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Background: Burn injuries lead to hemolysis and inflammation, simultaneously releasing reactive oxygen species (ROS) and
toxic extracellular components such as hemoglobin, heme, and iron. Although the body naturally counteracts this toxicity by
increasing the production of plasma scavenger proteins such as haptoglobin (Hp), hemopexin (Hpx), and transferrin (Tf), this
protective response takes several hours to reach its peak. In the case of more severe burns, these plasma proteins may be depleted.
Iron also serves as a nutrient for growing pathogens, potentially leading to subsequent infection.
Methods: We tested the effect of a human plasma protein cocktail consisting of Hp, Hpx, and Tf on hydrogen peroxide (H2O2)-
induced ROS injury in vitro and a burn injury mouse model of full-thickness wounds using different delivery routes of the
protein cocktail. In addition, the antibacterial properties of the protein cocktail were assessed against Pseudomonas aeruginosa
(P. aeruginosa) and Staphylococcus aureus (S. aureus).
Results: Metabolic activity of human fibroblasts decreased significantly after 1000 µM of H2O2 treatment for 24 hours, while
the protein cocktail significantly reversed this effect in a dose-dependent manner. In the burn injury animal model, after 3 days,
wound expansion and iron deposition were significantly reduced via daily treatment with the protein cocktail. This further led to
better and more complete wound healing in these mice. Histologically, burn wounds were not entirely closed in the control group,
unlike protein cocktail-treated wounds. Therefore, wound width was significantly larger in the control group. In bacterial zone
inhibition assays against P. aeruginosa and S. aureus, the protein cocktail had minimal effect on bacterial inhibition when used
alone; however, the protein cocktail, when used in conjunction with minimum doses of gentamicin, inhibited bacterial growth
significantly.
Conclusions: Using the scavenger plasma protein cocktail may reduce ROS injury, wound expansion, and bacterial growth in
both in vitro and in vivo burn injury models. This approach could be potentially used in infected bacterial burn injury animal
models and sets the stage for future application in burn injury patients for wound management and promotion of healing.

Keywords: burn injury; hemoglobin; iron toxicity; reactive oxygen species; metabolic activity; cell proliferation; wound infection and
healing; wound expansion; gentamicin; scavenger protein cocktail

Introduction

The World Health Organization (WHO) considers
burn injury a global health issue, reporting 180,000 deaths
worldwide. In North America, children under 14 years are
prone to burn injury-related death [1]. A 2019 report by
the American Burn Association showed that 41% of burn
injuries are from flame or fire, and 31% are from scald in-
juries, thus making fire/flame and scald the two most com-
mon etiologies, including in children under five years of
age [2]. A burn wound comprises three zones: zone of co-
agulation, zone of stasis, and zone of hyperemia [3,4]. Co-

agulation of constituent proteins, including thromboplastin,
prothrombin thrombin, fibrinogen, factor V, and FVII, and
tissue necrosis occurs shortly after the primary injury [5,6].
Local inflammation around the burn wound elicits vasodi-
lation and clogging of the blood vessels, eventually necro-
sis and wound expansion [7]. To prevent or alleviate these
events, therapeutics should be administered 24–48 hours af-
ter injury [2,5,8].

In addition, burn injuries result in hemolysis, which
releases extracellular hemoglobin (Ex-Hb), heme, and free
iron. Ex-Hb binds to and is neutralized by the plasma pro-

https://doi.org/10.23812/j.biol.regul.homeost.agents.20243805.301
https://creativecommons.org/licenses/by/4.0/


3816

tein haptoglobin (Hp), and the resulting Hp-Hb complex is
degraded by macrophages in the liver and spleen [9–12].
When Hp is saturated with Ex-Hb, the excess Ex-Hb oxi-
dizes to formmethemoglobin, which yields apohemoglobin
and heme [9]. The plasma protein hemopexin (Hpx) binds
to and neutralizes heme and the resultant heme-Hpx com-
plex, which is also degraded by macrophages in the spleen
and liver. However, when the plasma Hpx is saturated with
heme, excess heme binds to albumin to form methemeal-
bumin, which does not degrade rapidly. Heme that does
not bind to Hpx or albumin enters cells, where it is me-
tabolized to produce carbon monoxide, biliverdin, and free
iron [9,13,14]. Ex-Hb scavenges nitric oxide, decreasing
nitric oxide bioavailability and increasing reactive oxygen
species (ROS) production. This results in vasoconstriction,
platelet aggregation, thrombosis, and endothelial damage,
which may further contribute to cell death and wound ex-
pansion [9,14–16]. Free iron in the wound serves as a nutri-
ent for bacteria to grow and colonize, intensifying infection
in burn wounds [1,17,18]. Bacteria inflict damage on host
cells by releasing cytolytic toxins, contributing to further
hemolysis and infection [19,20]. Iron is not readily avail-
able under normal conditions, as it is mainly found bound to
Hb (as heme), myoglobin (as heme), ferritin (as iron (Fe)),
or heme or bound to transferrin (Tf) or lactoferrin (Lf). For
bacteria to acquire iron, they must either chelate it from its
protein-bound form or rely on tissue damage and hemolysis
[11,18,20–22]. The severity of an infection depends on the
amount of free Fe and heme available to the bacteria. When
the Tf-Fe complex reaches saturation, the bactericidal prop-
erties of Tf decrease [11]. Free iron also contributes to the
production of OH radicals via the Fenton reaction from the
superoxide anion and hydrogen peroxide (H2O2), which
results in oxidative stress and damage to cell membranes,
eventually resulting in necrosis and cell death [9,23].

Hp-Hb, Hpx-heme, and Tf-Fe complexes have the po-
tential to counteract pro-oxidant effects andmay serve as in-
hibitors of infection [9]. However, plasma depletion of Hp,
Hpx, and Tf and the saturation of these proteins with their
cognate ligand are commonly observed in high-degree burn
wounds. The average range of Hp, Hpx, and Tf in human
plasma is between 36–195 mg/dL, 50–120 mg/dL, and 2–
3 g/dL, respectively [24–26]. Studies have shown that Hp
concentrations noticeably declinewithin 48 hours of hemol-
ysis, often falling below 36 mg/dL and occasionally be-
coming undetectable [24,27]. Furthermore, upon hospital
admission, plasma Hpx levels were diminished in burn pa-
tients [28], whereas Tf levels were significantly reduced in
individuals with burn injuries. Studies indicated a 30–50%
decrease below normal levels [26,29]. In contrast, another
study demonstrated a 4–8-fold reduction in Tf levels imme-
diately after severe burns, which persisted at a low level for
up to 60 days [30]. Several studies have highlighted the po-
tential benefits of iron chelators in enhancing angiogenesis
and wound healing [31,32].

Hence, we have formulated a cocktail of scavenger
proteins (Hp, Tf, and Hpx). We hypothesize that its topi-
cal or systematic application can effectively scavenge free
iron, heme, and Hb, thereby preventing wound conver-
sion/expansion and bacterial infection following burn in-
jury. Our study demonstrates the role of this protein cock-
tail in preventing ROS injury in an in vitro cell culture
model, limiting wound expansion in full-thickness burn in-
jury wounds in mice, reducing in vitro bacterial infection,
and ultimately enhancing burn wound healing in mice.

Materials and Methods

Production of the Protein Cocktail
The protein cocktail was prepared via tangential flow

filtration (TFF) of human plasma Cohn fraction IV (FIV,
Seraplex Inc., Pasadena, CA, USA). FIV is obtained from
a modified Cohn’s process and is usually a waste prod-
uct from the human plasma fractionation industry. 500 g
of FIV was suspended in 5 L of phosphate-buffered saline
(PBS) solution to form a mixture and left to stir overnight
at 4 °C, followed by centrifugation to remove any undis-
solved lipids. Fumed silica was added to the mixture and
stirred overnight at 4 °C. The mixture was then centrifuged
again to remove any silica agglomerates, followed by 2×
PBS washes. The fumed silica supernatant was then con-
centrated to 800 mL using a 0.2 µm TFF filter and sub-
jected to 15 diafiltration volume (DV) equivalents to clarify
the solution. The clarified solution had its protein compo-
nents bracketed based on their molecular size by permeat-
ing the material through 750, 500, and 100 kDa HF mem-
branes with 100, 40, and 100 DVs, respectively. The final
permeate of the 100 kDa TFF filter was concentrated to 1
L and subjected to 5 DVs before concentrating it for stor-
age. The final volume of the obtained protein cocktail, con-
taining Hp, Hpx, and Tf, was ~350 mL [33,34]. The total
protein concentration of the protein cocktail solution used
in this study was 171 mg/mL and prepared similarly to the
published protocol [34].

Effect of Protein Cocktail on H2O2-Induced Cell
Viability in Vitro

To evaluate the ability of the protein cocktail solution
to protect cells against oxidative injury, we designed an in
vitro system using human fibroblasts and H2O2 to create
an ROS injury system. Cells were purchased from Life
Technology (Cat. no. C-013-5C, Carlsbad, CA, USA),
which tested them for mycoplasma and STR (short tan-
dem repeat). Human fibroblasts (P2-6) were cultured in
Dulbecco’s Modified Eagle Media (DMEM) supplemented
with 10% fetal bovine serum (FBS, #FB12999102) and
1% penicillin-streptomycin (P/S, #15140122) until they
reached 80–90% confluency (Thermo Fisher Scientific,
Waltham, MA, USA). In a 96-well plate, 5,000 cells per
well were plated in DMEM and after approximately 18–
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24 hours, varying concentrations of H2O2 (1–1000 µM)
were added with or without the scavenger protein cock-
tail. Following a 24-hour incubation, metabolic activity
was measured by treating the cells with 10% alamarBlueTM
cell viability reagent (DAL1100, Thermo Fisher Scientific,
Waltham, MA, USA) for 1 hour. A plate reader measured
the fluorescence intensity reading at Excitation/Emission =
540 nm/595 nm. The data was analyzed by comparing rel-
ative fluorescence intensity units among the tested groups
to gauge the metabolic state of the cells.

Burn Injury Animal Model
Burn injury models were developed using ~10-week-

old (~25 g) C57BL/6 male mice ( Strain Code: 027, Charles
River Laboratories, Wilmington, MA, USA). The mice
were fed a standard diet and water ad libitum. One day
before the surgery, the mice were anesthetized using 2–
5% isoflurane gas (#1182097, Henry Schein, Melville, NY,
USA), and their dorsal region was shaved using a hair clip-
per, followed by the application of NairTM cream (#1254-
4724, Church & Dwight Co., Inc., Ewing, NJ, USA) to en-
sure the removal of any residual hair [35]. The next day, the
mice were deeply anesthetized and were prepared for the
surgery. The process began with applying betadine scrub
and alternating three rounds of 70% ethanol for sterility. To
induce the burn, themicewere positioned under amold (1×
3 cm2 metal block) heated in 90± 2 °C water, exposing the
dorsum for 10 seconds, thus yielding a scald burn. Immedi-
ately after the burn procedure, the mice received intraperi-
toneal (IP) saline resuscitation (40 mL/kg) once and sub-
cutaneous analgesia (3.25 mg/kg, Ethiqa XR, Fidelis An-
imal Health, North Brunswick, NJ, USA) once, providing
pain relief that lasts for 72 hours. When left untreated, this
wound progresses into a histologically full-thickness scab.
Immediately after inducing the burns, the mice were treated
with PBS topically (Control) or the protein cocktail (n =
3/group) via different routes (topical, IP, and intravenous;
IV). The protein cocktail (34.2 mg in 200 µL) was adminis-
tered topically by loading the treatment onto a non-woven
cotton gauze. For IP administration, 171 mg of the con-
stituent proteins per 1 mL of the cocktail were injected. For
IV, 17.1 mg (100 µL) of the cocktail was administered. The
wounds were photographed and covered with TegadermTM

(#1624W, 3M, Saint Paul, MN, USA). For wound expan-
sion studies, mice were treated at 0-, 24-, and 48-hour post-
burn and were sacrificed after 72 hours to study the effect
of the protein cocktail on burn wound expansion. For long-
term wound healing, mice were treated once per day from
day 0 to day 6 and sacrificed on day 36 post-burn. Images
of the wounds were taken using a portable mobile camera
from a standard distance on day 0 and then every third day
until they were euthanized using carbon dioxide induction.
The wound surface area was quantified using ImageJ soft-
ware (ImageJ 1.53an, NIH, Bethesda, MD, USA), and the
percent (%) wound closure was calculated as,

Percent (%) WoundClosure =

(
1 −

remaining wound area

initial wound area

)
×100

Histology
For the burn wound expansion study (post-burn 72

hours), mice were euthanized using carbon dioxide induc-
tion and skin tissues from the burnt area (center of burn,
Supplementary Fig. 1C), healthy unburnt area (distant
from burn injury, Supplementary Fig. 1A), and tissue at
the edge of the burn (burn edge including burn and non-burn
tissue, Supplementary Fig. 1B) were excised and fixed in
10% formalin for approximately 72 hours (Supplementary
Fig. 1). For iron staining, the protocol was standard-
ized using human lung tissue before processing the mouse
samples under the same method (Supplementary Fig. 2).
The mice tissue samples were treated through paraffin in
a Sakura Tissue Tek VIP automated processor. The sam-
ples were kept in 70% ethanol for 25 minutes and under-
went a series of dehydrations with two changes of 95%
ethanol at 45 minutes each. This was followed by three
changes of 100% ethanol for 15 minutes the first time and
then 25 minutes for the subsequent two changes. After
this, the samples underwent two changes of xylene for 25
minutes and three changes of 60 °C melted paraffin for
15 minutes the first time and 25 minutes the other two
times (Parapro LMP, StatLab Medical Products, McKin-
ney, TX, USA). The paraffin blocks were chilled on ice
and cut into 5 µm-thick sections using microtome (Microm
355S, Thermo Scientific, Waltham, MA, USA). The sec-
tions were placed in a 40 °C water bath, transferred onto
Statlab Color View slides for iron staining, and then air
dried. Any excess paraffin was melted in a 60 °C oven for
30 minutes. The remaining paraffin was removed through
3-minute (3X) xylene changes. The slides were rehydrated
through 2 changes of 100% and 95% ethanol, followed by a
1-minute rinse in water. The slides were placed in a work-
ing solution composed of 20% hydrochloric acid (50 mL)
and 10% potassium ferrocyanide (50 mL) for 30 minutes.
Fresh hydrochloric acid-potassium ferrocyanide solution
was prepared for each slide. The slides were then washed in
distilled water and were counterstained in nuclear-fast red
kernechtrot 0.1% for 4 to 5 minutes. After a rise in dis-
tilled water and another in 95% ethanol, the slides were in-
cubated in an eosin solution (alcohol-based Eosin-PX, with
phloxine) for 1 minute and 15 seconds. They were then
dehydrated through 2 changes of 95% and 100% ethanol
and three changes of xylene before mounting using Poly
MountMountingMedia (# s2153, Fisher Scientific, Boston,
MA,USA). Finally, the images of the stained tissue samples
were taken at 4× magnification using a light microscope
(Echo, Revolution, San Diego, CA, USA).
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Fig. 1. Effect of the protein cocktail on hydrogen peroxide (H2O2)-induced cell viability post-24 hours. (A) Results show the effect
of H2O2 concentration on cell viability. (B) Results show the impact of the protein cocktail (CT) on H2O2-induced cell viability. Data
represented as mean± SEM (n = 5/group). Statistical significance was determined by One-way analysis of variance (ANOVA) followed
by Tukey’s honestly significant difference (HSD) test. ***p< 0.001, ns, not significant; RFU, relative fluorescence units; SEM, standard
error of the mean.

Bacterial Inhibition Studies
A zone inhibition assay was performed to evaluate the

antimicrobial activity of the protein cocktail against Pseu-
domonas aeruginosa (P. aeruginosa) (15692, ATCC, Man-
assas, VA, USA) and Staphylococcus aureus (S. aureus)
(49230, ATCC,Manassas, VA, USA). Freshly cultured bac-
teria were inoculated (150 µL) in 1 mL Tryptic Soy Broth
(TSB) and incubated at 37 °C with shaking for 4–6 hours.
Optical density (OD) at 600 nmwas measured using a spec-
trophotometer. Pseudomonas aeruginosa (P. aeruginosa)
and Staphylococcus aureus (S. aureus) cultureswere diluted
in 1 mL and 2 mL TSB, respectively, to achieve an OD600
between 0.1–0.25. The bacteria were then spread onto 10
cm Tryptic Soy Agar (TSA) plates. Filter paper disks (10
mm) were placed onto the TSA plates containing bacteria
and loaded with either 12.8 mg of the protein cocktail alone,
12.8 mg of the protein cocktail plus 1 µg, 1.5 µg, or 2.5
µg of gentamicin, or 1 µg, 1.5 µg or 2.5 µg of gentamicin
alone (as the positive control) in separate dishes. A negative
control consisted of filter paper loaded with PBS. The cul-
ture plates were left to incubate at 37 °C for 24 hours, and
the experiment was conducted in triplicates. Photographs
were taken from a standard distance using a mobile cam-
era after the 24-hour incubation period. The inhibitory ar-
eas were quantified by tracing them using ImageJ software.
The scale bar was set to 1 cm to normalize the plate size in
each photograph.

Statistical Analysis
The results are expressed as mean ± standard error of

the mean (SEM). An unpaired t-test was used to compare
the protein cocktail-treated and untreated control groups.
Additionally, one-way and two-way analysis of variance
(ANOVA), followed by Tukey’s honestly significant differ-
ence (HSD) test, were utilized to find the p-values between
the groups. Statistical analysis was conducted using Graph-
Pad Prism 9 software (GraphPad Software Inc., San Diego,
CA, USA). A significance level of p< 0.05 was considered
statistically significant.

Results

Effect of the Protein Cocktail on H2O2-Induced
Viability Using Human Fibroblasts in Vitro

We examined varying concentrations (1–1000 µM)
of H2O2 on human fibroblast cell viability over 24 hours
(Fig. 1A). We observed a >3-fold change (p < 0.001) in
cell viability at 1000 µM of H2O2, showing it is the most
effective dose to induce injury to the fibroblasts as other
concentrations (1–100 µM) did not significantly change cell
viability (p > 0.05). We also study the effect of H2O2 on
cell viability with and without serum and found no differ-
ence in the viability after H2O2 (Supplementary Fig. 3).
Then, we used this model to test the efficacy of the protein
cocktail in reducingH2O2-mediated oxidative injury on cell
viability. We tested different doses of the protein cocktail
(Fig. 1B) along with 1000 µM of H2O2 and measured the
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Fig. 2. Effect of the protein cocktail on burn wound expansion. (A) Representative images showing burn wound conversion (dotted
boundary of burned area) from day 0 to day 3 in different groups. Scale bar = 1 cm. (B) Quantitative data are presented as wound
expansion/closure (%) on day 3 (normalized with day 0) from groups treated with the protein cocktail via topical, intraperitoneal (IP),
and intravenous (IV) compared with non-treated Control. The results are presented as mean ± SEM (n = 3/group). Data was analyzed
using a student t-test. *p < 0.05 and **p < 0.01, ns, not significant (p = 0.085).

https://www.biolifesas.org/


3820

Fig. 3. Effect of the protein cocktail treatment on iron deposition at the edge of the burn injury. (A) Representative images of iron
staining on the area close to the margin between the burnt and unburnt tissues (left side and magnified images of a selected area on the
right side) in different groups. White arrowheads indicate the iron stain at the margin around the unburnt skin tissue. The double-sided
arrows indicate the epidermis (E) and the dashed white line indicates the margin between burn and unburn skin tissue. Scale bar = 100
µm. (B) Quantitative data of iron stain area (%) suggested a reduction in iron deposition after cocktail treatment. The results are presented
as mean± SEM (n = 18 per group). Data was analyzed using student one-way ANOVA followed by post hoc Tukey HSD test. ****p<
0.0001. IP, intraperitoneal.

cell viability 24 hours post-treatment. The scavenging pro-
tein cocktail significantly restored cell viability (p< 0.001;
both 3.42 and 5.13 mg vs. 1000 µM H2O2). However, the

highest tested dose of the protein cocktail partially reversed
the viability (p < 0.001) compared to the standard Control.
Due to experimental limitations within a 96-well plate, we
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Fig. 4. Effect of the protein cocktail treatment on long-term burn wound healing. (A) Representative images of burn wounds from
both groups were taken on different days until day 36 (n = 5/Control, n = 3/cocktail). (B) The%wound closure data is shown as a function
of time. Data are presented as mean ± SEM. Data was analyzed using two-way ANOVA followed by post hoc Tukey HSD test. **p <

0.01. (C) Representative images of  Haematoxylin and  Eosin (H&E) stain of skin tissues at day 36 presented open wounds in the control
groups and re-epithelized wounds in the IV group. Two solid blue lines represent the wound width in each group. D-dermis. Scale bar
= 1.7 mm. (D) Represents quantification of wound width (mean ± SEM) between the two groups (t-test; *p = 0.0113). IV, intravenous.

did not test a higher dose of the protein cocktail, as it would
compromise the available cell culture media. Overall, the
tested doses of the protein cocktail significantly improved
H2O2-induced ROS injury in the cells within 24 hours.

Effect of the Protein Cocktail on Burn Wound
Expansion

In this study, wounds were promptly treated after burn
injury groupwise and received continuous treatment for an-
other 2 days, administered once daily. Photographs of
wounds at days 0 and 3 were quantitatively assessed for
percent wound expansion, as shown in the figure (Fig. 2A).
We found that PBS-treated wounds typically expanded on
day 3 in the control group only. Conversely, wounds treated
with the protein cocktail via topical, IP, or IV administration
showed no wound expansion (Fig. 2B).When we compared
the quantitative data of percent wound expansion, topical (p
< 0.05), IP (p = 0.085), and IV (p< 0.01) treatment demon-
strated significant reduction in wound expansion compared
to the control group (Fig. 2B). However, while wound re-
duction with IP treatment was apparent, it did not attain sta-
tistical significance. Our findings indicated a decrease in
wound expansion using the protein cocktail treatment once
daily using any of the three routes.

Histological Analysis of Iron Deposition after Burn
Injury

For iron staining, burn injury skin tissue was divided
into three parts: burnt tissue (center of burn, Supplemen-

tary Fig. 1C), healthy unburnt area (distant from burn in-
jury, Supplementary Fig. 1A), and tissue at the edge of
burn (burn edge including burn and non-burn tissues, Sup-
plementary Fig. 1B). At the margin of the wound, in-
cluding the edge between burnt and unburnt healthy tis-
sue, we observed maximum iron deposition in the untreated
control group (Fig. 3A), which is significantly reduced in
both the topical and IP treatment groups (****p < 0.0001,
Fig. 3B). However, there is no significant difference be-
tween the two routes of treatment (topical vs. IP; p> 0.05).
At the center of the burn wound and distant healthy tissue,
we found a trend in the reduction of iron deposition in the
topical and IP groups as compared to the untreated control,
but it did not attain significance (Supplementary Figs. 4,5,
respectively). However, a trend was observed in topically
treated animals at both locations.

Effect of the Protein Cocktail Treatment on
Long-Term Burn Wound Healing

To observe the effects of the protein cocktail in long-
term burn wound healing, we treated mice with the protein
cocktail once per day for 6 days (7 applications) continu-
ously. We did not see any significant difference in wound
healing between the untreated control and the protein cock-
tail treated via topical and IP (data not shown) except in
retroorbital IV-treatedmice (Fig. 4). The IV-treated animals
showed significant wound healing at day 3 (p< 0.01) com-
paratively and later maintained faster healing trend com-
pared to the untreated control group (Fig. 4A,B). At day
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36, skin tissues including the wound scar were processed
for staining.  Haematoxylin and  Eosin (H&E) staining indi-
cates the open wounds as shown in Fig. 4C in all the control
groups versus the fully formed epidermis in the IV protein
cocktail treatment. Therefore, we did notmeasure the thick-
ness of the epidermis and dermis which are the indicators
of better healing post wounding. We compared the wound
width between these groups of mice. We found that wound
width is reduced almost 3-fold in IV-treated mice (Fig. 4D)
as compared to Control mice (p< 0.05). The data indicates
faster healing over the period of time with re-epithelization
of wounds in IV-treated mice after severe burn injury.

Effect of the Protein Cocktail in Combination with
Gentamicin on Bacterial Inhibition

Since prior research has found a significant associa-
tion between burn wounds and bacterial infection, we de-
signed a study to observe the effects of the protein cock-
tail on bacterial inhibition in combination with gentamicin.
We studied the maximum dose of 12.825 mg (75 µL, data
not shown for lower doses) of the protein cocktail on bac-
terial inhibition on culture agar plates against S. aureus and
P. aeruginosa, respectively (Figs. 5,6). We found that this
maximum tested dose of the protein cocktail showed a very
minimum amount of inhibition in both bacterial strains.
However, the tested doses of gentamicin (1 µg, 1.5 µg, and
2.5 µg) showed a dose-dependent inhibition against S. au-
reus (Fig. 5B–D) but there was no significant difference be-
tween the protein cocktail and gentamicin. In addition, the
protein cocktail in combination with gentamicin showed a
highly visible zone of inhibition as compared to gentamicin
alone and the protein cocktail alone (**p < 0.01, ***p <

0.001, ****p < 0.0001, respectively) (Fig. 5).
Similarly, in the case of P. aeruginosa inhibition,

we saw a dose-dependent inhibition by gentamicin while
a slight trend of inhibition by the protein cocktail alone
(Fig. 6). However, the combination of gentamicin and the
protein cocktail group showed significant inhibition com-
pared to the protein cocktail-only group (**p < 0.01, ***p
< 0.001, respectively). Nevertheless, there was no sig-
nificant inhibition between the gentamicin and the protein
cocktail groups (p > 0.05). We also observed that the inhi-
bition of the combination group against P. aeruginosa was
greater than that of S. aureus.

We observed more inhibition via the protein cocktail
in P. aeruginosa compared to S. aureus. Our bacterial inhi-
bition results indicate that low concentrations of gentamicin
and the protein cocktail combination can be very effective
on different strains of bacterial growth on agar plates and
provide a good candidate for testing in preclinical animal
studies with wound infection to arrive at a better conclu-
sion.

Discussion

This study proposes a novel protein cocktail contain-
ing Hp, Hpx, and Tf, which scavenges hemolytic products.
We aimed to mitigate tissue damage and serious infection
by supplementing these protective proteins to the body’s
innate response. We observed that the protein cocktail re-
verses H2O2-induced ROS injury in our cell culture system.
We also observed that topical and IV administration of the
protein cocktail decreased wound expansion on day 3 post-
burn in our mouse model; IP administration also showed
a similar trend, although it did not attain statistical signifi-
cance. In addition, on postburn day 3, we observed that iron
deposition in the tissue at the wound margin was decreased
significantly in animals treated with the protein cocktail via
topical and IP routes. The protein cocktail enhanced burn
wound healing in the long-term study, including a fully
formed epidermis and comparatively smaller wound width.
In addition, we observed that the protein cocktail, in com-
bination with gentamicin, inhibits bacterial growth. These
results collectively support the hypothesis that augmenting
scavenger proteins can effectively alleviate burn wound ex-
pansion in vivo and enhance burn wound healing.

A limitation of the study is that the protein cocktail
treatment did not yield a significant decrease in the time to
wound closure. This may potentially be due to the use of
an animal model employing a full-thickness burn, restrict-
ing the area subject to conversion to the burn wound mar-
gin. The full-thickness model is used because it is highly
reproducible and relatively painless in the post-burn phase.
A better model might be a partial thickness burn; however,
few studies have used such models because the extent of
the burn depth is difficult to control and pain mitigation is
a significant concern. In addition, Hp-Hb and Hpx-heme
complexes were cleared within 10 minutes and 5 minutes,
respectively. This suggests that higher doses and/or more
prolonged treatment may have to be administered to reach
the full benefit of this potential therapeutic [36,37]. Further
investigation is needed to explore the optimal dosage and
related toxicity.

We also tested the antibacterial activity of the protein
cocktail. While the protein cocktail alone showed mini-
mal inhibitory activity against the opportunistic pathogens
S. aureus and P. aeruginosa, it displayed a synergistic ef-
fect when combined with gentamicin, an antibiotic com-
monly used to treat burn infections. Gentamicin is rec-
ognized for its efficacy against both gram-positive S. au-
reus and gram-negative P. aeruginosa; however, its use is
associated with significant ototoxicity and nephrotoxicity
[38,39]. This synergistic effect of the protein cocktail may
allow for a decreased dose of gentamicin to treat these in-
fections.

The protein cocktail was manufactured using human
plasma Cohn fraction IV (FIV) via TFF. FIV is a waste
product generated from the plasma fractioning industry,
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Fig. 5. Effect of the protein cocktail in combination with gentamicin on Staphylococcus aureus (S. aureus) inhibition. (A) Rep-
resentative Petri dishes show results using different concentrations of the protein cocktail (CT, 171 mg/mL; 12.825 mg in 75 µL) and
Control phosphate-buffered saline (PBS) with or without different concentrations of gentamicin (G, 2 µL–1 µg, 3 µL–1.5 µg, 5 µL–2.5
µg) on bacterial inhibition. Green and white circles indicate the perimeters of inhibition for gentamicin and the combination of the protein
cocktail and gentamicin, respectively. (B–D) This panel shows the quantitative results of bacterial inhibition using different combinations
of gentamicin and the protein cocktail against S. aureus. Data are presented as mean± SEM. Data was analyzed using one-way ANOVA
followed by post hoc Tukey HSD test. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 6. Effect of the protein cocktail in combination with gentamicin on Pseudomonas aeruginosa (P. aeruginosa) inhibition. (A)
The top panel shows results using different concentrations of the protein cocktail (CT, 171 mg/mL, 12.825 mg in 75 µL) and the Control
(PBS). The middle panel shows different concentrations of gentamicin (G, 2 µL–1 µg, 3 µL–1.5 µg, 5 µL–2.5 µg) on bacterial inhibition.
The bottom panel shows the result from the combination of gentamicin and the protein cocktail on bacterial inhibition. Green and white
circles indicate the perimeters of inhibition for gentamicin and the combination of the protein cocktail and gentamicin, respectively. (B–
D) The graphs show the quantified average inhibition area against P. aeruginosa for the protein cocktail, gentamicin, and the combination
of both. Data are presented as mean ± SEM. Data was analyzed using one-way ANOVA followed by post hoc Tukey HSD test. **p <

0.01 and ***p < 0.001; ns, not significant.
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which makes manufacturing the protein cocktail relatively
inexpensive. Moreover, TFF is a scalable protein purifi-
cation process, and large-scale production of the protein
cocktail is feasible and cost-effective [34]. Hp-based ther-
apeutics are already being used in Japan to treat thermal
injuries, and the United States and Europe are heavily in-
vested in exploring these scavenger proteins from plasma
fractions as possible therapeutics [10,13]. Multiple preclin-
ical and clinical studies have shown that the administra-
tion of Hp prevents post-burn shock, hemoglobinuria, and
subsequent kidney failure [36,40,41]. Similarly, preclinical
studies have shown promising results in using Hpx and Tf
as therapeutic agents to treat hemolytic disorders, such as
sickle cell anemia, thalassemia, and post-burn anemia [42–
44].

In summary, our data suggests that the protein cock-
tail treatment enhances fibroblast cell viability under ROS
injury, prevents burn wound expansion after full-thickness
burn injury, enhances burn wound healing, and reduces cu-
taneous iron deposition after burn injury. A combination of
low doses of gentamicin with the protein cocktail inhibited
the growth of gram-positive S. aureus and gram-negative P.
aeruginosa. Our data allows us to use the protein cocktail
in different preclinical models of infected burn injuries.

Conclusions

In conclusion, our study highlights the potential of the
novel protein cocktail, comprising Hp, Hpx, and Tf as a
promising therapeutic avenue to mitigating tissue damage
and infections in wounds. The observed reversal of ROS
injury in cell culture systems, along with the significant re-
duction in wound expansion and iron deposition in animal
models, showcase its effectiveness in fostering burn wound
healing. Nevertheless, certain limitations emerged, notably
the absence of a significant decrease in the time required
for wound closure, hinting at the need for further optimiza-
tion regarding dosage and treatment duration. Moreover,
the observed synergy between the protein cocktail and gen-
tamicin against common burn pathogens like S. aureus and
P. aeruginosa presents a potential strategy to reduce antibi-
otic doses, potentially ameliorating gentamicin-related tox-
icities. The cost-effectiveness and scalability of manufac-
turing this cocktail from easily accessible plasma fractions
further enhance its appeal as a viable therapeutic option.

Future Directions

While our study unveils the therapeutic potential of
the protein cocktail, additional investigations are necessary
such as refining dosage concentration, validating its effi-
cacy in other settings, and exploring additional combinato-
rial therapies. Delving deeper into varying treatment sched-
ules and dosages is crucial to maximize the therapeutic
benefits of the protein cocktail, ensuring sustained effects
without the introduction of adverse reactions or rapid clear-

ance. Trials involving other models, such as partial thick-
ness burns, and different patient populations may also pro-
vide valuable insight in burn injury wound healing, as well
as validating the efficacy and safety of the protein cock-
tail. Investigating the potential synergies with other thera-
peutic agents, especially antibiotics or wound care modal-
ities, holds promise as well. Understanding how the pro-
tein cocktail interacts with such existing treatments could
lead to innovative combinatorial approaches that enhance
overall outcomes. The groundwork laid here served as a
promising foundation for future research endeavors aimed
at leveraging these scavenger proteins to revolutionize burn
wound care and infection management.
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