 5% 275 
unfractionated heparin (H), 10% H, 5% tinzaparin (T), and 10% T. Moving left to right, images were taken at 276 
magnifications of 100x, 3,000x, and 10,000x, and the corresponding scalebars are equal to: 100 µm, 4 µm, and 1 277 
µm. 278 

As can be seen in Fig. 1, the control 40% WPI hydrogel contains very few pores, even at high 279 

magnifications. In comparison, the surface structure appears rougher and more textured in the hydrogel 280 

modified with 5% H, even more so than the hydrogel modified with 10% H. At 3,000x and 10,000x it 281 

becomes apparent that this is due to the presence of clusters of spherical and semi-spherical structures. 282 

In the 10% H hydrogel, these structures seem more tightly packed together than in the 5% H hydrogel. 283 

Differences are also apparent in the tinzaparin-containing hydrogels. At 100x magnification, dark pores 284 

can be seen on the surfaces of both T-containing hydrogels. However, at higher magnifications, the 285 

physical structure of the 5% T hydrogel appears disrupted and slightly porous but still relatively smooth 286 

compared to that of the hydrogel incorporated with 10% T, where similar spheroid structures to the H 287 

hydrogels are present.  288 

3.2. Fourier Transform Infrared Spectroscopy Confirms the Presence of Heparins 289 

Following SEM, FTIR was conducted to identify the chemical bonds within each of the hydrogel 290 

samples and to determine if there were any major differences amongst these bonds between different 291 

hydrogel types resulting from heparin incorporation (Fig. 2) (Hameed et al., 2024). 292 
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 293 

Fig. 2 – (A) FTIR spectra of WPI hydrogels loaded with heparins and (B) analysis of the intensity of specific 294 
peaks characteristic of heparins at select wavenumbers. FTIR spectra were gathered for each of the five 295 
hydrogel types and the intensity of the most prominent peaks from each spectrum compared against one another. 296 
A) The FTIR spectra of the five hydrogel types were acquired on a Cary 630 FTIR spectrophotometer using a 297 
spectral range of 650-4000 cm-1. Data are presented as mean values. B) The % intensity of specific heparin-298 
defining peaks (818 cm-1, 1020 cm-1, 1148 cm-1, 1233 cm-1, 1435 cm-1, 1622 cm-1, 2937 cm-1, 3423 cm-1) from the 299 
five hydrogel types (Ivory-Cousins et al., 2023; Mecozzi et al., 2011). Data are presented as mean values ± SD, 300 
with data from individual trials presented as dots within each bar (n = 3).  No significant differences were 301 
calculated as determined by a 2-way ANOVA followed by Tukey’s multiple comparisons test. 302 

 303 

Table 2 – FTIR peak wavenumber and their region/potential interactions. 304 

Wavenumber (cm-1) Region/Potential Interactions 

3260-3270 Symmetric stretching O-H 

2952 Asymmetric stretching CH3 

2925 Asymmetric stretching CH2 

 

2870 

Symmetric stretching CH3 

Stretching N-H, C-H 

Symmetric stretching CH3 of acyl chains 

1625 Amide I region 

1517 Amide II 

1446 Stretching C=O 
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1386 

Bending CH3 

Stretching C-O 

Deformation C-H, N-H 

1306 C-N amide III band 

1228 Sulfate vibrations of S=O bonds 

1157 C-O-C polysaccharide 

1070 C-O carbohydrate 

965 Unassigned 

870 Bending C=O inorganic carbonate 

 305 

FTIR analysis revealed many peaks, including main bands for all gels at 3260-3270 cm-1, 2952cm-1, 306 

2925 cm-1, 2870 cm-1, 1625 cm-1, 1517 cm-1,  1446 cm-1, 1386 cm-1, 1306 cm-1, 1228 cm-1, 1157 cm-1, 307 

1070 cm-1, 965 cm-1, and 870 cm-1 (Fig. 2A). An overview of the potential underlying interactions of 308 

these bands is shown in Table 2 (Ivory-Cousins et al., 2023; Mecozzi et al., 2011). The peaks in the 309 

spectra generated at 818 cm-1, 1020 cm-1, 1148 cm-1, 1233 cm-1, 1435 cm-1, 1622 cm-1, 2937 cm-1 and 310 

3423 cm-1 (Fig. 2B) were comparable to heparin-defining FTIR peaks (Devlin et al., 2023; Shen et al., 311 

2019). The intensity of all peaks did not significantly increase as the concentration of both H and T 312 

increased from 5% to 10%. In the spectra of samples containing heparins, a combination of bands 313 

specific for WPI and heparins were also observed, as expected. No noticeable shifts in the bands specific 314 

for WPI were detected.  315 

3.3. Heparin Integration Increases Hydrogel Swelling Ability 316 

The analysis of the hydrogels’ physical properties was followed by an evaluation of their potential as 317 

wound dressings. Performance was assessed based on the extent of swelling in solution, which modelled 318 

wound exudate absorption, and the rate of degradation in simulated wound environments (Pawlak-Likus 319 

et al., 2025; Zhu et al., 2022). 320 

To determine the extent to which the hydrogels swell by absorbing liquid from their environments 321 

samples of each hydrogel type were weighed before and after incubation in PBS or DMEM for seven 322 

days and the % change in their mass calculated (Fig. 3).  323 

 324 
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 325 

Fig. 3 – Incorporation of heparins into WPI hydrogels can increase their ability to swell in PBS and DMEM. 326 
Hydrogel samples were weighed and then incubated for seven days in (A) PBS (n=5) or (B) DMEM (n=10) after 327 
which samples were again weighed and the % mass change calculated. Data are presented as mean values ± SD, 328 
with data from each trial presented as individual data points within each bar. * Signifies the value is significantly 329 
different to that of the 40% WPI control as determined by a one-way ANOVA followed by Dunnett’s multiple 330 
comparisons test in which the mean of all test columns was compared to a single control (40% WPI) (P<0.05). 331 

 332 

In PBS (pH 7.4), which approximately replicates the pH and osmolarity of human cells and was 333 

therefore used in the initial model of exudate absorption from an open wound (Martin et al., 2006), all 334 

heparin-integrated hydrogels, 5% H (14.1%), 10% H (17.0%), 5% T (13.3%), and 10% T (16.4%), 335 

swelled to a greater extent than the 40% WPI control hydrogel (7.7%). In DMEM, basal cell medium 336 

that more closely resembles the environment of mammalian tissue than PBS and which was therefore 337 

used in the second model of exudate absorption, all hydrogel types swelled more than what was 338 

observed in PBS though only the 10% H (66.2%) and 10% T (51.5 %) swelled to a greater extent than 339 

the 40% WPI control hydrogel (40.0%). 340 

3.4. Simulated Wound Environments Degrade WPI-based Hydrogels 341 

To help assess a hydrogel’s suitability as a wound dressing it is important to determine its 342 

biodegradability as fast degradation can lead to quicker drug dispersal but lower stability over time 343 

(Kharkar et al., 2013).  344 
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 345 

Fig. 4 – WPI hydrogels degrade over time in PBS, a process exacerbated by proteases. (A) Measurement of 346 
protein released from WPI hydrogel types into PBS. Hydrogel samples were submerged in pH 7.4 PBS and 347 
incubated at Standard Conditions. Supernatant samples were taken at 24 & 48 hours and analysed via NanoDrop 348 
(A280) as a measure of total protein concentration in the solution (Pawlak-Likus et al., 2025). (B) Calculated % 349 
mass change of each hydrogel type following incubation with protease solution. Hydrogel samples were weighed 350 
before being incubated in pH 7.4 PBS solution containing 13.33 µg/mL protease (Manicourt et al., 1994 Pawlak-351 
Likus et al., 2025) for seven days at Standard Conditions. As an additional control, 40% WPI hydrogels were 352 
incubated without protease to act as a negative control and are labelled ‘40% WPI (no protease)’. All hydrogels 353 
were then reweighed, and the % mass change calculated. ‘n’ is equal to a maximum of 5 and a minimum of 2, as 354 
not all samples could be reweighed due to gel degradation. Data are presented as mean values ± SD, with data 355 
from each trial presented as points within each bar. *Signifies that the value is significantly greater than the same 356 
hydrogel type from Day 1, † signifies the value is significantly lower than the 40% WPI control from the same 357 
time point, and $ signifies the value is significantly lower than the 40% WPI (no protease) negative control as 358 
determined by (A) a two-way ANOVA followed by Tukey’s multiple comparisons test in which cell means were 359 
compared with others in its row and column or (B) a one-way ANOVA followed by Tukey’s multiple comparisons 360 
test in which the mean of each column was compared with the mean of every other column (P<0.05). 361 

 362 

To model the general biodegradability the hydrogels, the total protein release of each hydrogel type into 363 

PBS after 24 and 48 hours of incubation was measured (Zustiak and Leach, 2011) (Fig. 4A). The 364 

average A280 (Pawlak-Likus et al., 2025) of each supernatant was measured and compared, revealing 365 
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that all five hydrogels released more protein into the PBS by day two versus day one. Variation between 366 

hydrogel types also increased by day two compared with day 1, as the A280 readings remained steady 367 

(0.30 – 0.45) on day one whilst significant differences emerged by day two with 40% WPI control (1.50) 368 

having released significantly more protein into the PBS solution than 10% H (1.09), 5% T (1.02), and 369 

10% T (0.74).  370 

Following this, a model of enzymatic degradation where the change in each hydrogel’s weight was 371 

determined after incubation in protease-containing PBS was utilised (Lee et al., 2005) (Fig. 4B). The 372 

40% WPI (no protease) control increased in mass by 10.6%, in comparison to which 40% WPI, 5% H, 373 

5% T, and 10% T, all of which were incubated with proteases, decreased significantly in mass by 23.9, 374 

29.8, 58.4, and 70.9%. The only hydrogel type for which mass decreased significantly more than that 375 

of 40% WPI in protease-containing solution was 10% T, albeit these results should be interpreted with 376 

caution as only two 10% T hydrogel samples could be weighed after the seven days of incubation due 377 

to the other three degrading to such an extent they could not be accurately measured. 378 

3.5. WPI Hydrogels Release Tinzaparin after Incubation in PBS 379 

The final steps of this project were to determine if the heparins could release from the WPI hydrogels 380 

sufficiently to inhibit a snake venom’s cytotoxic properties. The 10% T hydrogel was selected for these 381 

experiments due to T’s previously reported superiority to H against spitting cobra venom-induced 382 

cytotoxicity (Du et al., 2024).  383 

 384 

Fig. 5 – The T 10% hydrogel releases tinzaparin into PBS. (A) An absorbance scan (230-400 nm in 2 nm 385 
increments) of 4 mg/mL T in PBS versus PBS-only control shows an absorbance peak at A230. Data are presented 386 
as mean values ± SD (n = 3). (B) Standard curves (31.25 – 4,000 μg/ml T) to determine the linear relationship 387 
between T concentration and A230. T was dissolved in PBS that had been incubated for 24 h with 40% WPI control 388 
hydrogel and the A230 read at each concentration. Linear regressions were performed on the data from each trial 389 
to produce separate standard curves for each (n = 3). (C) The concentration of T released into solution following 390 
incubation for 1 or 24 hours. The 10% T hydrogel samples were incubated for either 1 or 24 hours in PBS at 391 
Standard Conditions. The A230 of each trial was measured and plotted against each standard curve to calculate the 392 
concentration of T released from T 10% hydrogels. Statistical analysis was performed using an unpaired t-test 393 
with Welch’s correction.  Data are presented as mean values ± SD (n = 3). 394 

 395 

First, the optimal absorbance wavelength at which T could be detected and quantified was determined 396 

by measuring the absorbance of 4,000 g/mL of T in PBS at a range of wavelengths (230-400 nm, 2 397 

nm increments), from which it was determined that the most intense absorbance occurred at 230 nm 398 
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(Fig. 5A). Following this, standard T curves were created in triplicate at A230 using a serial dilution from 399 

4,000 – 31.25 g/ml (with a halving of subsequent serial dilutions). The data from the three trials were 400 

described by the equations y = 0.0002540x + 0.5237,  y = 0.0002567x + 0.4683, and y = 0.0002293x + 401 

0.4802 for trials 1-3, respectively (Fig. 5B).  The A230 of samples of supernatant from T 10% hydrogel 402 

incubated in PBS at Standard Conditions for 1 and 24 hours was measured. From this, the concentration 403 

of T within each sample could be determined using the standard curve equations and calculating the 404 

mean. After three experimental replicates, it was determined that the mean concentration of T released 405 

from the hydrogels was 2.80 mg/mL after a 1-hour incubation and 3.05 mg/mL after a 24-hour 406 

incubation, with no significant difference between the two timepoints (Fig. 5C). 407 

3.6. 10% Tinzaparin WPI Hydrogels Inhibit N. nigricollis Venom Cytotoxicity  408 

Finally, to examine whether T could be effectively delivered to cells and inhibit venom function via a 409 

WPI hydrogel system, the effects of PBS solutions incubated for 1 or 24 hours with either 40% WPI 410 

control or 10% T hydrogel on the viability of HaCaTs treated with a constant concentration of N. 411 

nigricollis venom were compared. 412 

Fig. 6 – Solutions prepared from both incubation timepoints of the T 10% hydrogels inhibited N. nigricollis 413 
venom cytotoxicity. Hydrogels were incubated for 1 or 24 hours in PBS under Standard Conditions after which 414 
the resulting supernatants were serially diluted by quarters to create experimental cell treatment solutions that 415 
ranged between 0.08x – 1.95x10-5x of the original supernatant concentration. These serial dilutions, or a PBS 416 

vehicle control, were pre-incubated for 30 minutes with 20 g/mL N. nigricollis venom before being administered 417 
to the HaCaT cells for 24 hours. Cell viability was then determined using resazurin assays. (A) The effects of the 418 
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40% WPI hydrogel 1-hour incubation solutions. (B) The effect of the 10% tinzaparin hydrogel 1-hour incubation 419 
solutions. (C) The effects of the 40% WPI hydrogel 24-hour incubation solutions. (D) The effect of the 10% 420 
tinzaparin hydrogel 24-hour incubation solutions. Data are presented as mean values ± SD, with data from each 421 
trial presented as points within each bar (n=4). * Signifies the % cell viability is significantly higher than that of 422 
the vehicle control as determined by a one-way ANOVA followed by Dunnett’s multiple comparisons test 423 
(P<0.05). 424 

Table 3 – Concentration of tinzaparin in each T 10% hydrogel serial dilution. The concentration of T released 425 
into 180 μL PBS by three 30 mg T 10% hydrogel discs after 1 or 24 hours of incubation at Standard Conditions 426 
was calculated to be 2.80 mg/mL and 3.05 mg/mL, respectively. This figure was multiplied by the dilution factor 427 
to determine the concentration of tinzaparin in each treatment used in Fig. 6B and 6D.  428 

Dilution 

Factor 
1.95x10-5x 7.81x10-5x 0.00031x 0.00125x 0.005x 0.02x 0.08x 

1-hour 

incubation 

[Tinzaparin] 

(µg/mL) 

0.05 0.22 0.88 3.5 14 56 224 

24-hour 

incubation 

[Tinzaparin] 

(µg/mL) 

0.06 0.24 0.95 3.8 15 61 244 

 429 

HaCaT cells exposed to N. nigricollis venom and treated with vehicle control for both hydrogel 430 

experiments effectively reduced cell viability to close to 0%, confirming that cytotoxic venom 431 

concentrations were used in both cases (Fig. 6). The supernatant from the 40% control hydrogels for 432 

both incubation periods did not significantly increase cell viability at any concentration, although mean 433 

cell viability did increase from the vehicle control at most concentrations (Fig. 6A, 6C). The 1-hour 434 

incubation, 10% T hydrogel supernatant dilution series effectively inhibited the venom-induced 435 

cytotoxicity only at the 0.02x dilution which contained approximately 56 μg/mL of T (Table 3), 436 

resulting in a significant increase in mean cell viability to 52.5% (Fig. 6B). The 24-hour incubation, 437 

10% T hydrogel dilution series was able to inhibit N. nigricollis venom cytotoxicity at a greater 438 

concentration range than the 1-hour incubation, significantly increasing cell viability at dilution factors 439 

of 0.05, 0.02 and 0.08 (15, 61 and 244 g/mL [Table 3]), resulting in cell viabilities of 39.5%, 48.8% 440 

and 31.5% respectively (Fig. 6D).  441 

4. Discussion 442 

The primary aims of this study were to investigate whether heparin-integrated WPI hydrogels would 443 

exhibit the physical and venom-inhibitory properties required to warrant their further translation into 444 

snakebite wound dressings. 445 

Firstly, the structural properties of each WPI hydrogel type were assessed using SEM, with clear 446 
structural differences being observed between 40% WPI control hydrogels and those hydrogels 447 
containing heparins (Fig. 1). WPI is >97% protein, of which the majority is β-lactoglobulin (75%), 448 
however other components include α-lactalbumin, immunoglobulins, bovine serum albumin, bovine 449 
lactoferrin and lactoperoxidase (Keppler et al., 2014; Madureira et al., 2007). β-lactoglobulin has 450 
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been reported to be negatively charged in the native state (isoelectric point = pH 5.3), with polyanions 451 
such as heparin typically binding patches of positively charged amino acids (Kamerzell et al., 2011; 452 
Wang et al., 2024). However, it may be possible that protein denaturation caused by heating may alter 453 
the isoelectric point, allowing heparin polyanion binding. The addition of heparins resulted in the 454 
formation of spherical structures (~1 μm in diameter) which clustered to a greater extent at the higher 455 
concentrations of either heparin, likely due to the heparins interacting with the WPI polymers with 456 
greater frequency at higher concentrations. Such structures have been noted previously when adding 457 
the biopolymer poly-γ-glutamic acid to WPI hydrogels (Baines et al., 2025). Furthermore, the 458 
increased porosity caused by the clustering of these spheroidal structures may increase the release rate 459 
of drug from these hydrogels (Hoare and Kohane, 2008). The peaks observed via the completed FTIR 460 
analysis (Fig. 2) also correlate with what would be expected of heparin and tinzaparin (Devlin et al., 461 
2023; Shen et al., 2019), further evidencing the successful integration and dispersion of both drugs 462 
into the WPI hydrogel structure. 463 

The swelling analysis assays in PBS and DMEM (Fig. 3), used to model each hydrogel type’s ability 464 

to absorb wound exudate, showed that the higher concentrations of either heparin increased hydrogel 465 

swelling, a phenomenon which may be due to the negative charges of both H and T, resulting in greater 466 

hydrophilicity with increasing heparin concentration, thereby resulting in greater water absorption and 467 

therefore swelling (Ganji et al., 2010; Pawlak-Likus et al., 2025). The improved swelling properties 468 

observed in the WPI hydrogels integrated with heparins is also a desirable characteristic for a snakebite 469 

wound dressing, as snakebite envenoming often produces excess wound exudate which should be 470 

removed for more effective wound healing (Collier et al., 2014; Ibiapina et al., 2019; Rucavado et al., 471 

2016).  472 

Several studies have shown it takes an average of 5-9 hours for a snakebite victim to reach hospital in 473 

rural tropical communities (Abouyannis et al., 2023; Ogunfowokan, 2012; Sharma et al., 2005), and 474 

any prehospital-administered wound dressing should remain structurally and functionally stable 475 

throughout this prehospital period. However, the biodegradability of hydrogel wound dressings must 476 

be balanced between their stability, which maximises the length of time for which the wound site can 477 

be protected, and degradation, which improves drug distribution and minimises environmental harm 478 

(Khan et al., 2023; Ribeiro et al., 2024). To quantify this, protein release was first measured from each 479 

hydrogel type into PBS (Fig. 4A) (Baines et al., 2025) which evidenced that heparin-incorporation 480 

diminishes WPI lattice breakdown, which may be the result of bonding between WPI proteins and 481 

heparins within the hydrogel (He et al., 2019). As such, heparin integration could increase the longevity 482 

of a WPI-derived wound dressing. However, wounds also contain enzymatic components such as 483 

proteases, crucial elements of tissue remodelling and repair, which could catalyse WPI hydrogel 484 

polypeptide degradation (Baines et al., 2025; McCarty and Percival, 2013). As such, the enzymatic 485 

degradation of hydrogel samples in solution containing proteases was also determined (Fig. 4B). As 486 

expected, incubation with proteases did result in significantly greater degradation of most hydrogel 487 

types in comparison to the 0% protease negative control; however, a weakness of these data should be 488 

noted, as while five hydrogel samples were initially prepared for each data set, due to excessive 489 

degradation of some of the samples rendering them impossible to weigh accurately, the final number of 490 

experimental replicates was diminished thereby reducing the statistical power within this experiment. 491 

Regardless, it was still determined that the hydrogel samples reduced in mass when incubated with 492 

proteases, suggesting they would also likely degrade in a real-world snakebite wound environment, 493 

especially during the remodelling stage of tissue repair (McCarty and Percival, 2013). Additionally, the 494 

data suggest that the presence of heparins, especially T, in the hydrogel matrix amplifies enzymatic 495 

degradation. Increased swelling in the presence of heparins (Fig. 3) could conceivably increase the pore 496 

size in the hydrogel polymer network, facilitating the entry of enzymes into the network by diffusion. 497 
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However, such discussion must remain speculative at the present time. As hydrogel degradation within 498 

protease-containing solution is more reminiscent of a real wound environment (McCarty and Percival, 499 

2013), versus the trials completed in PBS, this suggests that the addition of heparins into WPI hydrogels 500 

would likely facilitate their biodegradability upon administration to a snakebite wound.  501 

Following the experiments designed to describe the physical characteristics of heparin-containing WPI 502 

hydrogels, their ability to inhibit snake venom-induced cytotoxicity was investigated. It was decided 503 

that 10% T hydrogels would be tested against N. nigricollis venom for these experiments as T has 504 

previously exhibited potent inhibition of spitting cobra venom-induced cytotoxicity (Du et al., 2024).  505 

First, to confirm T would release from the hydrogel in quantities sufficient to inhibit N. nigricollis 506 

venom-induced cytotoxicity in cell-based assays its concentration in PBS was determined following a 507 

1-hour or 24-hour incubation at standard conditions (Fig. 5), from which its final mean concentration 508 

was determined to be 2,803 g/mL following a 1-hour incubation and 3,054 g/mL following a 24-hour 509 

incubation; sufficiently concentrated in both cases for venom inhibition (Du et al., 2024). No significant 510 

difference was found between incubation time periods, suggesting that the majority of tinzaparin able 511 

to diffuse into solution within 24 hours does so rapidly, leaving the gel within the first hour. Then, the 512 

ability of these 10% T hydrogel-derived versus 40% WPI hydrogel negative control-derived solutions 513 

to inhibit N. nigricollis venom-induced cytotoxicity was evaluated using a human epidermal 514 

keratinocyte (HaCaT) cell model (Hall et al., 2023) (Fig. 6). As predicted, the 24-hour incubated, 10% 515 

T hydrogel-derived solution successfully inhibited N. nigricollis venom-induced skin cell cytotoxicity 516 

at several tested serial dilutions (15 – 244 μg/mL of T; Table 3), and at one tested concentration for the 517 

solution derived from a 1-hour incubation (61 g/ml of T; Table 3). These results confirm that T-518 

integrated WPI hydrogels can release drug at sufficiently high concentrations within as little as an hour 519 

to inhibit snake venom-induced cytotoxicity – a valuable characteristic since rapid treatment is crucial 520 

for necrosis prevention (Gutiérrez et al., 2017a). As such, this evidence suggests that drug-incorporated 521 

WPI hydrogels warrant further research and development in the context of improving the treatment of 522 

snakebite envenoming.  523 

The 40% WPI hydrogel-derived solution, prepared for use as the negative control, did not result in 524 

significant increases in % cell viability in comparison to the vehicle control. However, despite this lack 525 

of statistical significance, it is still intriguing how the mean cell viability trended higher for almost all 526 

serial dilutions of the 40% WPI hydrogel-derived solutions for both the 1-hour and 24-hour incubations 527 

(Fig. 6A and 6C). This could potentially indicate a minor cytoprotective effect from these hydrogel-528 

derived solutions resulting from the WPI itself. Prior investigations have shown that proteins similar to 529 

those in WPI can inhibit the functioning of other snake venom toxins, such as buffalo colostrum β-530 

lactoglobulin inhibiting viper snake venom metalloproteinases (SVMPs) (Arpitha et al., 2017). 531 

Therefore, a possible explanation is that a component of the WPI hydrogel, such as β-lactoglobulin 532 

(Keppler et al., 2014), dissolved into the solution and interacted with one or more of the toxins within 533 

N. nigricollis venom to affect its functioning. However, further studies will be required to confirm or 534 

disprove these observed data trends.  535 

Whilst questions remain about T-incorporated WPI hydrogels as wound dressings for snakebite, the 536 

inhibition of N. nigricollis venom-induced cytotoxicity by heparin-containing WPI hydrogels and their 537 

physiochemical properties discussed herein are the first evidence that such biomaterials could be 538 

translated into wound dressings for snakebite envenoming. Further research should aim to both expand 539 

the applicability of heparin-incorporated WPI hydrogels as snake venom inhibitor vehicles, as well as 540 

confirming their effectiveness in more realistic situations, e.g. using ex vivo or in vivo models of 541 
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envenoming. In expanding their applicability, a greater range of snake venoms should also be explored 542 

to ensure that there is the potential for pan-species efficacy. In addition, a range of other snake venom 543 

inhibitors which are currently under investigation such as varespladib, a hydrophobic inhibitor of snake 544 

venom PLA2s (Clare et al., 2021; Lewin et al., 2016), could be incorporated into hydrogels and tested 545 

against a range of snake venoms. This could exploit WPI hydrogels’ ability to bind and release 546 

hydrophobic drugs (Baines et al., 2024). Through further research, WPI hydrogels integrated with 547 

heparins or other venom inhibiting drugs may prove themselves as effective prehospital wound 548 

dressings that slow the tissue destroying effects of cytotoxic snake venoms.    549 

5. Conclusions 550 

This research aimed to address if WPI hydrogels containing heparins could function as wound dressings 551 

for snakebite envenoming by assessing their physiochemical properties and determining if they could 552 

inhibit N. nigricollis venom-induced cytotoxicity. As described above, these physiochemical properties 553 

reveal that heparin-containing WPI hydrogels may be appropriate for snakebite wound dressings, being 554 

able to absorb wound exudate, deliver drugs swiftly, and biodegrade. In addition, the hydrogels 555 

containing 10% T delivered sufficient concentrations of drug into solution to inhibit N. nigricollis-556 

induced cytotoxicity at 1/50th of the original solution’s concentration following incubation for 1 hour, 557 

and up to 1/200th following incubation for 24 hours. This is the first time the ability of drug-containing 558 

WPI hydrogels to inhibit snake venoms has been tested, and the data contained herein suggest that such 559 

biomaterials could prove valuable as future snakebite wound dressings following further development 560 

that could be easily translated for prehospital use, thereby shortening time to initial treatment. 561 
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Abstract 28 

Snakebite envenoming affects millions of people annually, with current treatments limited to animal-29 

derived antivenoms. Repurposed drug-inhibitors of toxin families offer an exploitable avenue to 30 

improve snakebite treatment, including heparins which can inhibit cytotoxic three-finger toxins. 31 

However, to be effective therapies in-the-field such treatments must be engineered into drug delivery 32 

devices capable of rapidly administering drug(s) to the envenomation site. Herein we introduce the 33 

concept of integrating heparins, specifically unfractionated heparin (H) and its low molecular weight 34 

heparinoid variant, tinzaparin (T), into hydrogels composed of whey protein isolate (WPI), an 35 

inexpensive byproduct of the dairy industry that is cytocompatible, stiff, sterilizable by autoclaving, 36 

and that has the dual function of being able to locally deliver drugs and act as wound dressings. The 37 
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aims of this research were to investigate whether heparin-containing WPI hydrogels displayed physical 38 

characteristics suitable for wound dressings and could effectively release drug in sufficient quantities 39 

to inhibit the cytotoxic activity of spitting cobra venom. To do so, five hydrogel prototypes were 40 

produced: 40% WPI no drug control, and 5% H, 10% H, 5% T, and 10% T all within 40% WPI 41 

hydrogels. It was determined that heparins successfully integrated into WPI hydrogels and heparin-42 

containing WPI hydrogels exhibited improved swelling versus the 40% WPI no drug control, suggesting 43 

improved absorption of wound exudate; however, this heparin integration also increased the hydrogel 44 

degradation rate in simulated wound environments. Most importantly, sufficiently high concentrations 45 

of T were released into phosphate buffered saline from the 10% T hydrogels to neutralise Naja 46 

nigricollis venom cytotoxicity in a HaCaT cell cytotoxicity model. Together, our results suggest that 47 

the integration and diffusion of venom-inhibiting drugs in WPI hydrogels is possible and that the 48 

development of such drug-integrated hydrogels into snakebite wound dressings warrants further 49 

research. 50 
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1. Introduction 75 

Snakebite envenoming is classified by the World Health Organization (WHO) as a neglected tropical 76 

disease (NTD), responsible for up to 131,000 deaths and 400,000 cases of long-term disability every 77 

year (Afroz et al., 2024; J. M. Gutiérrez et al., 2017a). Compounding this public health issue is the fact 78 

that the only currently available specific treatments are animal-derived antivenoms, which have 79 

remained broadly unchanged for over a century (Lalloo and Theakston, 2003). These conventional 80 

antivenoms suffer numerous limitations: often exhibiting poor pan-snake species efficacy, high expense 81 

of treatment, limited effectiveness at neutralising severe local envenoming caused by venom 82 

cytotoxicity, the requirement to be administered intravenously in a hospital environment, the need to be 83 

kept cold, and potentially serious adverse events that frequently develop (Alangode et al., 2020; Clare 84 

et al., 2021; Rivel et al., 2016). 85 

As such, other possible treatment options have begun to be explored, including the use of repurposed 86 

drug inhibitors targeting the main classes of toxins found in many different snake venoms across 87 

different species and genera (Clare et al., 2021). Some promising candidates are heparins including 88 

unfractionated heparin (H), a highly sulphated polysaccharide previously explored for hemotoxic 89 

snakebite treatment, and its low molecular weight (LMW) heparinoid variant, tinzaparin (T), both of 90 

which are anticoagulants traditionally used for thromboembolic indications (Boechat et al., 2001; 91 

Christy et al., 1973; Du et al., 2024; Hirsh, 1998). These drugs are inhibitors of cytotoxic three-finger 92 

toxins (3FTxs), a toxin class especially prevalent in the venoms of many cobra species and have been 93 

shown to markedly reduce venom cytotoxicity in both cell and animal models (Du et al., 2024; Tasoulis 94 

and Isbister, 2017). Such venom-induced cytotoxicity often causes severe and life-altering morbidity in 95 

snakebite victims, with spitting cobras (Naja spp.) being largely responsible for such injury in Africa 96 

(Du et al., 2024; Rivel et al., 2016).   97 

However, for any new toxin-inhibitor to be effective against snakebite-induced tissue damage it must 98 

first reach the venom in and around the envenomation site sufficiently quickly (Bartlett et al., 2024). 99 

This is problematic with IgG-based and intravenously delivered antivenoms due to their limited 100 

extravasation and tissue permeability (Clare et al., 2021; Conner et al., 2020; J. M. Gutiérrez et al., 101 

2017b) while promising oral drug candidates currently in development (Abouyannis et al., 2025; 102 

Gerardo et al., 2024) are limited by the time it takes for them to be absorbed by the gut and to adequately 103 

distribute from the blood stream into the affected tissues (Bartlett et al., 2024; Bashiardes and 104 

Christodoulou, 2024). One potential option to aid rapid local drug delivery is the use of hydrogels in 105 

which venom toxin-inhibiting drugs, such as heparins, are integrated and used as snakebite wound 106 

dressings. Hydrogels are three-dimensional hydrophilic polymers crosslinked to form a lattice which 107 

possess numerous benefits over traditional wound dressings including the ability to retain moisture, 108 

crucial for the wound healing process, and to absorb fluids such as wound exudate (Bashir et al., 2020; 109 

Brumberg et al., 2021; Sweeney et al., 2012). Importantly, hydrogels can be incorporated with drugs 110 

into their structure which can later diffuse out of the gel in solution or when applied to a wound, allowing 111 

them to be used for targeted drug delivery (Kesharwani et al., 2021). As such, it was hypothesised that 112 

by incorporating H or T into hydrogels, a unique material could be engineered to be later translated into 113 

a snakebite wound dressing that would simultaneously protect the physical site of a snakebite injury 114 

whilst also releasing drug into the wound to reduce the effects of cytotoxic 3FTx-containing snake 115 

venoms. 116 

Many different materials can be used to make hydrogels, however a promising one for this purpose is 117 

WPI (Bashir et al., 2020). WPI, a byproduct of the dairy industry, contains 97% protein, 75% of which 118 
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is β-lactoglobulin, the primary compound making up the hydrogel lattice (Baines et al., 2025). The 119 

benefits of WPI hydrogels include low cost, high cytocompatibility, and ease of gelation (Genç et al., 120 

2023). In addition, WPI hydrogels can incorporate and deliver both hydrophobic and hydrophilic drugs 121 

for a variety of biomedical applications including facilitating tissue engineering, managing conditions 122 

such as cancers, and the treatment of bacterial infections (Baines et al., 2025, 2024; Platania et al., 123 

2021). Both H and T have been incorporated into WPI hydrogels to explore their potential as tissue 124 

engineering scaffolds (Pawlak-Likus et al., 2025). Additionally, studies exploring H-incorporated non-125 

WPI hydrogels as wound dressings for diabetic, excisional, and burn injuries have demonstrated 126 

beneficial effects of H on wound healing (Uzunalli et al., 2017; Yergoz et al., 2017; Zhang et al., 2018). 127 

However, whilst studies have investigated the use of hydrogels incorporating snake venoms into their 128 

lattice as haemostatic agents (Yegappan et al., 2022), no studies have yet explored H- or T-integrated 129 

hydrogels for use as wound dressings for snakebite.  130 

Therefore, the aims of this study were to investigate as proof-of-concept whether heparin-containing 131 

WPI hydrogels could be engineered that (a) exhibit physical properties suitable to translation into 132 

wound dressings and (b) release their contained drug in sufficient quantities to inhibit spitting cobra 133 

venom-induced cell death. To date, no study has proposed or explored the potential utility of toxin 134 

inhibiting drug-integrated hydrogels as a pre-hospital snakebite wound treatment. However, the results 135 

contained herein suggest that this is a promising approach and that further work on this topic is 136 

warranted. 137 

 138 

2. Materials and Methods 139 

2.1. Materials 140 

2.1.1. Chemicals, drugs and biological materials 141 

WPI was purchased as the product BiPro from Davisco Foods International (Eden Prairie, MN, USA). 142 

Trypan blue stain (0.4%) was acquired from Logos Biosystems, resazurin and proteases were purchased 143 

from Sigma-Aldrich (Merck), and PBS purchased from Gibco, Corning or Sigma-Aldrich. 144 

Unfractionated heparin (H) sodium salt (Mw ≈ 20,000 g/mol) and tinzaparin (T; Mw ≈ 8,000 g/mol) 145 

derived from porcine mucosa were supplied by LEO Pharma (Ballerup, Denmark). 146 

2.1.2. Venoms 147 

Naja nigricollis venom (Nigeria) was provided by the Liverpool School of Tropical Medicine’s (LSTM) 148 

Centre for Snakebite Research and Interventions (CSRI). The venom was a pool collected from multiple 149 

milkings of four wild-caught snakes maintained in the CSRI Herpetarium facility, whose animal 150 

protocols are approved by the UK Home Office, the LSTM and the University of Liverpool’s Animal 151 

Welfare and Ethical Review Boards. The venoms were lyophilised and stored at 4 oC before 152 

reconstitution in PBS and storage at –80 oC until use. 153 

2.1.3. Cells  154 

Immortalised human epidermal keratinocytes (HaCaT cells) were provided by Prof Sarah Allinson 155 

(Lancaster University; originally sourced from AddexBio) and cultured in Dulbecco’s Modified Eagles 156 

Medium (DMEM) (Gibco) augmented with 9.5% Foetal Bovine Serum (FBS) (LabTech), 2% sodium 157 

pyruvate (2 mM; Cytiva), and 1% penicillin (100 IU/mL) and streptomycin (250 μg/mL) (Gibco), 158 

hereafter referred to as Standard Medium. Cellular assays were then conducted in low background 159 
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fluorescence medium, made up of FluoroBrite DMEM (Gibco), 1% FBS, 2% sodium pyruvate, 1% 160 

penicillin and streptomycin and 1% GlutaMax (Gibco), hereafter referred to as Low Background 161 

Fluorescence Medium (Hall et al., 2023). All 96-well plates were purchased from Greiner. 162 

2.2. Data Collection  163 

2.2.1. Hydrogel Formation 164 

- Five whey protein isolate (WPI) hydrogel types were produced (Table 1), formed as previously 165 

described (Pawlak-Likus et al., 2025). The solutions were homogenised for 24 hours using an IKA 166 

Loopster (IKA England LTD, Oxford, UK), before the mixture was sonicated to remove bubbles that 167 

could compromise gel uniformity. Solutions were injected into a hydrogel dressing-gelation device 168 

(Biomat Ltd, UK) and heated for 20 minutes at 70°C to encourage efficient gelation. Hydrogel samples 169 

were then cut into 0.03 g discs, hereafter referred to simply as discs, using a metal corer to ensure 170 

uniform volume and surface area. Experiments were conducted using discs of all five hydrogel types 171 

unless stated otherwise.  172 

 173 

- Table 1 – Hydrogel samples and their compositions. 174 
Sample group name WPI concentration (% w/v) Heparin or tinzaparin 

concentration (% w/v) 

40% WPI 40 0 

5% H 40 5 

10% H 40 10 

5% T 40 5 

10% T 40 10 

 175 

2.2.2. Scanning Electron Microscopy 176 

Hydrogel samples were imaged using scanning electron microscopy (SEM), conducted with a JSM-177 

6390 LV, JEOL Ltd. (Welwyn Gardens, UK) scanning electron microscope, an accelerating voltage of 178 

15 kV, and using magnifications of 100x, 3,000x and 10,000x. Samples were taken from the centre of 179 

each hydrogel disc, dehydrated in a desiccator, and gold-coating was performed with a Quorum 180 

Technologies, Q150RES, sputter coater to a thickness of ca. 5 nm before imaging took place. 181 

2.2.3. Fourier Transform Infrared Spectroscopy  182 

Fourier Transform Infrared Spectroscopy (FTIR) was used to determine chemical linkages present 183 

within the gel. Discs of each hydrogel type were dehydrated and the resultant IR spectra analysed using 184 

a Cary 630 FTIR spectrophotometer (Agilent, Santa Clara, CA, USA) in attenuated total reflection 185 

(ATR) mode and using a spectral range of between 650 and 4000 cm−1. Experiments were completed in 186 

triplicate. 187 

2.2.4. Hydrogel Swelling Analysis in Dulbecco’s Modified Eagles Medium and Phosphate 188 

Buffered Saline 189 

To determine how the incorporation of the H or T concentrations in the hydrogel affected the polymer’s 190 

swelling behaviour, samples of each hydrogel type were weighed before being incubated at 37oC for 7 191 

days in either Dulbecco’s Modified Eagles Medium (DMEM) or pH 7.4 Phosphate Buffered Saline 192 
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(PBS). Five samples per hydrogel were individually placed into 200 µL of pH 7.4 PBS, and ten samples 193 

were individually placed into 200 µL of DMEM. Following incubation, water excess was removed from 194 

the surface of each disc using a paper towel, and each sample reweighed.  The % mass change (M%) 195 

was calculated from the following formula:  196 

 197 

𝑀% =
𝑀𝑊 − 𝑀𝑖

𝑀𝑖
× 100% 198 

 199 

where Mw is the wet mass and Mi is the initial mass. 200 

2.2.5. Protein Release 201 

To determine how H or T incorporation altered the release of protein from the 3D polymer lattice, as a 202 

measure of general hydrogel degradation, hydrogel samples were submerged in 1 mL pH 7.4 PBS and 203 

incubated at 37oC. Following 24 and 48 hours, 1 µL of this solution was removed and analysed using a 204 

NanoDrop at A280 (NanoDrop 2000c, ThermoScientific) (Pawlak-Likus et al., 2025). Experiments were 205 

completed in triplicate.  206 

2.2.6. Enzyme Degradation 207 

To better evaluate how the hydrogels may degrade in protease-containing biological fluids, enzyme 208 

degradation experiments were conducted (Lee et al., 2005). Five hydrogel samples were incubated in 209 

200 μL of pH 7.4 PBS containing 13.33 μg/mL protease mixture obtained from bovine pancreas (CAS 210 

no. 9001-92-7), concentrations consistent with blood collagenase levels (Manicourt et al., 1994; 211 

Pawlak-Likus et al., 2025), at Standard Conditions for seven days. The samples were weighed before 212 

and after the incubation period, with excess solution being removed with a paper towel, and the % mass 213 

change (M%) calculated: 214 

 215 

𝑀% =
𝑀𝑎 − 𝑀𝑖

𝑀𝑖
× 100% 216 

 217 

where Ma is the mass after incubation and Mi is the initial mass.  218 

2.2.7. Tinzaparin Release Quantification  219 

Absorbance determination: An absorbance scan (230-400 nm with 2 nm increments) was completed on 220 

50 μL of 4 mg/mL tinzaparin in PBS and compared to a PBS-only control in a half-volume 96-well UV-221 

capable microplate using a Tecan MPLEX plate reader over three independent experimental replicates 222 

to confirm an absorbance wavelength at which tinzaparin could be quantified in solution. 223 

Tinzaparin release from hydrogels determination: To measure drug release from the tinzaparin-224 

containing WPI hydrogel, 10% T and WPI control discs were soaked in PBS (3 discs / 180 μL PBS) for 225 

1 hour or 24 hours under standard conditions (37 oC, 5% CO2). Over three experimental replicates, 50 226 

microlitres of the resulting solutions were pipetted into separate wells in a half-volume 96-well UV-227 

capable microplate along with serial dilutions of known tinzaparin concentrations (4,000 – 31.25 228 

μg/mL, with a halving of the concentration with each serial dilution). A230 was measured in each well 229 

using a Tecan MPLEX plate reader and a standard curve plotted for each known tinzaparin 230 

concentration serial dilution, from which the concentration of tinzaparin released from the 10% 231 

tinzaparin-containing discs under standard conditions was determined for each of three experimental 232 

replicates and the means calculated. 233 
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2.2.8. Cytotoxicity Assay 234 

Day 1: HaCaT cells (10,000/well) were seeded in black-sided, clear-bottomed, half-volume 96-well 235 

microplates and incubated for 24 hours under standard conditions. Three discs of the WPI control 236 

hydrogel or the 10% T hydrogel were added to 180 μl PBS and incubated for 24 hours at standard 237 

conditions. Day 2: Three discs of both hydrogel types were incubated in the same manner for 1 hour. 238 

Serial dilutions of the resulting hydrogel solutions (0.08x to 1.95x10-5x dilutions with a quartering of 239 

the concentration with each serial dilution) were mixed with a constant 20 µg/mL N. nigricollis venom 240 

or venom vehicle control (PBS) in Low Background Fluorescence Medium. The following control 241 

solutions were also prepared: the WPI control and 10% T hydrogel solutions with no venom, venom 242 

only, medium only, venom with 2,000 μg/ml T, and the 0% cell viability control using 0.1% EcosurfTM. 243 

All solutions were kept at standard conditions for 30 minutes prior to cell treatments, after which the 244 

cells were exposed to these solutions for 24 hours under standard conditions. Day 3: Resazurin cell 245 

viability assays were used as a model of cell viability as described previously (Du et al., 2024). Briefly, 246 

all wells were treated with 90 µg/mL resazurin and incubated for 1.5-2 hours. Fluorescence 247 

(Ex544/Em590) was quantified using a Tecan MPLEX plate reader. Percent cell viability within each 248 

experimental well was calculated relative to the mean within all untreated 100% cell viability positive 249 

control wells following subtraction of the average fluorescence response from all background control 250 

wells which contained no cells: 251 

 252 

% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐸𝑚590 (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑤𝑒𝑙𝑙) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑏𝑙𝑎𝑛𝑘 𝑤𝑒𝑙𝑙))

𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙))  − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐸𝑚590 (𝑏𝑙𝑎𝑛𝑘 𝑤𝑒𝑙𝑙))
× 100 253 

2.3. Data Analysis  254 

All data are presented as mean ± standard deviation (SD) unless stated otherwise. ‘n’ is defined as an 255 

independent experimental replicate completed at a separate time from other replicates. At least three 256 

independent experimental replicates were completed for each statistically analysed set of data. 257 

Statistical analyses of data and graph creation were performed using GraphPad Prism unless stated 258 

otherwise. The specific statistical tests performed are stated in the figure legends. A difference was 259 

considered significant if P ≤ 0.05. 260 

3. Results  261 

Analysis of the effectiveness of hydrogels as heparin delivery vehicles was conducted along several 262 

avenues, beginning with the determination of their physical and mechanical properties, followed by 263 

investigating how they may act in the biological environment of a wound such as those caused by 264 

snakebite, before finally confirming both the release of the drug from the gel and the effectiveness of 265 

the hydrogel delivery vehicle in preventing N. nigricollis venom-induced cytotoxicity. This began with 266 

the generation of one control 40% WPI hydrogel with no drug and four drug-integrated hydrogels 267 

containing the same percentage of WPI: 5% H, 10% H, 5% T, and 10% T.  268 

3.1. Scanning Electron Microscopy Reveals Heparin Incorporation Alters Hydrogel Structure  269 

To generate a detailed image of its surface characteristics and three-dimensional structure of each of the 270 

hydrogels, SEM was conducted on a dried sample of each hydrogel type at 100x, 3,000x and 10,000x 271 

magnification (Fig. 1). 272 



9 
 

 273 

Fig. 1 – SEM images reveal structural differences between dried samples of the five tinzaparin types. SEM 274 
images of dried samples of control 40% WPI hydrogel with no drug, and WPI hydrogels integrated with 5% 275 
unfractionated heparin (H), 10% H, 5% tinzaparin (T), and 10% T. Moving left to right, images were taken at 276 
magnifications of 100x, 3,000x, and 10,000x, and the corresponding scalebars are equal to: 100 µm, 4 µm, and 1 277 
µm. 278 

As can be seen in Fig. 1, the control 40% WPI hydrogel contains very few pores, even at high 279 

magnifications. In comparison, the surface structure appears rougher and more textured in the hydrogel 280 

modified with 5% H, even more so than the hydrogel modified with 10% H. At 3,000x and 10,000x it 281 

becomes apparent that this is due to the presence of clusters of spherical and semi-spherical structures. 282 

In the 10% H hydrogel, these structures seem more tightly packed together than in the 5% H hydrogel. 283 

Differences are also apparent in the tinzaparin-containing hydrogels. At 100x magnification, dark pores 284 

can be seen on the surfaces of both T-containing hydrogels. However, at higher magnifications, the 285 

physical structure of the 5% T hydrogel appears disrupted and slightly porous but still relatively smooth 286 

compared to that of the hydrogel incorporated with 10% T, where similar spheroid structures to the H 287 

hydrogels are present.  288 

3.2. Fourier Transform Infrared Spectroscopy Confirms the Presence of Heparins 289 

Following SEM, FTIR was conducted to identify the chemical bonds within each of the hydrogel 290 

samples and to determine if there were any major differences amongst these bonds between different 291 

hydrogel types resulting from heparin incorporation (Fig. 2) (Hameed et al., 2024). 292 
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 293 

Fig. 2 – (A) FTIR spectra of WPI hydrogels loaded with heparins and (B) analysis of the intensity of specific 294 
peaks characteristic of heparins at select wavenumbers. FTIR spectra were gathered for each of the five 295 
hydrogel types and the intensity of the most prominent peaks from each spectrum compared against one another. 296 
A) The FTIR spectra of the five hydrogel types were acquired on a Cary 630 FTIR spectrophotometer using a 297 
spectral range of 650-4000 cm-1. Data are presented as mean values. B) The % intensity of specific heparin-298 
defining peaks (818 cm-1, 1020 cm-1, 1148 cm-1, 1233 cm-1, 1435 cm-1, 1622 cm-1, 2937 cm-1, 3423 cm-1) from the 299 
five hydrogel types (Ivory-Cousins et al., 2023; Mecozzi et al., 2011). Data are presented as mean values ± SD, 300 
with data from individual trials presented as dots within each bar (n = 3). No significant differences were 301 
calculated as determined by a 2-way ANOVA followed by Tukey’s multiple comparisons test. 302 

 303 

Table 2 – FTIR peak wavenumber and their region/potential interactions. 304 

Wavenumber (cm-1) Region/Potential Interactions 

3260-3270 Symmetric stretching O-H 

2952 Asymmetric stretching CH3 

2925 Asymmetric stretching CH2 

 

2870 

Symmetric stretching CH3 

Stretching N-H, C-H 

Symmetric stretching CH3 of acyl chains 

1625 Amide I region 

1517 Amide II 

1446 Stretching C=O 
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1386 

Bending CH3 

Stretching C-O 

Deformation C-H, N-H 

1306 C-N amide III band 

1228 Sulfate vibrations of S=O bonds 

1157 C-O-C polysaccharide 

1070 C-O carbohydrate 

965 Unassigned 

870 Bending C=O inorganic carbonate 

 305 

FTIR analysis revealed many peaks, including main bands for all gels at 3260-3270 cm-1, 2952cm-1, 306 

2925 cm-1, 2870 cm-1, 1625 cm-1, 1517 cm-1,  1446 cm-1, 1386 cm-1, 1306 cm-1, 1228 cm-1, 1157 cm-1, 307 

1070 cm-1, 965 cm-1, and 870 cm-1 (Fig. 2A). An overview of the potential underlying interactions of 308 

these bands is shown in Table 2 (Ivory-Cousins et al., 2023; Mecozzi et al., 2011). The peaks in the 309 

spectra generated at 818 cm-1, 1020 cm-1, 1148 cm-1, 1233 cm-1, 1435 cm-1, 1622 cm-1, 2937 cm-1 and 310 

3423 cm-1 (Fig. 2B) were comparable to heparin-defining FTIR peaks (Devlin et al., 2023; Shen et al., 311 

2019). The intensity of all peaks did not significantly increase as the concentration of both H and T 312 

increased from 5% to 10%. In the spectra of samples containing heparins, a combination of bands 313 

specific for WPI and heparins were also observed, as expected. No noticeable shifts in the bands specific 314 

for WPI were detected.  315 

3.3. Heparin Integration Increases Hydrogel Swelling Ability 316 

The analysis of the hydrogels’ physical properties was followed by an evaluation of their potential as 317 

wound dressings. Performance was assessed based on the extent of swelling in solution, which modelled 318 

wound exudate absorption, and the rate of degradation in simulated wound environments (Pawlak-Likus 319 

et al., 2025; Zhu et al., 2022). 320 

To determine the extent to which the hydrogels swell by absorbing liquid from their environments 321 

samples of each hydrogel type were weighed before and after incubation in PBS or DMEM for seven 322 

days and the % change in their mass calculated (Fig. 3).  323 

 324 
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 325 

Fig. 3 – Incorporation of heparins into WPI hydrogels can increase their ability to swell in PBS and DMEM. 326 
Hydrogel samples were weighed and then incubated for seven days in (A) PBS (n=5) or (B) DMEM (n=10) after 327 
which samples were again weighed and the % mass change calculated. Data are presented as mean values ± SD, 328 
with data from each trial presented as individual data points within each bar. * Signifies the value is significantly 329 
different to that of the 40% WPI control as determined by a one-way ANOVA followed by Dunnett’s multiple 330 
comparisons test in which the mean of all test columns was compared to a single control (40% WPI) (P<0.05). 331 

 332 

In PBS (pH 7.4), which approximately replicates the pH and osmolarity of human cells and was 333 

therefore used in the initial model of exudate absorption from an open wound (Martin et al., 2006), all 334 

heparin-integrated hydrogels, 5% H (14.1%), 10% H (17.0%), 5% T (13.3%), and 10% T (16.4%), 335 

swelled to a greater extent than the 40% WPI control hydrogel (7.7%). In DMEM, basal cell medium 336 

that more closely resembles the environment of mammalian tissue than PBS and which was therefore 337 

used in the second model of exudate absorption, all hydrogel types swelled more than what was 338 

observed in PBS though only the 10% H (66.2%) and 10% T (51.5 %) swelled to a greater extent than 339 

the 40% WPI control hydrogel (40.0%). 340 

3.4. Simulated Wound Environments Degrade WPI-based Hydrogels 341 

To help assess a hydrogel’s suitability as a wound dressing it is important to determine its 342 

biodegradability as fast degradation can lead to quicker drug dispersal but lower stability over time 343 

(Kharkar et al., 2013).  344 
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 345 

Fig. 4 – WPI hydrogels degrade over time in PBS, a process exacerbated by proteases. (A) Measurement of 346 
protein released from WPI hydrogel types into PBS. Hydrogel samples were submerged in pH 7.4 PBS and 347 
incubated at Standard Conditions. Supernatant samples were taken at 24 & 48 hours and analysed via NanoDrop 348 
(A280) as a measure of total protein concentration in the solution (Pawlak-Likus et al., 2025). (B) Calculated % 349 
mass change of each hydrogel type following incubation with protease solution. Hydrogel samples were weighed 350 
before being incubated in pH 7.4 PBS solution containing 13.33 µg/mL protease (Manicourt et al., 1994 Pawlak-351 
Likus et al., 2025) for seven days at Standard Conditions. As an additional control, 40% WPI hydrogels were 352 
incubated without protease to act as a negative control and are labelled ‘40% WPI (no protease)’. All hydrogels 353 
were then reweighed, and the % mass change calculated. ‘n’ is equal to a maximum of 5 and a minimum of 2, as 354 
not all samples could be reweighed due to gel degradation. Data are presented as mean values ± SD, with data 355 
from each trial presented as points within each bar. *Signifies that the value is significantly greater than the same 356 
hydrogel type from Day 1, † signifies the value is significantly lower than the 40% WPI control from the same 357 
time point, and $ signifies the value is significantly lower than the 40% WPI (no protease) negative control as 358 
determined by (A) a two-way ANOVA followed by Tukey’s multiple comparisons test in which cell means were 359 
compared with others in its row and column or (B) a one-way ANOVA followed by Tukey’s multiple comparisons 360 
test in which the mean of each column was compared with the mean of every other column (P<0.05). 361 

 362 

To model the general biodegradability the hydrogels, the total protein release of each hydrogel type into 363 

PBS after 24 and 48 hours of incubation was measured (Zustiak and Leach, 2011) (Fig. 4A). The 364 

average A280 (Pawlak-Likus et al., 2025) of each supernatant was measured and compared, revealing 365 
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that all five hydrogels released more protein into the PBS by day two versus day one. Variation between 366 

hydrogel types also increased by day two compared with day 1, as the A280 readings remained steady 367 

(0.30 – 0.45) on day one whilst significant differences emerged by day two with 40% WPI control (1.50) 368 

having released significantly more protein into the PBS solution than 10% H (1.09), 5% T (1.02), and 369 

10% T (0.74).  370 

Following this, a model of enzymatic degradation where the change in each hydrogel’s weight was 371 

determined after incubation in protease-containing PBS was utilised (Lee et al., 2005) (Fig. 4B). The 372 

40% WPI (no protease) control increased in mass by 10.6%, in comparison to which 40% WPI, 5% H, 373 

5% T, and 10% T, all of which were incubated with proteases, decreased significantly in mass by 23.9, 374 

29.8, 58.4, and 70.9%. The only hydrogel type for which mass decreased significantly more than that 375 

of 40% WPI in protease-containing solution was 10% T, albeit these results should be interpreted with 376 

caution as only two 10% T hydrogel samples could be weighed after the seven days of incubation due 377 

to the other three degrading to such an extent they could not be accurately measured. 378 

3.5. WPI Hydrogels Release Tinzaparin after Incubation in PBS 379 

The final steps of this project were to determine if the heparins could release from the WPI hydrogels 380 

sufficiently to inhibit a snake venom’s cytotoxic properties. The 10% T hydrogel was selected for these 381 

experiments due to T’s previously reported superiority to H against spitting cobra venom-induced 382 

cytotoxicity (Du et al., 2024).  383 

 384 

Fig. 5 – The T 10% hydrogel releases tinzaparin into PBS. (A) An absorbance scan (230-400 nm in 2 nm 385 
increments) of 4 mg/mL T in PBS versus PBS-only control shows an absorbance peak at A230. Data are presented 386 
as mean values ± SD (n = 3). (B) Standard curves (31.25 – 4,000 μg/ml T) to determine the linear relationship 387 
between T concentration and A230. T was dissolved in PBS that had been incubated for 24 h with 40% WPI control 388 
hydrogel and the A230 read at each concentration. Linear regressions were performed on the data from each trial 389 
to produce separate standard curves for each (n = 3). (C) The concentration of T released into solution following 390 
incubation for 1 or 24 hours. The 10% T hydrogel samples were incubated for either 1 or 24 hours in PBS at 391 
Standard Conditions. The A230 of each trial was measured and plotted against each standard curve to calculate the 392 
concentration of T released from T 10% hydrogels. Statistical analysis was performed using an unpaired t-test 393 
with Welch’s correction.  Data are presented as mean values ± SD (n = 3). 394 

 395 

First, the optimal absorbance wavelength at which T could be detected and quantified was determined 396 

by measuring the absorbance of 4,000 g/mL of T in PBS at a range of wavelengths (230-400 nm, 2 397 

nm increments), from which it was determined that the most intense absorbance occurred at 230 nm 398 
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(Fig. 5A). Following this, standard T curves were created in triplicate at A230 using a serial dilution from 399 

4,000 – 31.25 g/ml (with a halving of subsequent serial dilutions). The data from the three trials were 400 

described by the equations y = 0.0002540x + 0.5237,  y = 0.0002567x + 0.4683, and y = 0.0002293x + 401 

0.4802 for trials 1-3, respectively (Fig. 5B).  The A230 of samples of supernatant from T 10% hydrogel 402 

incubated in PBS at Standard Conditions for 1 and 24 hours was measured. From this, the concentration 403 

of T within each sample could be determined using the standard curve equations and calculating the 404 

mean. After three experimental replicates, it was determined that the mean concentration of T released 405 

from the hydrogels was 2.80 mg/mL after a 1-hour incubation and 3.05 mg/mL after a 24-hour 406 

incubation, with no significant difference between the two timepoints (Fig. 5C). 407 

3.6. 10% Tinzaparin WPI Hydrogels Inhibit N. nigricollis Venom Cytotoxicity  408 

Finally, to examine whether T could be effectively delivered to cells and inhibit venom function via a 409 

WPI hydrogel system, the effects of PBS solutions incubated for 1 or 24 hours with either 40% WPI 410 

control or 10% T hydrogel on the viability of HaCaTs treated with a constant concentration of N. 411 

nigricollis venom were compared. 412 

Fig. 6 – Solutions prepared from both incubation timepoints of the T 10% hydrogels inhibited N. nigricollis 413 
venom cytotoxicity. Hydrogels were incubated for 1 or 24 hours in PBS under Standard Conditions after which 414 
the resulting supernatants were serially diluted by quarters to create experimental cell treatment solutions that 415 
ranged between 0.08x – 1.95x10-5x of the original supernatant concentration. These serial dilutions, or a PBS 416 

vehicle control, were pre-incubated for 30 minutes with 20 g/mL N. nigricollis venom before being administered 417 
to the HaCaT cells for 24 hours. Cell viability was then determined using resazurin assays. (A) The effects of the 418 
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40% WPI hydrogel 1-hour incubation solutions. (B) The effect of the 10% tinzaparin hydrogel 1-hour incubation 419 
solutions. (C) The effects of the 40% WPI hydrogel 24-hour incubation solutions. (D) The effect of the 10% 420 
tinzaparin hydrogel 24-hour incubation solutions. Data are presented as mean values ± SD, with data from each 421 
trial presented as points within each bar (n=4). * Signifies the % cell viability is significantly higher than that of 422 
the vehicle control as determined by a one-way ANOVA followed by Dunnett’s multiple comparisons test 423 
(P<0.05). 424 

Table 3 – Concentration of tinzaparin in each T 10% hydrogel serial dilution. The concentration of T released 425 
into 180 μL PBS by three 30 mg T 10% hydrogel discs after 1 or 24 hours of incubation at Standard Conditions 426 
was calculated to be 2.80 mg/mL and 3.05 mg/mL, respectively. This figure was multiplied by the dilution factor 427 
to determine the concentration of tinzaparin in each treatment used in Fig. 6B and 6D.  428 

Dilution 

Factor 
1.95x10-5x 7.81x10-5x 0.00031x 0.00125x 0.005x 0.02x 0.08x 

1-hour 

incubation 

[Tinzaparin] 

(µg/mL) 

0.05 0.22 0.88 3.5 14 56 224 

24-hour 

incubation 

[Tinzaparin] 

(µg/mL) 

0.06 0.24 0.95 3.8 15 61 244 

 429 

HaCaT cells exposed to N. nigricollis venom and treated with vehicle control for both hydrogel 430 

experiments effectively reduced cell viability to close to 0%, confirming that cytotoxic venom 431 

concentrations were used in both cases (Fig. 6). The supernatant from the 40% control hydrogels for 432 

both incubation periods did not significantly increase cell viability at any concentration, although mean 433 

cell viability did increase from the vehicle control at most concentrations (Fig. 6A, 6C). The 1-hour 434 

incubation, 10% T hydrogel supernatant dilution series effectively inhibited the venom-induced 435 

cytotoxicity only at the 0.02x dilution which contained approximately 56 μg/mL of T (Table 3), 436 

resulting in a significant increase in mean cell viability to 52.5% (Fig. 6B). The 24-hour incubation, 437 

10% T hydrogel dilution series was able to inhibit N. nigricollis venom cytotoxicity at a greater 438 

concentration range than the 1-hour incubation, significantly increasing cell viability at dilution factors 439 

of 0.05, 0.02 and 0.08 (15, 61 and 244 g/mL [Table 3]), resulting in cell viabilities of 39.5%, 48.8% 440 

and 31.5% respectively (Fig. 6D).  441 

4. Discussion 442 

The primary aims of this study were to investigate whether heparin-integrated WPI hydrogels would 443 

exhibit the physical and venom-inhibitory properties required to warrant their further translation into 444 

snakebite wound dressings. 445 

Firstly, the structural properties of each WPI hydrogel type were assessed using SEM, with clear 446 
structural differences being observed between 40% WPI control hydrogels and those hydrogels 447 
containing heparins (Fig. 1). WPI is >97% protein, of which the majority is β-lactoglobulin (75%), 448 
however other components include α-lactalbumin, immunoglobulins, bovine serum albumin, bovine 449 
lactoferrin and lactoperoxidase (Keppler et al., 2014; Madureira et al., 2007). β-lactoglobulin has 450 
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been reported to be negatively charged in the native state (isoelectric point = pH 5.3), with polyanions 451 
such as heparin typically binding patches of positively charged amino acids (Kamerzell et al., 2011; 452 
Wang et al., 2024). However, it may be possible that protein denaturation caused by heating may alter 453 
the isoelectric point, allowing heparin polyanion binding. The addition of heparins resulted in the 454 
formation of spherical structures (~1 μm in diameter) which clustered to a greater extent at the higher 455 
concentrations of either heparin, likely due to the heparins interacting with the WPI polymers with 456 
greater frequency at higher concentrations. Such structures have been noted previously when adding 457 
the biopolymer poly-γ-glutamic acid to WPI hydrogels (Baines et al., 2025). Furthermore, the 458 
increased porosity caused by the clustering of these spheroidal structures may increase the release rate 459 
of drug from these hydrogels (Hoare and Kohane, 2008). The peaks observed via the completed FTIR 460 
analysis (Fig. 2) also correlate with what would be expected of heparin and tinzaparin (Devlin et al., 461 
2023; Shen et al., 2019), further evidencing the successful integration and dispersion of both drugs 462 
into the WPI hydrogel structure. 463 

The swelling analysis assays in PBS and DMEM (Fig. 3), used to model each hydrogel type’s ability 464 

to absorb wound exudate, showed that the higher concentrations of either heparin increased hydrogel 465 

swelling, a phenomenon which may be due to the negative charges of both H and T, resulting in greater 466 

hydrophilicity with increasing heparin concentration, thereby resulting in greater water absorption and 467 

therefore swelling (Ganji et al., 2010; Pawlak-Likus et al., 2025). The improved swelling properties 468 

observed in the WPI hydrogels integrated with heparins is also a desirable characteristic for a snakebite 469 

wound dressing, as snakebite envenoming often produces excess wound exudate which should be 470 

removed for more effective wound healing (Collier et al., 2014; Ibiapina et al., 2019; Rucavado et al., 471 

2016).  472 

Several studies have shown it takes an average of 5-9 hours for a snakebite victim to reach hospital in 473 

rural tropical communities (Abouyannis et al., 2023; Ogunfowokan, 2012; Sharma et al., 2005), and 474 

any prehospital-administered wound dressing should remain structurally and functionally stable 475 

throughout this prehospital period. However, the biodegradability of hydrogel wound dressings must 476 

be balanced between their stability, which maximises the length of time for which the wound site can 477 

be protected, and degradation, which improves drug distribution and minimises environmental harm 478 

(Khan et al., 2023; Ribeiro et al., 2024). To quantify this, protein release was first measured from each 479 

hydrogel type into PBS (Fig. 4A) (Baines et al., 2025) which evidenced that heparin-incorporation 480 

diminishes WPI lattice breakdown, which may be the result of bonding between WPI proteins and 481 

heparins within the hydrogel (He et al., 2019). As such, heparin integration could increase the longevity 482 

of a WPI-derived wound dressing. However, wounds also contain enzymatic components such as 483 

proteases, crucial elements of tissue remodelling and repair, which could catalyse WPI hydrogel 484 

polypeptide degradation (Baines et al., 2025; McCarty and Percival, 2013). As such, the enzymatic 485 

degradation of hydrogel samples in solution containing proteases was also determined (Fig. 4B). As 486 

expected, incubation with proteases did result in significantly greater degradation of most hydrogel 487 

types in comparison to the 0% protease negative control; however, a weakness of these data should be 488 

noted, as while five hydrogel samples were initially prepared for each data set, due to excessive 489 

degradation of some of the samples rendering them impossible to weigh accurately, the final number of 490 

experimental replicates was diminished thereby reducing the statistical power within this experiment. 491 

Regardless, it was still determined that the hydrogel samples reduced in mass when incubated with 492 

proteases, suggesting they would also likely degrade in a real-world snakebite wound environment, 493 

especially during the remodelling stage of tissue repair (McCarty and Percival, 2013). Additionally, the 494 

data suggest that the presence of heparins, especially T, in the hydrogel matrix amplifies enzymatic 495 

degradation. Increased swelling in the presence of heparins (Fig. 3) could conceivably increase the pore 496 

size in the hydrogel polymer network, facilitating the entry of enzymes into the network by diffusion. 497 
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However, such discussion must remain speculative at the present time. As hydrogel degradation within 498 

protease-containing solution is more reminiscent of a real wound environment (McCarty and Percival, 499 

2013), versus the trials completed in PBS, this suggests that the addition of heparins into WPI hydrogels 500 

would likely facilitate their biodegradability upon administration to a snakebite wound.  501 

Following the experiments designed to describe the physical characteristics of heparin-containing WPI 502 

hydrogels, their ability to inhibit snake venom-induced cytotoxicity was investigated. It was decided 503 

that 10% T hydrogels would be tested against N. nigricollis venom for these experiments as T has 504 

previously exhibited potent inhibition of spitting cobra venom-induced cytotoxicity (Du et al., 2024).  505 

First, to confirm T would release from the hydrogel in quantities sufficient to inhibit N. nigricollis 506 

venom-induced cytotoxicity in cell-based assays its concentration in PBS was determined following a 507 

1-hour or 24-hour incubation at standard conditions (Fig. 5), from which its final mean concentration 508 

was determined to be 2,803 g/mL following a 1-hour incubation and 3,054 g/mL following a 24-hour 509 

incubation; sufficiently concentrated in both cases for venom inhibition (Du et al., 2024). No significant 510 

difference was found between incubation time periods, suggesting that the majority of tinzaparin able 511 

to diffuse into solution within 24 hours does so rapidly, leaving the gel within the first hour. Then, the 512 

ability of these 10% T hydrogel-derived versus 40% WPI hydrogel negative control-derived solutions 513 

to inhibit N. nigricollis venom-induced cytotoxicity was evaluated using a human epidermal 514 

keratinocyte (HaCaT) cell model (Hall et al., 2023) (Fig. 6). As predicted, the 24-hour incubated, 10% 515 

T hydrogel-derived solution successfully inhibited N. nigricollis venom-induced skin cell cytotoxicity 516 

at several tested serial dilutions (15 – 244 μg/mL of T; Table 3), and at one tested concentration for the 517 

solution derived from a 1-hour incubation (61 g/ml of T; Table 3). These results confirm that T-518 

integrated WPI hydrogels can release drug at sufficiently high concentrations within as little as an hour 519 

to inhibit snake venom-induced cytotoxicity – a valuable characteristic since rapid treatment is crucial 520 

for necrosis prevention (Gutiérrez et al., 2017a). As such, this evidence suggests that drug-incorporated 521 

WPI hydrogels warrant further research and development in the context of improving the treatment of 522 

snakebite envenoming.  523 

The 40% WPI hydrogel-derived solution, prepared for use as the negative control, did not result in 524 

significant increases in % cell viability in comparison to the vehicle control. However, despite this lack 525 

of statistical significance, it is still intriguing how the mean cell viability trended higher for almost all 526 

serial dilutions of the 40% WPI hydrogel-derived solutions for both the 1-hour and 24-hour incubations 527 

(Fig. 6A and 6C). This could potentially indicate a minor cytoprotective effect from these hydrogel-528 

derived solutions resulting from the WPI itself. Prior investigations have shown that proteins similar to 529 

those in WPI can inhibit the functioning of other snake venom toxins, such as buffalo colostrum β-530 

lactoglobulin inhibiting viper snake venom metalloproteinases (SVMPs) (Arpitha et al., 2017). 531 

Therefore, a possible explanation is that a component of the WPI hydrogel, such as β-lactoglobulin 532 

(Keppler et al., 2014), dissolved into the solution and interacted with one or more of the toxins within 533 

N. nigricollis venom to affect its functioning. However, further studies will be required to confirm or 534 

disprove these observed data trends.  535 

Whilst questions remain about T-incorporated WPI hydrogels as wound dressings for snakebite, the 536 

inhibition of N. nigricollis venom-induced cytotoxicity by heparin-containing WPI hydrogels and their 537 

physiochemical properties discussed herein are the first evidence that such biomaterials could be 538 

translated into wound dressings for snakebite envenoming. Further research should aim to both expand 539 

the applicability of heparin-incorporated WPI hydrogels as snake venom inhibitor vehicles, as well as 540 

confirming their effectiveness in more realistic situations, e.g. using ex vivo or in vivo models of 541 
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envenoming. In expanding their applicability, a greater range of snake venoms should also be explored 542 

to ensure that there is the potential for pan-species efficacy. In addition, a range of other snake venom 543 

inhibitors which are currently under investigation such as varespladib, a hydrophobic inhibitor of snake 544 

venom PLA2s (Clare et al., 2021; Lewin et al., 2016), could be incorporated into hydrogels and tested 545 

against a range of snake venoms. This could exploit WPI hydrogels’ ability to bind and release 546 

hydrophobic drugs (Baines et al., 2024). Through further research, WPI hydrogels integrated with 547 

heparins or other venom inhibiting drugs may prove themselves as effective prehospital wound 548 

dressings that slow the tissue destroying effects of cytotoxic snake venoms.    549 

5. Conclusions 550 

This research aimed to address if WPI hydrogels containing heparins could function as wound dressings 551 

for snakebite envenoming by assessing their physiochemical properties and determining if they could 552 

inhibit N. nigricollis venom-induced cytotoxicity. As described above, these physiochemical properties 553 

reveal that heparin-containing WPI hydrogels may be appropriate for snakebite wound dressings, being 554 

able to absorb wound exudate, deliver drugs swiftly, and biodegrade. In addition, the hydrogels 555 

containing 10% T delivered sufficient concentrations of drug into solution to inhibit N. nigricollis-556 

induced cytotoxicity at 1/50th of the original solution’s concentration following incubation for 1 hour, 557 

and up to 1/200th following incubation for 24 hours. This is the first time the ability of drug-containing 558 

WPI hydrogels to inhibit snake venoms has been tested, and the data contained herein suggest that such 559 

biomaterials could prove valuable as future snakebite wound dressings following further development 560 

that could be easily translated for prehospital use, thereby shortening time to initial treatment. 561 
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