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A B S T R A C T

In chronic wound treatment, the debridement of devitalized tissue and the eradication of the biofilm must
balance aggressiveness with care to protect regenerating tissues. In this study, urea, a potent chaotropic mole-
cule, was modulated through the formation of a Natural Deep Eutectic Solvent (NADES) with betaine to develop
a new debriding material (BU) suitable for application into injured dermal tissues. To evaluate BU’s debriding
capacity, along with its antibiofilm effect and biocompatibility, pre-clinical to clinical methods were employed.
In vitro determinations using artificial and clinical slough samples indicate that BU has a high debriding capacity.
Additionally, BU’s de-structuring effects lead to a strong antibiofilm capability, demonstrated by a reduced
bacterial load compared to the antiseptic PHMB-Betaine or medical honey, evaluated in artificial slough and ex
vivo human skin. Furthermore, BU’s efficacy was evaluated in a murine model of diabetic wound, demonstrating
significant effects on debriding and antibiofilm capacity, similar to those observed in PHMB-Betaine and medical
honey-treated animals. Finally, BU was clinically evaluated in leg ulcers, showing superiority in reduction of
bacterial load and wound area compared to honey, with no adverse effects. Thus, BU represents a simple and
non-biocidal option that could contributes to chronic wound care.

1. Introduction

Chronic wounds represent a challenging therapeutic condition
where tissue regeneration is halted due to multiple pathological factors
(Milne et al., 2020). These factors hinder the normal progression to-
wards healing, often leaving the process stalled in an inflammatory state
characterized by the high production of devitalized tissue known as
slough (Eriksson et al., 2022; Milne, 2015; Section 2, 2022). Slough is a
cross-linked proteinaceous matrix primarily composed of collagen,
fibrin, and elastin, together with cellular debris and serum exudates,
commonly present in chronic wounds. This environment is optimal for
rapid bacterial colonization, intensifying the inflammatory state and
creating a vicious cycle that prevents the healing process (Percival and
Suleman, 2015).

On the other hand, bacteria in chronic wounds mainly exist in a
biofilm form, which exhibits tolerance to the host’s immune system,
antibiotics, and many antibacterial antiseptic products. This increased
tolerance is because in biofilms, bacteria are embedded in a protected
environment provided by the extracellular bacterial matrix, preventing
them from being effectively targeted (Bjarnsholt et al., 2008; Sen et al.,
2021).

It is clinically recognized that removing the colonized slough and
others devitalized tissue is mandatory to favour wound closure (Eriksson
et al., 2022; The rationale for wound hygiene, 2020). Debridement
represents the clinical strategy to remove devitalized tissue from open
chronic wounds and has been considered the most effective intervention
for cleaning the wound bed. Debridement removes both: the biofilm
together with its support, the devitalized tissue, simultaneously
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(Thomas et al., 2021). There are different debridement approaches:
enzymatically, using proteolytic enzymes; osmotically, by applying
hyperosmotic products that induce the patient’s own proteolytic en-
zymes to flow out of vessels and act on the wound bed; and finally,
mechanically using medical tools. However, they harbour some disad-
vantages. For example, mechanical methods cause high levels of pain
and require anaesthesia, while enzymatic and osmotic products are slow
and are associated with irritation and maceration of the wound edges
(Swanson et al., 2022). The evidence points to the strong benefits of
debridement; however, there is considerable scope to develop new
effective materials to improve the available clinical strategies (Lewis
et al., 2001; Woo et al., 2015).

Natural Deep Eutectic Solvents (NADESs) are formed by mixing solid
substances that, in certain proportions, can interact intermolecularly to
form a supramolecular network. This is achieved through hydrogen
bond interactions, generating a liquid deep eutectic mixture with a
melting point much lower than the original components (Martins et al.,
2019). NADESs offer an opportunity to combine the individual and
distinct physicochemical properties of their constituents with the unique
supramolecular ordering achieved through the eutectic microstructure.
The physicochemical properties of NADESs can be adjusted to the
required aims through changes in the composition and/or proportion of
its components, representing designer liquids. Furthermore, the syn-
thesis techniques are very simple, non-polluting, economical, and easily
scalable (Aroso et al., 2017; Liu et al., 2018). Combined with the
favourable biocompatibility profile achieved in NADESs composed of
physiological metabolites, there is a valuable potential to explore new
applications in the biomaterial and biomedical fields.

In the present work, taking advantage of the of design flexibility of
NADESs, a new debriding formulation was prepared and studied for
application in chronic wound treatment (Sun et al., 2023; Liu et al.,
2022). Urea, a potent chaotropic molecule often used as keratolytic in
epidermal tissues was selected and its potency was modulated through
NADES formation with betaine to obtain the debriding agent (BU), that
could be applicable to dermic sensible tissues (Celleno, 2018). On the
other hand, betaine was selected based on its known capacity to form
NADESs with several hydrogen bond donors (Abranches et al., 2020).
The physicochemical characteristics of BU, together with its debriding
and antibiofilm properties were extensively studied using in vitro, ex
vivo, in vivo animal models and through a pilot clinical evaluation.

2. Materials and methods

2.1. NADES preparation and characterization

2.1.1. NADES preparation
The liquid formula was obtained by the agitation-heating method, at

200 rpm and 70 ◦C in a round- bottom flask, mixing betaine (betaine
monohydrate, Santa Cruz Biotech) as the hydrogen bonding acceptor
and urea (Urea OmniPur® Merck) as the hydrogen bond donor. The
molar ratio of Betaine:Urea was 1:1.5. Water was included in 14 % w/w
to confer stability. The formula was identified as BU and was sterilized
by filtration using 0.22 µm membrane filters and kept in a tightly closed
tube until use.

2.1.2. Thermal characterization of BU
Differential scanning calorimetry was performed with a Perkin Elmer

DSC4000 equipment. Samples were weighed (6–12 mg) and placed in
the equipment’s sealed sample pan. All measurements were performed
under an ultra-pure gaseous nitrogen flow of 20 mL/min. The cooling
and heating rate was set at 1 ◦C/min, andmeasurements were conducted
in the temperature range of − 79 ◦C to 121 ◦C (Zheng et al., 2019).

The thermogravimetric analysis (TGA) experiments were carried out
using a Perkin Elmer STA, model 8000. For the experiment, 11.5 mg of
the sample was weighed, transferred to a sample pan and placed in the
equipment. The experiments were conducted with an extra pure

nitrogen flow of 20 mL/min, with a heating rate of 15 ◦C/min until
reaching 300 ◦C (Chen et al., 2018).

2.1.3. Hygroscopicity and water content measurements
Hygroscopicity was evaluated by maintaining BU aliquots in three

humidity conditions: 11 %, 25 % and 50 % relative humidity (% RH)
using a temperature and humidity-controlled chamber (MMM® Clima-
cell 222-Eco). After experiments, samples were kept in tightly closed
tubes until analysis of water content performed through Karl Fisher
titration method (Hanna® Karl Fisher HI933) (Shishov et al., 2023).

2.2. In vitro assessment of BU debriding potential: Slough disorganization
model

2.2.1. Evaluation of in vitro slough de-structuring capacity
An artificial wound slough model was adapted from a previous

report (Shi et al., 2009). For that purpose, a matrix gel of collagen (rat
tail collagen type I in acetic acid, 3.1 mg/mL, Gibco), fibrinogen from
human plasma (25 mg/mL, Sigma), and elastin (10 mg/mL; Sigma) was
prepared as follows: In pre-chilled tubes, 650 µL of collagen was mixed
with 10X phosphate-buffered saline (PBS) and 150 µL of fibrinogen.
Subsequently, 0.14 mg/mL of previously labelled elastin (Alexa Fluor
488 protein Labeling Kit – A10235 Invitrogen) was added and gently
mixed. Then, 25 µL of 1 N NaOH was added to neutralize the solution.
Finally, 25 µL of thrombin (10 UI/mL dissolved in 40 mM CaCl2) was
added. 200 µL of the mixture were placed in a 96-wells plate and
incubated for 1 h at 37 ◦C. The gels were maintained at 4 ◦C for 24 h
prior to use. In the subsequent paragraphs, gels are referred to as
“artificial slough”.

Artificial slough disorganization was assessed with two different
methods: ultraviolet spectroscopy to quantify changes in the matrix
organization (Ran et al., 2021), and fluorescence measurement of eluted
proteins (based on Alexa Fluor 488-labelled elastin) (Shi et al., 2009).
For ultraviolet spectroscopy, artificial slough was treated with 50 µL of
BU and placed into a microplate reader (Cytation™3, BioTek®, US) for
3 h at RT. Saline solution (NaCl 0.9 %, Biosano) and collagenase solution
(500 µg/mL) were used as controls. For the protein elution measure-
ment, transwell inserts (NEST Insert 725,301 24-well plates 8.0 µm
polycarbonate membrane) were used. The artificial slough matrix was
placed into the transwell insert and treated as described above. The
receptor chamber contained 200 µL of PBS. The fluorescence of the re-
ceptor chamber solution (Excitation 485 nm, Emission 528 nm) was
measured before treatments and at 0.25, 0.5, 0.75, 1.0, 1.15, 1.5, 2.0,
3.0, 4.0 and 24 h after treatment in a microplate reader (Cytation™3
BioTek®).

2.2.2. Evaluation of in vitro slough swelling capacity
The artificial sloughs and clinical sloughs obtained from disposal

clinical samples (Approved by the Scientific Ethics Committee at
Fundación Instituto Nacional de Heridas Protocol 427605_05112021)
were lyophilized, weighted, and then allowed to hydrate 24 h in excess
of PBS or BU at 35 ◦C using a thermoplate (Thermomix® mLab Scien-
tific). The weights of the hydrated samples were measured at 0, 5, 10,
15, 20, 25, 30, 60, 100, 130, 220 and 1440 min, following removal of
excess liquids by gentle blotting with a paper towel. The percentage of
solvent uptake was measured as a surrogate of slough swelling (% sol-
vent uptake) and calculated as previously reported (Flayhart et al.,
2004) by the following equation:

%Solvent uptake =
Ws − Wd

Wd
x100

where Ws and Wd are the weights of the swollen and dried slough,
respectively.
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2.3. In vitro mixed biofilm model

The artificial slough was used to emulate the proteinaceous support
to culture bacterial biofilm on it. Artificial sloughs in transwell inserts
were placed into plate-wells as receptor chambers containing 200 µL of
Dulbeccós Modified Eagle medium (DMEM, high glucose, pyruvate
Gibco®). Media was renewed every 24 h.

For generation of the mixed biofilm model, Staphilococcus aureus (S.
aureus ATCC-29213) and Pseudomonas aeruginosa (P. aeruginosa ATCC-
27853) were grown in Luria Bertani Broth under 100 rpm agitation
for 3 h. Prior to experimentation, aliquots of the broth were resuspended
in PBS, and the McFarland value was adjusted with the spectropho-
tometer (Agilent® 8453), resulting in 1× 108 CFU/mL. Then, individual
bacterial solutions were mixed at a 1:1 ratio to a final concentration of
1x106 CFU/mL, and 25 µL of this suspension was cultured in triplicate on
the artificial slough. Biofilms were left to mature at 37 ◦C for 24, 48 or
72 h, and subsequently treated with 50 µL of saline (NaCl 0,9%), BU,
Manuka Honey (Therahoney®), subsequently named Honey or a
polyhexanide-betaine antiseptic solution (Prontosan® B Braun) subse-
quently named PHMB-Betaine, for 24 h. Subsequently, gels were rinsed
twice to remove planktonic bacteria, and the solid matrix was placed in a
tube containing 300 µl PBS. Tubes were subjected to horizontal agitation
at 15 ◦C in cycles of 950 rpm and then at 1400 rpm for 20 min each. 100
µL of the resulting bacterial suspension was diluted in 1:10 dilution se-
ries in 1 mL of PBS. Then, 100 µL of the dilutions were plated on
CHROMagar Orientation® (Becton Dickinson) and incubated overnight
at 37 ◦C. For counting, P. aeruginosa was identified as transparent, yel-
low serrated and diffuse edges, and selectively differentiated from
S. aureus, presenting opaque white to smaller yellowish colonies (Flay-
hart et al., 2004).

2.4. Human ex vivo mixed biofilm model

Human skin explants were obtained from cosmetic surgeries. The
local ethics review board (Scientific Ethics Committee for Health Sci-
ences at Pontificia Universidad Católica de Chile, No. 210326005)
approved the collection of skin tissue, after obtaining written informed
consent for each donor. The ex vivo model comprised circular skin sec-
tions prepared after hypodermal fat elimination. A partial-thickness
wound was induced using a 5 mm diameter biopsy punch. The ex-
plants were transferred into a transwell insert with the dermis facing
downward and placed in the plate well in contact with 200 µL DMEM
(DMEM, high glucose, pyruvate Gibco®) as previously reported (Garcia-
Bilbao et al., 2020). The bacterial suspension was prepared as described
above, and 25 µL of PBS containing 1x108 CFU/mL of P. aeruginosa and
S. aureus, in a 1:1 proportion, were loaded onto the explants. Biofilms
were grown for 24, 48 or 72 h, and subsequently treated with 50 µL of
saline, BU, Honey, or PHMB-Betaine for 24 h. Subsequently, the explants
were rinsed with PBS to remove planktonic cells and processed for viable
bacterial quantification as described above.

2.5. Murine diabetic biofilm model in full-thickness wounds

The in vivo anti-biofilm activity of BU was evaluated in a model of
streptozotocin-induced diabetes in C57BL/6 mice. This model has been
shown to resemble the wound healing and biofilm colonization
complication observed in humans (Krishnan et al., 2018; Ezquer et al.,
2015). Experiments were approved by the local Animal Committee in
accordance with the Chilean law (CICUAL No: N◦7/2022), ARRIVE
guidelines, and 3R practices. C57BL/6 mice were kept in an enriched
environment with a 12 h/12 h light/dark cycle, at 23–25 ◦C tempera-
ture, with access to food and water ad libitum. For experimentation, 10-
week-old male and female mice were utilized. The well-being of animals
throughout experimentation was assessed daily using the standardized
“Morton and Griffith” assessment and the Grimace scale.

2.5.1. Induction of diabetes with streptozotocin
For diabetes induction, mice were deeply anesthetized with sevo-

flurane (at 3 % in a flow rate of 3–5 L per minute of medical oxygen), and
200 mg/kg streptozotocin dissolved in 0.1 M citrate buffer at pH 4.5 was
injected intraperitoneally after 8 h of fasting. After streptozotocin
administration, diabetes induction was evaluated every three days by
taking blood from the tail vein of animals and measuring blood glucose
levels with a portable glucometer (OneTouch Select Plus Flex® MED-
CORP SA). Animals were considered diabetic when glycemic levels were
≥300 mg/dL in two consecutives measurements (Ezquer et al., 2015).

2.5.2. Full thickness wound model with bacterial biofilm
Before generating the full-thickness wounds, animals were randomly

assigned to their respective groups (Saline, BU, Honey, or PHMB-
Betaine). Thirteen days after diabetes induction mice were deeply
anesthetized by inhalation of sevoflurane, and their upper dorsum was
depilated. Then, a 6 mm full-thickness wound was generated in the neck
area using a sterile biopsy punch. To prevent wound contraction, a sil-
icone splint (Grace Bio-Labs 476687) was placed around the woundwith
skin adhesive and six sutures (vicryl 5–0). Wounds were covered with
Tegaderm film to avoid infection, and analgesics were given once a day
for 3 days post-surgery (meloxicam, 2 mg/kg).

Twenty-four hours after wound infliction, bacteria were inoculated
into the wounds by applying 25 µL of a 1x108 CFU/ml solution of
P. aeruginosa and S. aureus and the wounds were covered with Tega-
derm. After 48 h, a bacterial biofilm was established, which was verified
in the group identified as “initial” (n = 3) both by its macroscopic
characteristics and bacterial load analysis. The wound and the formed
biofilm were treated every 48 h for 7 days by applying the following
steps: i) brief anesthesia with sevoflurane for immobilization, ii)
cleaning the exudate and planktonic bacteria by rinsing with 25 µL of
saline, iii) application of 25 µL of the corresponding treatment product,
and iv) covering the wound with Tegaderm® dressing. After 24 h of the
last treatment, animals were euthanized by intraperitoneal administra-
tion of ketamine 500 mg/Kg and Xylazine 100 mg/Kg intraperitoneal.
Eight millimeters skin samples were taken encompassing the entire
wound area concentrically, using a biopsy punch after the holding ring
was removed. Each sample was divided into two equal parts, one for
bacterial counting, utilizing the method described above, and the other
for fixation in 4 % paraformaldehyde and paraffin embedding for his-
tological analysis.

2.6. Assessment of BU biocompatibility

2.6.1. BU cytotoxicity and immunogenicity assays
BU cytotoxicity was evaluated in vitro using the keratinocyte cell line

HaCaT 300,493 (Cell Lines Service GmbH). Cells were cultured in
DMEM (Dulbecco’s modified Eagle’s medium, Lonza, Belgium) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, UK)
and maintained in T-flasks incubated in a humidified atmosphere with 5
% CO2 at 37 ◦C. 5x104 cells were seeded in 24-well plates and incubated
until they reached 90 % confluency. Their viability was then examined
after 24 h of exposure to different concentrations of BU through mito-
chondrial function assay using CellTiter Blue (Promega®), following the
manufacturer’s instructions.

BU immunogenicity was evaluated using the macrophage cell line
Raw264.7. Cells were seeded at a density of 1.25 × 104 cells/cm2 in 12-
well plates in in DMEM supplemented with 10 % FBS (HyClone, GE
Healthcare, USA). Once cells reached 70 % confluency, Lipopolysac-
charide (LPS) (1 µM) and BU were added to the medium and left over-
night. The conditioned medium was collected 24 h after stimulation and
centrifuged at 15.000xg for 15 min to remove cell debris, and cells from
the corresponding wells were counted. Protein levels of TNF-α, IL1β and
IL6 were measured by ELISA (R&D System, DuoSet ELISAs TNF-α, IL1β
and IL6). Results were normalized to 1x106 cells.
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2.6.2. Histological analysis
The tissue samples were sectioned to a thickness of 3 µm and stained

with Hematoxylin-Eosin (H&E) for determination of inflammatory cells
infiltration (Bisson et al., 2013). Masson’s Trichrome (TM) staining was
performed according to the manufacturer’s protocols and analyzed
through bright-field microscopy for the debriding capacity assessment.
Specifically, through evaluation of collagen fibers characteristics in the
intensity of the blue in Masson’s Trichrome (TM) stain. Dark blue rep-
resents organized collagen type I fibers while light blue is related with
collagen degradation (Kou et al., 2023; Zou et al., 2023). Samples were
classified in blind by a specialist pathologist using a score of the collagen
degradation level, graded qualitatively from the amount of light blue in
the wound area compared with the dark blue in the non-wounding zones
of the same tissue section. The score was adapted from a previously
reported score (Brunt et al., 1999) and includes values associated with
the presence of light blue zones from level 0: absence, level 1: low, level
2: moderated and level 3: high. For vascular area evaluation, immuno-
histochemical analysis of the sections was performed after deparaffini-
zation and permeabilization with 1 mg/mL digitonin (Sigma-Aldrich)
for one hour at room temperature. After that, sections were incubated
with BS1-Lectin-Alexa-647 (1:100; Invitrogen) overnight at 4 ◦C. Nuclei
were counterstained with DAPI (Invitrogen). The sections were observed
and photographed using an epifluorescence microscope (Leica® Thun-
der) and then processed with ImageJ analysis software, determining
vascular density by the percentage of the area positive for BS1-Lectin-
Alexa-647. Values were averaged from 15 images taken in the wound
area.

For the analysis of fibroblast proliferation, labeling was performed as
reported before (Kawahira, 1999) by incubation with the primary
antibody anti-vimentin (Mouse monoclonal V9, Santa Cruz Biotech) and
anti-PCNA (Rabbit Polyclonal PCNA, Novus) overnight at 4 ◦C, and then
the sections were labeled and incubated with the secondary antibodies
conjugated with Alexa Fluor-598 and Alexa Fluor-488 (Cell Signaling)
for 1 h at room temperature, followed by nuclear staining using DAPI
(Invitrogen). The sections were observed and photographed using an
epifluorescence microscope (Leica® Thunder) to quantify the number of
PCNA+nuclei in vimentin+cells and expressed as proliferating cells per
field.

2.7. Clinical pilot evaluation

The pilot clinical study was conducted in an outpatient wound care
centre in Santiago, Chile. Male and female adults were screened. The
study protocol was approved by the Scientific Ethics Committee at
Fundación Instituto Nacional de Heridas (Protocol 427605_05112021)
and all patients signed the approved informed consent to be included.
The study was prospective, randomized, balanced and double-blind. 16
patients were enrolled and randomly assigned into two groups: ulcers
treated with BU prototype dressing as the study arm (n = 8), and the
control arm treated with Manuka honey dressing established under the
trade name Therahoney® sheets (n = 8).

2.7.1. Inclusion and exclusion criteria
Participants were selected according to the following inclusion

criteria: patients 60 years or older with venous leg ulcers of 2–15 cm
size. Patients were excluded if they had a diagnosis of occlusive arterial
disease (ankle-brachial index <0.5); morbid obesity (BMI≥35); cancer
treatment in the last year; chronic renal insufficiency (creatinine >2.0
mg); corticosteroid treatment for a period longer than one month; un-
controlled diabetes (glycated haemoglobin over 10 mg/dL); uncon-
trolled hypertension (blood pressure higher than 140/90 mmHg); or
known sensitivity to treatments products or its components.

2.7.2. Outcomes
The main outcome of efficacy was defined as the debriding and

antibiofilm effects measured through bacterial load and wound area. For

that purpose, bacterial ulcers samples obtained after swabs (ESwab™
Copan) were cultured and quantified through plate counting on
CHROMagar Orientation® (Becton Dickinson). The percentage of
change between the initial bacterial load at baseline before treatment
and that found at day 5 and day 10 of the study interventions were
calculated with the following equation (Mouës et al., 2004).

%BacterialChange =
100x(BactLoad t − BactLoad0)

BactLoad0

For the analysis of wound closure, the wound area was measured using a
software (EKARE Insight) before the interventions and at visit 1, 3 and 5,
and the change in the wound area (% WC) was calculated as reported
before (Rötzer et al., 2016).

%WC =
100x(Area0 − Areat)

Area0

where Area0 is the baseline area measured and Areat the wound area
after treatments.

As part of safety evaluation, pain and/or stinging associated with the
dressing applications were evaluated through a clinical score (Labronici
et al., 2016).

2.7.3. Study interventions
BU or Honey was applied to the ulcer by soaking a gauze in a blinded

setting. In both groups, the dressings were secured with a semi-elastic
bandage and rayon fabric as established in the local venous ulcers
local clinical protocol. Treatments were applied every 48 h, after visit 1
(V1, day 0) of screening and randomization. In the following visits (V2-
V4), dressing change without surgical debridement and ulcer general
evaluations were performed up to the end of the study at day 10. At visit
1, 3 and 5 wound size measurement and wound bacterial quantification
were performed (Fig. 9).

2.8. Statistical analysis

All data are presented as mean ± standard error of the mean. Sta-
tistical analyses were performed using GraphPad Prism (v 8). Normal
distribution of data was checked using the D’Agostino-Pearson
normality test (alpha = 0.05). One-way ANOVA with Tukey’s range test
was performed to assess statistical differences between three or more
experimental groups. For time-course analysis, two-way ANOVA with
Sidak’s multiple comparisons test was used. For non-parametric or semi-
quantitative analysis, Kruskal-Wallis nonparametric test was applied.
Significance was considered at p <0.05. Specific p-values can be found
in the figure legends. The ROUT outlier test was applied to clean the
data.

3. RESULTS

3.1. BU characterization

Fig. 1 shows the differential scanning calorimetry (DSC) data under
three temperature-modifying conditions. The experiments show a ther-
mal transition around 25 ◦C across all test conditions, indicated by a
change in slope on the curves. Notably, when only cooling is applied
(Fig. 1C), the observed transition is minor. This subtle shift might be
attributed to modifications in the molecular environment, especially
since the system starts at an equilibrium state at 25 ◦C. In Fig. 1A and B, a
subsequent change in slope is evident between 100 ◦C and 121 ◦C. This
temperature range is likely sufficient to disrupt the hydrogen bonds
between betaine and urea. Upon cooling, both curves show another shift
in slope around − 25 ◦C. Notably, this transition does not appear when
the system is initially cooled, as seen in Fig. 1C, which shows the cooling
curve from 25 ◦C to − 75 ◦C. For this reason, no significant change in
slope is observed in curve C. In contrast, in curves A and B, freezing
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occurs when the BU structure is no longer present. When reheated, as
shown in Fig. 1A, no noticeable transitions are evident. This indicates
that the process is not reversible, and the supramolecular structure un-
dergoes changes during the analysis performed under the DSC mea-
surement conditions. Throughout the study temperature range, there is
no appreciable variation in the curve, maintaining the heat flux close to
zero and indicating the absence of endo- and exothermic phenomena.

Fig. 1D shows the thermogravimetry analysis (TGA) from 25 ◦C to
290 ◦C obtained for the BU sample. Three considerable mass losses are
observed. The first may be associated with the dehydration process of
water in BU. Subsequently, a second drop in the slope is observed above
100 ◦C, which can be attributed to a preliminary decomposition process
of urea, considering that its decomposition temperature is close to
160 ◦C (Zhu et al., 2021). Around 200 ◦C, a drastic mass loss is observed,
which is related to the decomposition of both components and the loss of
the BU structure. Although betaine has a higher decomposition tem-
perature after melting from its solid state, around 300 ◦C (Sánchez et al.,

2019).
In relation with hygroscopicity, the results in Figure E, showed that

when the BU formula with a water content of 14.2±0.004 %w/w is left
under humidity environment of 25 % RH, it progressively hydrates
leading to water content of: 15.2±0.004 %, 16.3±0.003 % and 17.02
±0.003 %. In the same sense, at high relative humidity of 50 % RH BU
rapidly hydrates, and before 20 h it reaches a water content of 28.2 ±

0.14 %w/w. Conversely, under 10 % RH, BU dehydrates progressively
obtaining the following water contents: 13.5±0.005 %, 12.7±0.003 %
and 11.5±0.2 % w/w. The low water content obtained at the end of the
3 days experiment under low humidity resulted in the solidification of
the mixture.

3.2. BU debriding in vitro effect

Ultraviolet spectroscopy was utilized to evaluate the BU debriding
effects on the artificial slough over time. Results showed that BU induces

Fig. 1. Physicochemical characterization of BU. Differential Scanning Calorimetry (DSC) of BU (A) Sequence of heating, cooling, and reheating. (B) Sequence of
heating followed by cooling. (C) Cooling only. (D) Thermogravimetric analysis (TGA) of BU. Data obtained from 25 ◦C to 290 ◦C. (E) Hygroscopicity. Water content
of BU in different percent relative humidity (%RH) environments. Data are shown as mean ± SEM, n = 3.

Fig. 2. Debridement effect of BU on an artificial wound slough model. Disorganization of the matrix was analyzed through UV absorbance at 350 nm. (A) Kinetic
slough matrix disorganization after 3 h treatments exposure. *P <0.05 two-way ANOVA. (B) Quantification of endpoint effect of BU and collagenase on the slough
matrix disorganization. Data are expressed as percentage of total absorbance of the scar matrix treated with saline. Data are showed as mean ± SEM, n = 3, *P<0.05;
***P <0.001 one-way ANOVA.
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a rapid and robust matrix disorganization, evidenced by a decrease in its
light absorbance capacity (Fig. 2A). BU application significantly lowers
the absorbance, leaving 56±3.5 % of the original structure after 15 min
compared to the artificial slough treated with saline, with no further
changes until the end of the experiment (Fig. 2A and 2B). By contrast,
collagenase showed a more delayed effect, starting to act on the matrix
after 1 h of incubation, decreasing the absorbance progressively and
leaving 62±0.5 % of the slough at the end of the experiment (Fig. 2A and
2B). The reduction in matrix organization induced by BU, analysed
though ultraviolet absorbance of the matrix, was significantly higher
than that induced by collagenase but moderated compared to the potent
effect of urea solution, which leaves only 22±5.6 % of the initial matrix
structure. Saline, on the other hand, had no effect on the organization of
the artificial slough. The higher level of matrix disassembly induced by
BU in comparison to collagenase observed by this method may be
related to the higher separation of the protein chains induced by the
high hygroscopicity of BU, leaving a looser matrix with less light
absorbance capacity.

Another indicator for matrix disorganization is the leaching of pro-
teins from the artificial scar. For measure that variable, fluorescence-
labeled elastin was incorporated into the artificial slough, and leach-
ing was quantified by measuring fluorescence intensity over time.
Fig. 3A shows that BU significantly promotes elastin detachment from
the matrix after 30 min of incubation compared to saline-treated arti-
ficial sloughs, reaching 67±2.9 % of the collagenase total debridement
capacity in 24 h. Collagenase had a significantly more pronounced effect
on elastin release than BU (Fig. 3A). This result is associated with the
erosion or breakdown effect of the treatments, which was more pro-
nounced due to the proteolytic characteristics of collagenase, inducing a
higher degree of elastin elusion. Nevertheless, although to a lesser de-
gree, BU also induces the leaching of proteins, suggesting that the de-
structuration induced is able to cause a significant degree of erosion.

There was only minor fluorescent elastin released in the presence of
saline, with the main increase observed in the first 30 min of incubation
(21±0.4 %), followed by a minor increase to 28.4±3.5 % until 24 h.

Also, Fig. 3B shows that BU causes a significant swelling of the
proteinaceous artificial matrix over time, and the same effects can be
observed when BU was evaluated on a clinically relevant matrix ob-
tained directly from patients with chronic wounds (Fig. 3C). In both
cases, BU had a pronounced effect over saline on swelling reaching a 255
±22 % swelling increase after 10 min and 855±34 % swelling increase
after 24 h of BU incubation for the artificial sloughs (Fig. 3B). For the
clinical slough samples, BU significantly increased swelling, reaching a
422±36 % increase after 10 min compared to the 137±5 % increase of
swelling induced by saline incubation (Fig. 3C). Notice that in clinical
samples treated with BU, it was not possible to perform the mass mea-
surements after 120 min of BU incubation due to the complete disinte-
gration of the samples.

3.3. BU antibiofilm in vitro effect

The artificial slough model represents a solid and fibrous proteina-
ceous support for bacteria to form biofilms, similar to clinical wound
colonization (Price et al., 2016). Fig. 4 shows the antibiofilm activity of
the treatments against a mixed biofilm of P. aeruginosa and S. aureuswith
the following bacterial viability counts: i) for 24 h biofilms treated with:
saline 1.0x108±1.6x105, BU 2.2x106±8.0x105, PHMB-Betaine
2.2x107±3.2 x106 and Honey 3.6x108±7.6x107 (Fig. 4A); ii) for 48-
hour biofilms treated with: saline 4.0x108±1.6x107, BU
1.0x108±1.7x107, PHMB-betaine 8.7x107±2.2x106, and Honey
2.1x108±3.9x107 (Fig. 4B); iii) for 72-hour biofilms treated with: saline
1.2x108±2.1x107, BU 6.4x107±7.8x106, PHMB-betaine
7.5x107±1.0x107 and Honey 2.3x108±3.6x107 (Fig. 4C). These results
indicate that BU has a strong antibiofilm effect in 24-hour and 48-hour
biofilms, which was comparable to the antibiofilm effect induced by the
antiseptic PHMB-betaine, while Honey has no antibiofilm effect or even
promotes bacterial growth.

Fig. 3. Debridement effect of BU on an artificial slough model. (A) Kinetic evaluation of the release of labelled elastin after treatments. Slough matrix
debridement effect analysed through percentage of florescence (Ex 360 nm Em 444 m). (B) Kinetic evaluation of solvent uptake as surrogate of swelling of the
artificial slough. (C) Kinetic evaluation of solvent uptake as surrogate of swelling of the clinical slough samples. Data are displayed as mean ± SEM, n = 3 ****P
<0.0001 two-way ANOVA.
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3.4. BU antibiofilm ex vivo effect

The ex vivo wound-inoculated model represents a realistic solid
substrate for bacteria to form biofilms. Fig. 5 shows the antibiofilm ac-
tivity of the treatments against a mixed biofilm of P. aeruginosa and
S. aureuswith the following bacterial viability counts: i) for 24 h biofilms
treated with: saline 2.9x108±2.9x107, BU 6.5x107±8.0x106, PHMB-
Betaine 3.3 x108±2.3 x107 and Honey 3.4 x108±7.6 x107 (Fig. 5A); ii)
for 48 h biofilms treated with: saline 3.7x108±1.0x108, BU 2.7
x107±9.5x106, PHMB-betaine 1.7x108±5.9x106 and Honey 3.8
x108±3.4 x107 (Fig. 5B); iii) for 72 h biofilms treated with: saline
2.8x108±6.2x107, BU 8.6x107±9.4x106, PHMB-Betaine
2.4x108±2.1x107 and Honey 1.7x108±1.9x107 (Fig. 5C). These results
indicate that BU, as in the case of the artificial slough, also has a strong
antibiofilm effect in the ex vivo wound inoculated model that could be

evidenced in 24-hour, 48-hour and 72-hour biofilms. However, in this
model, BU had a stronger effect compared to the antibiofilm effect
induced by the antiseptic PHMB-betaine. Conversely, Honey has no
antibiofilm effect in this model.

3.5. BU antibiofilm and debriding effect in in vivo murine model

A valuable approach for assessing antibiofilm activity in a scenario
closer to a clinical wound situation is using an in vivo murine model.
Diabetes mellitus was induced in these animals by streptozotocin
administration since this model resembles the wound healing and bio-
film colonization complications observed in humans (Krishnan et al.,
2018; Ezquer et al., 2015). Thirteen days after diabetes induction, a
wound was generated in the neck of the animals and inoculated with
P. aeruginosa and S. aureus. Fig. 6A presents the results of viable bacteria

Fig. 4. Antibacterial effect of BU on a biofilm cultured on the artificial slough. Viable bacterial count of mixed biofilms of S. aureus and P. aeruginosa of 24 h (A),
48 h (B) and 72 h (C), after 24 h treatment. Data are shown as mean ± SEM, n = 3, ***P <0.01, ****P <0.001 one-way ANOVA.

Fig. 5. Antibacterial effect of BU on biofilms cultured on human skin explants. Viable bacterial count of mixed biofilms of S.aureus and P. aeruginosa at 24 h (A),
48 h (B) and 72 h (C), after 24 h treatment. Data are shown as mean ± SEM, n = 3. *P <0.05 one-way ANOVA.
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counts following treatment applications, every 48-hour. The bacterial
viable count was in the saline group 1.1x108±3.8x107, in the BU group
1.1x107±4.0x106, in the PHMB-Betaine group 7.7x106±4.6x106, and in
the Honey group 2.7x107±1.0x107, showing that the three therapeutic
treatments evaluated had similar in vivo antibiofilm effects.

Fig. 6B depicts the evaluation of the debriding effect through

analysis of animal tissue sections using Masson Trichrome staining. The
effect was evaluated through a score of the blue stain intensity of the
collagen fibers, associated with the collagen degradation level (Chen
et al., 2017; El-Sayed et al., 2024). Results indicated that BU was the
only treatment able o significantly increase collagen degradation.

Fig. 6. Antibiofilm and debriding in vivo effects of BU. (A) Viable bacterial count in wounds after treatments. Data are shown as mean ± SEM, n = 10 *p <0.05,
**p <0.01 one-way ANOVA. (B) Quantification of collagen degradation through a score based on the collagen fibres in the Masson staining. Data are shown as mean
± SEM, n = 10. *p <0.05 Kruskal-Wallis.

Fig. 7. Evaluation of BU cytotoxicity and immunogenicity. (A) Viability of HaCaT cells after 24 h of BU exposure assessed by mitochondrial activity evaluation
and determination of the IC50 (B) Determination of secretion of the pro-inflammatory cytokines IL-1β, IL-6 and TNF α by RAW 264.7 cells measured by ELISA and
normalized to 1x106 cells. Data are shown as mean±SEM, n = 3, ****p <0.0001 one-way ANOVA.
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3.6. BU preclinical in vitro and in vivo safety evaluation

Safety evaluations of BU were performed through cytotoxicity tests
and histology analysis in the murine tissue samples. Cytotoxicity
assessment on HaCaT cell viability allowed the calculation of BU IC50,
giving a value of 84.21 mg/mL (Fig. 7A). Additionally, the immunoge-
nicity experiment in raw cells indicated that incubation for 24 h with BU
did not induce pro-inflammatory cytokine secretion while the incuba-
tion of these cells with LPS, a classical pro-inflammatory stimulus,
induced a significant increase in TNFα, IL6 and IL1β secretion (Fig. 7B).

For in vivo safety evaluation of BU, wound tissue sections from the
different experimental groups were evaluated, focusing on two central

variables that could affect tissue regeneration processes: vascularity
(BS1-Lectin staining) and fibroblast proliferation (PCNA/Vimentin)
status through histological evaluation. Data indicated that there were no
significant changes in these parameters across the different experi-
mental groups (Fig. 8A and B). Moreover, the inflammatory status of the
wound tissues was also evaluated, and although BU treatment induced a
lower level of polymorphonuclear neutrophils (PMNs) and lymphocyte
infiltration (CD3), there were no significant difference between experi-
mental groups, indicating that BU treatment does not induce toxic ef-
fects in the treated skin.

Fig. 8. Preclinical BU safety evaluation through histological analysis. (A) Quantification of vascularity through fluorescence analysis of the area with positive
tinction for Lectin-BS-1 marker. (B) Quantification of fibroblast proliferation through fluorescence analysis of the nuclear protein marker PCNA, a marker of the
proliferative state of fibroblasts (detected by anti-vimentin immunoreactivity) showed by arrows. (C) Quantification of polymorphonuclear (PMN) and total
lymphocyte infiltration analysed by light microscopy in sections staining with Haematoxylin-Eosin, scored by a specialized pathologist. (D) Quantification of T cells
infiltration by immuno-analysis with primary antibody anti CD3. Scale-bar indicate 20 µm. Data are shown as mean ± SEM, n = 5.
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3.7. BU pilot clinical evaluation

Finally, to evaluate the therapeutic properties of BU in clinical
wounds, sixteen patients with venous leg ulcers were randomized, eight
in the study arm of BU and eight in the comparator product Manuka
honey (Therahoney™) study arm. All patients adhered to the study visits
and completed the follow-up schedule, schemed in Fig. 9A.

Fig. 9B shows that at day 5, the microbial load in the wounds of
patients treated with BU exhibited a reduction of 82±8.3 % compared to
their initial microbial load. In contrast, patients treated with Honey
showed a large variation in their data, with a considerable increase in
the ulcer bacterial load of 383±178 % compared to their initial state.
When comparing both experimental groups, there was a statistically
significant difference in the bacterial load change (p <0.05). At day 10,
patients treated with BU showed a bacterial load reduction of 48±27 %,
while patients treated with Honey showed a significant increase in
bacterial load of 2508±1584 %. The comparison between experimental
groups also showed a statistically significant difference (p <0.05)
(Fig. 9B).

Finally, the other outcome, the ulcer areas was quantified. In Fig. 9C,
it can be observed that on the fifth day of the study, patients treated with
BU had an 8.8±11 % wound area reduction, while patients treated with
Honey reached a 20±4.9 % wound area reduction. However, on day 10,
patients treated with BU showed a wound area reduction of 36±9.7 %,
while patients treated with Honey had a 19±7.7 % wound area reduc-
tion. This indicates that BU can significantly reduce bacterial load and
improve wound closure in clinical ulcers. There was no difference in
pain levels between the treatment groups (data no shown).

4. Discussion

4.1. BU has a dynamic microstructure

The dynamic modification of the hydrogen bonding interactions
associated with the changes in temperatures observed through the
transitions during DSC experiments has been previously reported for
NADESs (Abranches et al., 2020; Olivares et al., 2022; Mecham and Birk,
2013). Additionally, the hypothesis of betaine modulating the chaot-
ropic nature of urea was supported by this dynamic nature of the
hydrogen bonding network in BU. This dynamism was also analysed by
NMR in previous studies (Olivares et al., 2018), which reported that the
freedom of the individual molecules is also modulated by the composi-
tion of the NADES. On the other hand, the potent antibiofilm effect
might be a property of the microstructure of BU, characterized by its
hyperosmolarity and high hygroscopicity, as this effect is not observed
when its components are used separately (Olivares et al., 2022).

The DSC analysis supports the hypothesis that the hydrogen bonds
break at elevated temperatures, leading to the loss of the structure
typical of a deep eutectic liquid. On the other hand, when BU is only
cooling, the hydrogen bonds do not break; instead, the cooling process
aids their formation, leading to freezing.

The TGA measurements indicates the stability of BU is different that
the individual components. This phenomenon could be due to the ag-
gregation state in a deep eutectic system, previously described for other
NADESs (Chen et al., 2018).

BU exhibits a rapid disorganization effect on proteinaceous matrix.
The artificial slough is a valid model frequently applied during in

vitro cutaneous tissue studies because it allows the assembly of main
extracellular proteins similarly as observed in vivo (Mecham and Birk,

Fig. 9. Pilot clinical results comparing BU and Honey. (A) Study design and outcomes measurements from the baseline individual status and their status at middle
(day 5) and at the end of the study (day 10). (B) Quantification of ulcer bacterial load as a surrogate of the debriding and antibiofilm effects. Data are shown as mean
and ± SEM of 8 ulcers per experimental arm. *P <0.05 Kruskall-Wallis. (C) Quantification of wound area reduction. Data are shown as mean and ± SEM of 8 ulcers
per experimental arm. *P <0.05 one sample t-test.
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2013; Forgacs et al., 2003). The kinetically absorbance measurements
are directly related to the density of the artificial slough matrix (Stuart
and Panitch, 2008). From the results obtained, it is noticeable that BU
modifies the slough structure suggesting that the diminishing in absor-
bance is caused by an increased in the pore sizes of the matrix. This
effect is almost instantaneous, and it is maintained until the end of the
assessment, indicating that BU induces significant disorganization of the
matrix.

The hygroscopicity of BU observed in high humidity environments
could be related to the observed disorganization of the proteinaceous
sloughmatrix. There is a remarked avidity of the BU constituents to form
hydrogen bonding, which forces the surrounding water molecules to be
included into the BU structure. At the same time, based on the hydrogel
nature of the slough matrix, a strong swelling with BU molecules getting
between the polymeric fibrils occurs as observed from the swelling
experiment (Wang et al., 2019). Additionally, the changes generated by
BU in the matrix density also induce the leaching of proteins, suggesting
that the de-structuration mechanism also causes a significant degree of
erosion. This effect is typically related to the mass loss of hydrogels-type
matrices as a mechanism of destabilization (Woodard and Grunlan,
2018). (Wijayapala et al., 2017). In general, the probable mechanism of
matrix disorganization is based on dehydration and simultaneous
incorporation of BU between the protein fibrils. However, the chaot-
ropic effect of urea on proteins has been extensively reported (Franks,
1995), thus it is expected that the disorganization effect is driven by this
urea property. However, in BU formula, urea is strongly compromised
with betaine, leading to a modulated chaotropic effect as it was previ-
ously reported (Stasiulewicz et al., 2021; Ganguly et al., 2022). Thus,
explaining the attenuated effect of BU compared with urea solution of
the same concentration on the debriding capacity. This is specially
desired in the wound field treatments, where reaching a balance be-
tween debridement of dirty and devitalized tissues and preserving the
regeneration in wound beds is mandatory (Rajhathy et al., 2021).

4.2. BU reduces bacterial biofilm

The artificial slough gave us the opportunity to culture the biofilm on
protein fibers, allowing the formation of a dense bacterial community
within 24 h. In this model, some previously described effects were
observed, such as the different maturation stages of biofilms, which
include the periodic (partial) dispersal and shedding of planktonic
bacteria. Restructuration, dispersal or shedding of bacteria is induced by
several factors, including nutrient availability, which has been described
for P. aeruginosa (Sauer et al., 2004) and S. aureus (Moormeier and
Bayles, 2017). These biofilm restructuring effects could explain the
variations in bacterial count over time observed in the biofilm of the
control group. A pronounced and statistically significant antibiofilm
effect of BU was observed at this early maturity stage, which then
decreased as the biofilm became more tolerant up to 72 h, similar to the
PHMB-Betaine treated group. In contrast, Honey treatment increased
the bacterial count at the three-time evaluated. Biofilm tolerance is
known to be more related with other mechanism different from increase
in bacterial counts, which can explain why the bacterial count was stable
in the control group across the different time intervals (Stewart and
Costerton, 2001). In this sense, exopolysaccharide can modulate its
characteristic based on the bacterial growing-feeding conditions (Wu
et al., 2012). Probably, in the artificial slough model, with fibers highly
embedded by the culture media, the exopolysaccharide becomes denser
across the three-time intervals, helping to prevent bacterial death.

The organotypic bacterial colonized model obtained through the
biofilm culture in human explants, offer the dermal structure, with a
denser tissue fibre compared to the artificial slough. Under these con-
ditions BU induced a significant decrease in the bacterial viability across
all three-biofilm maturity stage studied. In contrast PHMB-Betaine and
Honey did not show antibiofilm results. Probably, in the human skin
explant, the biofilm grows more intricated into the denser extracellular

matrix, thus less accessible to the superficial contact of the evaluated
products than in the artificial model, with less dense protein fibres.
However, due to the debriding capability that BU possess, it allows for
higher penetration and thus achieved a comparatively superior anti-
biofilm effect in the three-time intervals.

The wound model colonized with biofilm in diabetic mice represents
a pre-clinical model close to clinical scenarios of chronic wounds. The
general physiological state in these animals promotes the formation of
biofilms that are difficult to eradicate because of the impaired action of
the immune system among others worsen regeneration conditions
(Ezquer et al., 2016; Marhoffer et al., 1992). In this study, the initial
bacterial load inoculated in the wound was able to form a 48-hour
mature biofilm, which persisted despite frequent saline cleaning in-
terventions in the control group. In this model, BU produced a loga-
rithmic reduction in the bacterial load compared to the control group.
This effect, which coexist with the immune system fighting bacteria, was
similar to that observed with the application of PHMB-Betaine and
Honey.

In the literature, the debridement effects are mostly evaluated
through the reduction of bacterial load as a surrogate measurement of
this outcome (Wilkinson et al., 2016; Kataoka et al., 2021). In this study,
the semiquantitative observation of the quality of collagen fibres in the
wound area support the fact that BU modifies the density of type I
collagen present in the wound bed, underlying the direct debridement
effect of BU.

Finally, the antibiofilm effect evaluated during the clinical trial was
compared to Honey. This choice was due to its composition character-
istics, since in clinical practice Honey has reported evidence of both,
debriding and antibiofilm attributes (Jull et al., 2015; Yilmaz and Aygin,
2020). The bacterial load data showed a significant increase at 5 and 10
days in the Honey arm of the evaluation, whereas in patients treated
with BU, the bacterial load remained stable over the 10 days in relation
to their baseline state and was significantly reduced compared to Honey
treatment. Some studies with Honey indicate that a bacteriostatic effect
occurs on patients’ ulcers under short periods of treatment (Wang et al.,
2019). This observation is based on the bacterial nutritive effects of
sugars in Honey. Additionally, the wound area results show that the
evaluation at 5 days was better in Honey group, but at 10 days, BU
significantly reduced the wound area compared to the baseline condi-
tion. In the Honey group, there was not a significant wound area
reduction, probably related to the increase in bacterial load.

BU anti-biofilm capacity observed across the different models are
possible related to similar mechanisms underlying the observations on
the disorganization of the artificial slough matrix, which is the water
and protein modification caused by the hygroscopicity and the chaot-
ropic effect of BU on the biofilm structure.

Bacteria living in biofilms are held together by a polymeric matrix
that keeps them in communication and protects them from the effects of
antibiotics, ultraviolet light, and the immune system, making them
highly resilient forms of life (Bjarnsholt et al., 2018). Water channels in
biofilms have been described as a vital component for this communi-
cation and the maintenance of community viability (Quan et al., 2022).
Thus, affecting the biofilm’s water-retention capacity is a good target to
disassemble it (Quan et al., 2022). Many reports have shown that
products physically affecting the biofilm structure are more effective in
critically colonized wounds, achieving strong healing results with the
same kinetics as many potent antiseptics, but with fewer adverse effects
(Jull et al., 2015; Carter et al., 2016). Accordingly, we hypothesize that
the anti-biofilm capacity of BU observed across the different models is
possible related to these mechanisms. This could be achieved through
the disorganization of the artificial slough matrix, by the water uptake
and protein modification caused by the high hygroscopicity and the
chaotropic effect of BU on the biofilm structure. Importantly, the anti-
biofilm effect is not observed when both components (betaine and urea)
are evaluated separately (Olivares et al., 2022), suggesting that the su-
pramolecular structure of BU is responsible for the physical antibiofilm
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effect.
In this work, preclinical results of BU, a non-biocidal formulation,

demonstrate reduction of biofilm bacterial viability to the same extent as
the commercial biocidal formulation PHMB-Betaine, whose components
are reported to have effective broad-spectrum antimicrobial properties
(Stewart and Costerton, 2001; Hengzhuang et al., 2011). Moreover, in
the relevant clinical environment BU, was more effective in controlling
the bacterial load than medical honey, leading to better healing rates.
During the clinical evaluation, the pain assessment was good in both
groups, indicating that BU application had a similar tolerance to Honey.

4.3. BU is a biocompatible formulation

Before conducting the in vivo murine study, BU’s cytotoxicity was
evaluated in keratinocytes, and the calculated IC50 was in the molar
concentration range. This result is similar to the IC50 reported in a
previous work in human fibroblasts (Olivares et al., 2018); both indices
fall into the non-toxic category of materials. Additionally, as part of the
biocompatibility assessment, BU’s potential to generate an immuno-
genic response in murine monocytes, which could be an adverse and
confounding factor in the animal evaluation was tested. BU did not
induce secretion of proinflammatory cytokines compared to the LPS
stimulus. Then, the murine in vivo biocompatibility of BU conducted on
critical variables, support the non-toxicity and abled the advancement to
the execution of broader clinical evaluation.

5. Conclusion

Recognizing the differences between bacteria growing in biofilms
and planktonic, has explained why it is more challenging to combat
chronic colonization characterized by biofilms and have been promoting
the application of new non-biocide strategies for debridement.

The hypotheses that it is possible to achieve a moderate debriding
effect, suitable for application in sub-epidermic tissues in wounds,
together with the antibiofilm capacity derived from the unique supra-
molecular structure observed in a NADES formulation, was increasingly
evaluated through various relevant in vitro and in vivo models, gener-
ating preclinical and clinical evidence of these characteristics. In this
context BU could represent a simple topical, non-biocide anti-biofilm
and debridement biomaterial. Thus, representing a valid and highly
desirable therapeutic option.
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