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Summary. We describe a novel wound dressing
(HRO06) with two components: a lyophilized matrix of
the galactomannan from locust bean gum (LBG) and an
antioxidant hydration solution (AH_ ) containing
curcumin and N-acetyl-L-cysteine (NAC). Physico-
structural analyses of the LBG matrix revealed
homogeneous interconnected pores with high absorbing
capacity showing excellent properties for moist wound
care (MWC). In an in vitro oxidative stress fibroblast
injury model, the AH_ , showed relevant protective
effects reducing intracellular reactive oxygen species
(ROS) production, rescuing cell viability, and regulating
expression of inflammation-related genes (COX-2, TNF-
o, IL-1a, IL-1P). The new dressing showed good
biocompatibility profile as demonstrated by cytotoxicity,
hemocompatibility, and skin irritation tests. Moreover, in
an in vivo skin wound model in pigs, this dressing
enhanced the production of healthy and organized
granulation tissue and re-epithelization. In summary,
HROO06 exhibits significant antioxidant activity, good
biocompatibility, and excellent repair capabilities
improving tissue remodeling and the healing of wounds.
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Introduction

Skin wounds in humans, such as cuts, burns,
lacerations or ulcers (pressure, venous leg, or diabetic
foot) are a significant clinical problem and an economic
burden for the majority of healthcare systems (Drew et
al., 2007; Sen et al., 2009; Hopman et al., 2013). The
management of wounds has recently improved
significantly, including regenerative therapy (skin
replacement, cell therapies), negative pressure wound
therapy, hyperbaric oxygen therapy, electromagnetic or
ultrasound therapies, and innovative therapies for moist
wound care (MWC) (Giinter and Machens, 2012;
Dreifke et al., 2015; Kirsner et al., 2015). Because
several of these new therapies have either not been
thoroughly tested or have not shown an improvement
over traditional wound treatments in clinical trials
(Murphy and Evans, 2012; Smith et al., 2013), the
development of new materials and therapies for active
wound healing is exceedingly important.

Wound healing is a complex process arranged in
three overlapping but distinct phases: inflammatory,
proliferative and tissue remodeling (Schreml et al.,
2010). Therapies must take into account these stages in
order to facilitate a more physiological and orchestrated
healing. In this sense, MWC allows us to create an
optimal environment, where proliferating and migrating
cells interact with each other via bioactive molecules,
such as growth factors, conducting a coordinated healing
process.

Today, treatments with advanced dressing products
for MWC include specially designed materials with
appropriate morphological and physical characteristics
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(sponges, foams, transparent films, hydrocolloids,
calcium alginates, hydrogel dressings, etc.). These
materials can be used alone or in combination with many
different types of active ingredients, such as antibiotics
or compounds with antimicrobial activity (silver), anti-
inflammatories, anesthetics or analgesics (lidocaine,
ibuprofen), growth factors (EPO, EGF, FGF, KGF,
PDGF), plant healing factors (aloe vera) or other natural
ingredients (honey) that can all, in theory, help in the
healing process (Percival et al., 2008; Wolcott et al.,
2008; Giinter and Machens, 2012; Tsala et al., 2013; Jull
et al., 2015). However, even with these new treatments,
often a healing delay occurs leading to chronification of
wounds, which may be due to a failure in some aspects
of the repair process. Among them, several studies have
shown that oxidative stress during the inflammatory
phase of wound repair is a significant factor in healing
delay (Schifer and Werner, 2008). Pro-inflammatory
cytokines (ie, TNF-a, IL-1a) and reactive oxygen
species (ROS), such as ¢O2-, *OH, and HZOZ, secreted
mainly by neutrophils and macrophages, are present at
the site of injury and in the wound’s exudates (Sen and
Roy, 2008; Vermeij and Backendorf, 2010; Wagener et
al., 2013). ROS are necessary as a defense mechanism
against pathogens and also as intermediate molecules in
many signal transduction and homeostasis processes in
the cell (Finkel, 2011; Jiang et al., 2011; Ray et al.,
2012). Moreover, physiological-steady state levels of
these molecules are also critical for wound healing and
remodeling of tissues (Gauron et al., 2013). However,
since ROS have potent oxidizing capabilities, when
secreted out of control, they can damage DNA, lipids,
and proteins causing oxidative stress in the wound bed
and arresting or delaying the healing process, ultimately
leading to chronification of the wound (Roy et al., 2006).
Therefore, the use of a wound dressing that can exert the
appropriate antioxidant effect on wound exudates and
maintain humidity and ROS balance should help
resolution of wounds (Sen, 2009; Fitzmaurice et al.,
2011).

In this manuscript, we report the development of a
new antioxidant dressing for MWC (HR006). This
product includes two components: i, an absorbent matrix
composed of a galactomannan from vegetal origin
(locust bean gum, LBG) that provides a porous structure,
and ii, an antioxidant hydration solution (AH ),
composed of curcumin and N-acetyl-L-cysteine (N/ié),
that gives adequate moisture to the wound bed. LBG had
previously been used for the treatment of internal ulcers,
but we developed a new method for producing non-
resorbable natural LBG based matrices with antioxidant
properties that showed high exudate absorbing capacity
for the treatment of skin wounds. In an in vitro oxidative
stress injury model, based on the exposure of human
fibroblasts to H 02, we showed that AH501 components
exert a marked2 protective effect, reducing the ROS
levels and regulating the expression of inflammation-
related genes (COX-2, TNF-a, IL-1a, IL-1f). In
addition, HRO06 components were not cytotoxic and

demonstrated good biocompatibility. Finally, in vivo
studies in pigs showed a more orderly transition between
the inflammatory, proliferative, and remodeling phases
of wound healing.

Materials and methods

Synthesis and characterization of the antioxidant wound
dressing (HR006)

Synthesis of the matrix

Galactomannan from LBG (5-7% w/v; Carob. S.A,
Mallorca, Spain) was solubilized in acid aqueous
solution under constant stirring at high temperature.
Galactomannan matrices (hydrogels) were obtained by
cross-linking monomers in glutaraldehyde. Hydrogels
were then washed for 2 h with a 5% (w/v) solution of
sodium bisulfite and, for an additional 2 h, with
deionized-distilled water until no traces of
glutaraldehyde could be detected (spectrophotometer at
235 nm and 280 nm). Hydrogels were dried by
lyophilization (3D galactomannan matrix). For some in
vitro cellular experiments, hydrogels must be produced
as 2D matrices (2D film) by drying the matrices with
heat at 50°C until weight was constant instead of by
lyophilization. Hydrogels were either dried by heat (2D
galactomannan film) or by lyophilization (3D
galactomannan matrix).

Scanning electron microscopy of the matrix

Cross-section morphology of the lyophilized matrix
was analyzed using a Hitachi S-4800 scanning electron
microscopy (SEM; Hitachi, Tokyo, Japan) at
accelerating voltage of 15 kV and different
magnifications. All samples were pre-coated with a
conductive layer of sputtered gold.

Equilibrium water content of the matrix

To assess the equilibrium water content (EWC) of
the matrix following ISO 13726:2002, one cm? samples
were used. The equilibrium water from matrices of three
different batches of HR006 was calculated as the ratio of
solvent to dry sample following the formula: EWC=(Ws-
Wd) / Wd where Wd is the weight of the dry sample, and
Ws is the weight of the swollen sample in equilibrium.

Ash content of the matrix

Inorganic residual content is related to the impurities
in a product. A matrix sample was weighed and burnt at
temperatures above 500°C, and residual matter was
weighted after cooling in a desiccator. Ash content was
calculated following the formula: %Ash=(W,y, / W, iia)
x 100, where W, is the weight of the remaining as
after the matrix is burnt, and W; the weight of the

. Rl initial is
matrix at the beginning.
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In vitro cytotoxicity of the matrix

Experiments were done following ISO standard
10993-5:2009 Annex C. Liquid extract of the LBG
matrix was obtained by incubating it with culture media
at 37°C for 24 h, according to ISO standard 10993-
12:2007. Percent viability was calculated as follows: %
Viability=(OD Sample/OD Negative control) x 100,
where OD is the absorbance value at 550 nm of the
dissolved formazan crystals result of the metabolization
of the MTT dye by live cells.

To further analyze cell viability when in contact with
cross-linked galactomannan, due to technical reasons,
instead of using 3D matrices, we produced 2D matrices
(film) and determined the degree of cell adhesion and
viability of human fibroblasts on its surface. LBG film
was sterilized using a UV lamp for 1 hour and incubated
for 30 min in culture media. After discarding this media,
fibroblasts were seeded onto the 2D film and grown for
48 h at 37°C. Cells were stained with calcein AM
following manufacturer’s protocol (Life Technologies,
Carlsbad, USA). Images, obtained with an inverted
fluorescence microscope (Olympus IX51), show live
cells stained green.

Selection of the components of the antioxidant
hydration solution (AH_ )

To partially hydrate the matrix for optimal MWC,
we designed a hydration solution with antioxidant
properties. Of the many potential antioxidant molecules
approved for medical use, we selected curcumin and
NAC (Sigma-Aldrich, St. Louis, MO, USA). Curcumin
is a well known antioxidant with dermal healing
properties, and NAC has strong antioxidant capacity and
low toxicity (Morley et al., 2003; Akbik et al., 2014).
For this study we use a range of 0.5-100 M for
curcumin and 0.05-10 mM for NAC.

Antioxidant capacity of HRO06 components

The oxygen radical absorbance capacity assay
(ORAC) was used for screening antioxidant capacity of
the selected molecules LBG, curcumin, and NAC as
previously described (Ou et al., 2001). This assay is
based on the oxidation of fluorescein (Sigma-Aldrich)
by peroxyl radicals produced by the free radical initiator
2,2’-azobis-2-methyl-propanimidamide, dihydrochloride
(AAPH; Sigma-Aldrich). Oxidation of the probe reduces
its fluorescence. In the presence of antioxidants, the
probe’s oxidation is inhibited, and thus no decrease in
fluorescence takes place. Data were normalized in
relation to time zero values of the control wells.

Oxidative stress model
In vitro oxidative stress

Human neonatal fibroblasts, obtained from Histocell
S.L. cell type collection were cultured at 37°C and 5%

CO, in DMEM (Sigma-Aldrich) supplemented with
10‘73 fetal calf serum (Biochrom AG, Berlin, Germany),
100 U/mL penicillin, 100 xg/mL of streptomycin, and 25
pg/mL of amphotericine B (Lonza, Maryland, USA).
Fibroblasts at passage 2 to 5 were exposed to different
concentrations of H,O, for 1 h (Panreac, Barcelona,
Spain). Oxidizing media were always added in relation
to the number of cells and the surface of culture plate.
After oxidation, media were removed, and cells were
incubated in fresh culture media.

Cell viability and proliferation analyses

Cells were cultured in 96 well plates (4x103
cells/well). For morphological evaluation, images of
control and oxidized fibroblasts were obtained in a phase
contrast microscope (Olympus IX51, Tokyo, Japan).
Viability and proliferation under different treatments
were quantified incubating oxidized cells with MTT
solution (Roche, Indianapolis, USA) in media (0.5
mg/mL) during 4 h. Formazan crystals were dissolved
with solubilization solution (10% SDS in HCI 0.01M)
during overnight incubation, and the optical density
quantified spectrophotometrically (550 nm).

Intracellular ROS determination

Intracellular ROS levels were quantified using 2°,7°-
dichlorodihydrofluorescein diacetate (DCFH-DA;
Molecular Probes, Oregon, USA) as a fluorescent probe.
Fibroblasts were plated in 96 well tissue culture plates at
4x103 cells/well and incubated for 18 h. After this
period, medium was removed and fresh medium with 10
#M DCFH-DA was added. Plates were incubated at
37°C for 30 min in the dark. Medium was then replaced
with oxidizing media in the absence or presence of
antioxidants. Fluorescence in the wells was measured
every 5 min during 90 min (h_, 485 nm/A_ 528 nm;
Thermo Fisher Scientific Inc., V‘?altham, MA, USA).

Intracellular glutathione determination

Cellular glutathione (L-gamma-glutamyl-L-
cysteinyl-glycine, GSH) concentrations were determined
with monochlorobimane (mBClI), a probe that reacts
specifically with GSH in living cells via GST to form a
fluorescent derivative. Cells were plated in 96-well
plates at 15x103 cells/well. After 18 h, cells were
exposed to H,O, for 1 h and the oxidizing media
replaced by fresh medium. At specific times, cells were
then washed and exposed to 100 uM mBCl in PBS for
15 min at 37°C in the dark and fluorescence was
measured (h,, 380 nm/A, 465 nm). Since exposure to
H,0, can affect cell number and viability, data were
always standardized to MTT cell viability data obtained
from the same well.

Gene expression

mRNA from oxidized cells, treated or not with
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was isolated using Total RNA isolation mini kit
(Agﬁent Santa Clara, CA, USA), and 1 pg of mRNA
was used to generate first strand cDNA (Superscript TM
IIT First-Strand Synthesis System kit; Invitrogen,
Carlsbad, USA). Relative expression of genes related to
inflammation and wound healing (COX-2, TNF-a, IL-
la, IL-1P) was measured with FAM labeled TagMan
Gene Expression Assay kits (assay numbers
Hs00153133_m1, Hs01113624_g1, Hs00174092_m1,
Hs01555410_m1; Applied Biosystem, Carlsbad, USA).
Beta-actin (Hs01060665_g1; Applied Biosystem,
Carlsbad, USA) was used as the internal control gene,
because we have previously determined that its
expression in human fibroblasts remains constant during
oxidative stress. qPCR data were analyzed with the
comparative C method (-2AAC,) using the software
SDS v1.4.1 (Applied Biosystem, Carlsbad, USA).

Biocompability of HRO06
In vitro cytotoxicity

Media and conditions described above were used to
culture murine fibroblasts cell line L929 (American
Type Culture Collection, Manassas, VA, USA) for
cytotoxicity experiments according to ISO standard
10993-5:2009 Annex C. To obtain HR006 fluid extract,
the matrix was incubated with AH_, and culture media
(50:50), following ISO 10993-12:3007. Three different
batches of HRO06 were tested. Data were analyzed using
the formula described earlier.

In vitro hemocompatibility

Hemocompatibility of three batches of HR006 was
analyzed using the method of cyanmethemoglobin
following ISO standard 10933-4:2002 Annex C. This
method estimates the potential damage of a biomaterial
to red cells by quantifying hemoglobin release. For
colorimetric detection of hemoglobin, Drabkin reagent
(Stanbio, Boerne, TX, USA) was used. Hemoglobin
concentration was calculated according to a standard
curve prepared with cyanmethemoglobin (Stanbio).
Percent hemolysis was calculated with the following
formula: %Hemolysis=[(Sample hemoglobin-Negative
control hemoglobin) / (Positive control hemoglobin -
Negative control hemoglobin)] x 100

In vitro irritation test

Skin irritation was analyzed in three batches of
HROO6 biomaterial. A validated irritation test
(SkinEthic™ RHE “42bis”, SkinEthic, Lyon, France)
was used to analyze human skin irritation potential of
HROO06 following the manufacturer’s instructions. This
method uses an in Vitro reconstructed human epidermis
(RHE) as a model equivalent to the human skin. Cell
viability above 50% predicts a non irritancy potential of

the tested substance.
In vivo experiments
Animal ethics committee

All animal experiments were done at the
Autonomous University of Barcelona facilities and
procedures were approved by regional authorities and
Institutional Animal Care and Use Committee (DAAM
#4230/CEEAH protocol #730). All procedures were
performed according to the Guide for the Care and Use
of Laboratory Animals and following European and
Spanish Animal Welfare Laws.

Wound model in pigs

An acute excisional wound model in the pig was
used to test the new antioxidant wound dressing HR0O06.
Three Large White pigs weighing 24-50 kg were used
after an acclimatization period of 1 week. Pigs were
sedated (intramuscular azaperone at 4 mg/kg and
ketamine at 10 mg/kg) and traqueally intubated.
Analgesia was induced with intravenous buprenorfine
(0.01 mg/kg), and anaesthesia was induced and
maintained with propofol (4 mg/kg) and isoflurane (1,5-
2%, oxygen). Before surgery, animals were treated with
antibiotic (22 mg/kg cephalotin iv). Skin lesions (6x2
cm) that removed dermal and epidermal tissue were
surgically generated in the dorsal area of each pig. All
experiments included a control wound that was treated
under MWC conditions with a commercial dressing. Test
wounds were covered with hydrated HR006. All lesions,
controls and tests, were then covered with a secondary
wound dressing (hydrocolloid) to isolate and protect the
skin lesions. Wound dressings were changed on days 3,
6, 10, 13, and 16. Macroscopic evaluation of tissue
healing was performed throughout the experiment;
lesions were measured at each time point, and the results
expressed as the percentage of wound reduction with
respect to control wound.

Histology and immunochemistry

Biopsies from control and HR006-treated wounds
for histological evaluation were obtained at days 6, 10,
and 16 from a region overlapping healthy tissue and
wound. All skin biopsy samples were fixed in 10%
neutral buffered formalin, routinely processed, and
stained with hematoxylin and eosin (H&E). To further
analyze the differences between HR006-treated and
control wounds in relation to the phases of wound
healing, biopsies from a representative pig were also
stained with Masson’s trichrome stain (standard
laboratory procedure) or immunostained with antibodies
to cytokeratins (Polyclonal Rabbit Anti-Cytokeratin,
Wide Spectrum Screening, Dako, Carpinteria, CA,
USA). For immunostaining, sections were first subjected
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to a de-pigmentation treatment, and in order to avoid
endogenous peroxidase activity, they were also
incubated for 30 min with a 3% H,0O, solution in the
dark. An antigen retrieval step was then done incubating
sections 8 min at 37°C with 0.1% protease in PBS. Next,
sections were incubated at 37°C for 1 h in 30% normal
goat blocking serum in PBS, and incubated overnight at
4°C with antibodies against cytokeratins (1:10000;
polyclonal rabbit anti-cytokeratin WSS, Z0622, Dako)
diluted in 10% normal goat serum in PBS.
Immunocomplexes were visualized with EnVision+
System-HRP (DAB) for rabbit primary antibodies
(K4011, Dako).

Statistical analyses

GraphPad PRISM® (San Diego, CA, USA) was used
for statistical analyses. Regression analysis was used for
estimation of the IC50. Two variable data were
compared using Student’s t-test. ANOVA was used for
assays with multiple variables, and the Bonferroni
multiple comparison correction was applied when
comparing individual treatments.

Results

Physico-chemical and biological characteristics of the
lyophilized 3D matrix

To evaluate the physical and chemical characteristics
of galactomannan-based matrix, the internal structure,
absorption capacity, ash content, and antioxidant activity
were examined. Scanning electron microcopy (SEM)
showed an inner orderly structure of uniform
interconnected pores with polyhedrical shapes,
approximately of 200 ym in size (Fig. la-c). Water
retention in hydrogels is related to the hydrophilic
groups and cross-linking density as an opposing force to
the solvation of the matrix. HR0O06’s matrix absorption
capacity was determined with the equilibrium water
content in three different batches of the matrix. Results
indicated that this biomaterial can absorb over 20 times
its dried weight. The ash content of different batches of
the matrix was always less than 0.1%. Finally, we used a
solution of LBG before a cross-linking step, to test
antioxidant activity of this material by ORAC assay.
This assay determines the antioxidant potential of any

Fig. 1. Physico-chemical and biological characterization of HR006 matrix. Macro- and micro-images of the 3D lyophilized matrix (a) size 7x5 cm and (b,
c) representative SEM images of the matrix at x60 and x250 magnification, respectively. d. Antioxidant activity of LBG as determined by ORAC assay.
e. Cell viability of fibroblasts as determined by MTT assay when incubated with the matrix (dotted line represents the toxicity limit according to ISO
10993-5). f. Fluorescent microscopy analysis of cells stained with calcein AM on a 2D biofilm of LBG.
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substance and biological sample. LBG showed good
antioxidant activity in a dose-dependent manner that
blocked nearly all oxidation of the fluorescent probe at
=1% of LBG (Fig.1d).

To analyze the in vitro biological properties of the
matrix, first lyophylized 3D matrix was used in a
cytotoxicity assay. Results showed that the LBG matrix
was not cytotoxic (Fig. le). Next, cell seeding behavior
was analyzed on a 2D film of cross-linked LBG using
calcein AM (Fig. 1f). Fibroblasts showed high viability
and adhesion after 24 h in culture on this material
adopting their typical spindle shaped cell morphology of
fibroblasts.

Determination of the concentration of the components for
the AH_,

Different concentrations of curcumin and NAC were
analyzed individually showing a high antioxidant
activity (Fig. 2a,c). This activity was dose-dependent
and almost fully blocked oxidation at concentrations of
100 uM curcumin and =1 mM NAC. We also used an in
vitro cytotoxicity assay to determine the effects of
curcumin and NAC on fibroblasts. Cell viability was
evaluated at 24 h using MTT assay on treated fibroblasts

(Fig. 2b.d). Curcumin concentrations of up to 5 uM did
not affect cell viability, however, the highest
concentration tested, 10 #M, had a cytotoxic effect since
cell viability was lower than 70% (limit value
established by ISO 10993-5) (Fig. 2b). All tested
concentrations of NAC showed no cytotoxic effects on
human fibroblasts (Fig. 2d). Based on ORAC assay and
cytotoxicity results, the concentrations of 5 yM
curcumin and 5 mM NAC were selected for the AH; of
HRO006.

AH_, in vitro activity
Oxidative stress model using human fibroblasts

An oxidative stress model was established and
characterized by incubating human fibroblasts with
different concentrations of H,O,. Exposure of cells to
0.1,0.25,0.5, 1.0, and 1.5 mM of H,O, showed a dose-
dependent cytotoxic effect and a reduction in cell
proliferation. After 24 h post-oxidation, cell viability
was reduced 7.1%, 22.3%, 33.7%, 53.7%, and 79.9%,
respectively. Regression analysis of the data gave an
IC50 estimate of 0.97 mM. Microscopically, cells
exposed to H,O, showed progressive morphological

Fig. 2. Determination of AH,,, components concentration. ORAC assay for analysis of antioxidant capacity of curcumin (a) and NAC (c). Viability at 24 h
of human fibroblast treated with different concentrations of curcumin (b) and NAC (d).
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damage in a H,O,-concentration dependent manner (Fig.
3a-c). Cultures had enlarged pleiomorphic epithelioid
fibroblasts, an arbitrary organization with no orientation
pattern, and a degenerating fibroblast phenotype,
especially at the highest concentrations of H,O,. Also,
clear signs of senescence and detachment of ce121 from
the surface of the culture plate were observed.

Analyses of intracellular ROS production at 30 min
after fibroblast oxidation, demonstrated a fast dose-
dependent increase in ROS (Fig. 3d). Simultaneously, as
expected because GSH detoxifies ROS radicals,
intracellular GSH concentrations decreased significantly
in a dose-dependent manner (Fig. 3e). At the 30 min
time point, ROS levels reached a plateau with 1.0 M
H,0,, while GSH levels were reduced by a 32% of the
control (P<0.0001). Interestingly, intracellular GSH
reduction was only reversible when fibroblasts were
oxidized with the lower concentrations of H,O, (0.1 and
0.25 mM), recovering to near basal levelzs after 8 h.
However, when cells were exposed to higher

concentrations of H,O0, (0.5 and 1.0 mM), further
declines of GSH up to 50% of the control were
observed.

Effect of the AHSO] on oxidized fibroblasts

In an attempt to predict the potential benefits of the
antioxidant activity of the AH_; in wound healing, the
effects of this solution in the H,O, induced oxidative
stress model of human fibroblasts were analyzed by
measuring intracellular ROS production. Co-incubation
of cells with the AH_; s1gn1flcantly reduced intracellular
ROS levels, both when using 0.25 or 1.0 mM
concentrations of H,0, (Fig. 4a). Furthermore, the AH_ |
was also capable ot2 preventing cell death due to
oxidative stress, and oxidized AH_ treated fibroblasts
proliferated better than oxidized untreated controls (Fig.
4b).

To further elucidate the potential role of the AH_ in
indirectly modulating inflammation in the wound,

Fig. 3. Effects of oxidative stress in human fibroblasts using H,O,. a-c. Phase contrast microscopy images of human fibroblasts exposed to increasing
concentrations of H,0O,. Micrographs show a representative field of the control or H,0, exposed cells: control (a); 0.25 mM H,0, (b); 1.0 mM H,0, (c).
Cells were oxidazed for 1 h and incubated in fresh media for 24 h before images were obtained. d. Intracellular ROS levels after exposure to different
concentrations of H,0,. Data expressed as relative fluorescent units (RFU) using the DCFH-DA fluorescent probe. Fluorescence intensity is
proportional to the amount of intracellular ROS. e. Intracellular GSH levels after exposure to H,O,; values expressed as relative to non-oxidized control
cells. All experiments were repeated at least three times. (*) Significant differences with respect to the non-oxidized control (P<0.05).
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relative expression of selected genes involved in quantitative real time PCR. At 4 h after oxidative stress
inflammation and wound healing were estimated in in of fibroblast, higher levels of COX-2, TNF-a., IL-1a., IL-
vitro oxidized and AH_, treated fibroblasts using I mRNA were detected in comparison to un-oxidized

Fig. 4. Effects of AHg, in prevention of oxidative stress. Human fibroblasts were exposed to H,0, and the protective effect of AH  was analyzed by (a)
intracellular ROS levels, cell proliferation (b), and inflammatory genes expression (c-f) (COX2, TNF-qa, IL-1a and IL-1B) measured by gPCR. Note that
since fibroblasts’ basal gene expression levels for TNF-a, IL-1a, and IL-1B were low, gPCRs were run using 10 times more cDNA than for COX-2. (*)
Significant differences (P<0.05).
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control cells (Fig. 4c-f). This overexpression was
partially or totally reversed in the presence of AH_,
depending on the concentration of H,O, used and the
gene examined. At lower concentration of H,O, (0.25
mM), fibroblasts simultaneously treated with AH

showed similar expression levels of COX-2 and IL-ig
mRNA to those of un-oxidized control cells (Fig. 4c.f).
TNF-a and IL-1a mRNA levels were also reduced in
comparison to untreated oxidized cells (Fig. 4d.e).
Furthermore, even at the very high and cell-damaging

concentration of 1.0 mM H,0,, a statistically significant
reduction in mRNA levels of COX-2, IL-1a, and IL-1f
was observed (Fig. 4c.e.f).

Antioxidant effect and biocompatibility of HR006

Since one of the objectives of the new wound
dressing was to exert an antioxidant effect during wound
healing, we decided to test the intracellular ROS levels
in the oxidative stress model in the presence of HR006

Fig. 5. Antioxidant and biocompatibility analyses of HR006. a. Intracellular ROS levels after oxidative stress induced in human fibroblasts with 1.0 mM
H,0, in the presence of HR006 components. b. L929 murine fibroblasts’ viability after incubation with HR006 extracts. c. Percent hemolysis induced by
HRO0O06 extracts. d. In vitro skin irritation test, data are expressed as percent viability of skin keratinocytes (dotted line represents the limit of acceptance
under ISO standards for each assay).
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components. As can be seen in Fig. 5a, when cells were
oxidized with 0.25 mM H,0,, HR006 almost fully
inhibited intracellular ROS levels increase.

As stated by ISO Norm 10993, the study of the
biocompatibility of a new medical device is an essential
step in its development because these analyses determine
whether a product can have any potential harmful
physiological effects. Cytotoxicity of HR006 was
analyzed using fluid extracts from the hydrated matrix
(ISO 10993-5), and no effect on cell viability was
observed (Fig. 5b). To evaluate the interaction of the
product with blood, the effect of HR0O06 on erythrocyte
membrane integrity was analyzed using a
hemocompatibility test (ISO 10993-4). Percent of
hemolysis over the positive control (1% solution of
Triton x-100) was 0.3% for HR0O06 indicating no
hemolytic activity (Fig. 5c). The skin irritation test is
used to determine if a device or material could be a
potential irritant, and we tested HRO06 on an ECVAM
validated skin irritation replacement test based on a
reconstructed human epidermis. Results clearly showed
that direct exposure to HR006 is not irritant, as cell
viability was 82.8% when compared to the negative
control, a value which is much higher than the reference
limit (50%) indicated by the protocol (Fig. 5d).

In vivo efficacy of HRO06

In order to assess in vivo the new wound dressing’s
performance in relation to the improvement in wound
healing and the quality of new tissue formation, an
excisional wound healing model in pigs was used. We
monitored the healing process by assessing the rate of
the wound closure as a function of time, as shown in Fig.
6. Macroscopic analyses of the wounds showed that
control wounds healed much slower than HR006-treated
wounds. In fact, a significant progressive reduction in
wound area for HR006-treated wounds in comparison to
control wounds (14.8 to 45.1% reduction at days 3 and
16, respectively) was found.

Fig. 6. Macroscopic analysis of wounds. Wound’s evolution (days 0 to
16) expressed as percentage of increase of wound closure relative to
control. Each data point represents the mean + SEM of three pigs.

Histopathological analysis of the tissue sections of
sequential wound biopsies at days 6, 10, and 16,
obtained from 3 pigs, confirmed an accelerative effect of
HRO006 on wound healing with earlier granulation-tissue
formation, neoangiogenesis, re-epithelization, and
dermal remodeling. A more detailed histological analysis
of a representative pig showed that at day 6 (Fig.
7a,d,g.,j), which is near the end of the inflammatory
phase of wound healing, HRO06-treated wound tissue
had fewer inflammatory cells and a higher number of
fibroblasts than control wounds. This clearly indicates a
tissue in transition from inflammatory into proliferative
phase of wound healing. In addition, whereas an
unresolved hemorrhagic region was still present in the
control, initial neoangiogenesis —which is essential for
the arrival of cells and nutrients to the wound and for
cellular debris elimination— was also more advanced in
HROO6-treated wound. The re-epithelization bud on the
control was trapped within this disorganized region,
while HR006-treated wound showed a healthy re-
epithelization edge that had already progressed and
covered a relevant area of the wound.

Moving into day 10 (Fig. 7b,e,h.k), which would
correspond to the proliferative or granulation tissue
formation phases of wound healing, an enhanced
fibroblast proliferation and neovascularization were
observed in HROO6-treated wound compared to the
control. Also, many inflammatory cells were still present
in control wound and not in HR006 sections, implying
that HROO6-treated wound had evolved much further
than the control. In addition, larger deposits of
extracellular matrix components and, in particular,
collagen fiber deposition, were observed in HR006-
treated wound. The highest speed of re-epithelization in
HROO06-treated sections seems to be guided by this new
wound’s extracellular matrix.

On day 16 sections (Fig. 7¢.f,i,]), which should
coincide with the remodeling phase of wound healing,
HROO6-treated wound showed a neoepidermis that was
slightly thinner, but similar to a native epidermis with its
corneal layer. In contrast, in control wound, the corneal
layer was less apparent and organized. Moreover, the
previously observed dermal inflammatory infiltrate had
disappeared in HR006 treated wound, while in the
control some inflammatory cells were still present. In
this phase of tissue remodeling, in HR006-treated
wound, granulation tissue started to involute, reducing
the number of fibroblasts and blood vessels, and
showing a more organized extracellular matrix,
indentified by regular collagen orientation, when
compared to control.

Discussion

A novel wound dressing for moist wound therapy
was developed, characterized, and tested in vitro and in
an animal wound healing model. HRO06 is based on the
combination of a galactomannan matrix and an AH_ |
with antioxidant properties. LBG was optimal for the
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Fig. 7. Immunohistochemistry of wound tissue. Microscopic views of sections of HR006-treated and control wounds of a representative pig at 6, 10, and
16 days after surgery. a-f. Histological sections stained with Masson’s trichrome stain. Zoomed images, inserts in the squared panels, correspond to a
representative area of sections. g-l. Images of sections immunostained for wide spectrum cytokeratin: black arrowhead, demarcation line between
healthy and wound tissue; *unresolved hemorrhagic region; black arrow, re-epithelization bud/edge; white arrow, collagen fibers; white arrowhead,

corneal layer.
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creation of a 3D hydrogel matrix with regular porosity
and high liquid absorption capacity that would be
beneficial in MWC. In addition, LBG was found to also
have antioxidant activity, a fact that made it more
appealing as a candidate for combination with the AH_;.
For this antioxidant solution, we decided to use
curcumin because this compound has antioxidant and
anti-inflammatory activities and has been used since
ancient times due to its wound healing and dermal
protective characteristics (Sidhu et al., 1998; Gupta et
al., 2012; Gong et al., 2013; Hu et al., 2013; Akbik et al.,
2014). We also included NAC, a GSH precursor,
because of its good antioxidant properties, low toxicity,
and synergistic activity with curcumin (Gillissen and
Nowak, 1998; Morley et al., 2003; Kheradpezhouh et al.,
2010).

The rationale behind this new product was that one
of the main causes of delayed wound healing and
chronification of wounds is the excessive production of
ROS (Salim, 1991; Schifer and Werner, 2008) that
cannot be controlled by cells’ internal mechanisms, such
as GSH, create a toxic environment, a shift in redox
equilibrium, and oxidative stress. All these interfere with
the proper balance of inflammation and tissue
remodeling processes that lead to wound closure
(Gantwerker and Hom, 2012; Wagener et al., 2013).

We characterized an oxidative stress model with
human fibroblasts to partially mimic conditions in the
wound bed during healing and to test the antioxidant
capabilities of the new wound dressing. Fibroblasts,
which are the primary source of extracellular matrix
components during wound healing, can be negatively
affected by oxidative stress (Loo and Halliwell, 2012).
To induce oxidative stress in vitro, we used different
concentrations of H,O. Intracellular ROS production in
fibroblast was H,O,-dependant, and, as expected,
cellular GSH levels were reduced through oxidation, all
of these affect cell viability. Even at the concentration of
0.25 mM of H,0,, which is close to the physiological
values present in wound exudates (Roy et al., 2006), a
reduction in the number and a change in the phenotype
of fibroblasts were observed. These changes could be
due to the sensitivity of these cells to oxidative stress. In
fact, the reduction of fibroblasts in the wound bed
caused by oxidative stress is one of the reasons for the
delay in wound healing (Loo and Halliwell, 2012).

The analysis of the effect of AH ; components
showed that both curcumin and NAC hacf good in vitro
antioxidant capabilities as determined by the ORAC
assay. We selected the concentrations of SyM curcumin
and 5mM NAC for the AH_; of HRO06 because, at these
concentrations, the solution allowed cells to reduce
intracellular ROS and come back to basal levels. In
addition, while no toxicity was detected with any of the
tested concentrations of NAC, in the case of curcumin
the higher concentrations affected fibroblast viability, as
other authors have previously shown (Lundviga et al.,
2015). Incubation of fibroblasts with AH_ | during
oxidative stress showed at 4 h a downregu(fation of

mRNA expression of the inflammatory mediators COX-
2, TNF-a, IL-1a, and IL-1f in comparison to oxidized
control cells, suggesting that by neutralizing ROS
present in the wound’s exudate, HRO06 could indeed
modulate in vivo the inflammatory phase of wound
healing, controlling excessive cell activation and
allowing progression toward the proliferative and
remodeling phases of wound healing. Other authors have
described a similar modulation of these mediators of
inflammation with equivalent concentrations of
curcumin and NAC (Kim et al., 2000; Hu et al., 2013).
Also, Kim et al. (2007) have previously shown that NAC
is capable of neutralizing LPS induced ROS production
and preventing increases in inflammatory cytokines IL-
1B, IL-6, IL-8 and TNF-a and, more recently, Tsai et al.
(2014) have demonstrated that topical NAC accelerates
wound healing via the PKC/Stat3 pathway.

When AH_ | was combined with the LBG matrix, no
cytotoxic effects were observed in vitro. Furthermore,
HRO006 showed good biocompatibility characteristics,
having neither hemolytic nor skin irritation activities, all
important characteristics of any new moist wound
dressing (Rippon et al., 2012). The good results obtained
in vitro prompted us to evaluate the in vivo efficacy of
our dressing. We selected the excisional wound healing
pig model (a surgical wound that removes the epidermis
and dermis and reaches the hypodermis) because pig
skin resembles much better human skin than that of any
other animal (Winter, 1962; Jung et al., 2013).

Macroscopically, progression of wound healing was
better for HRO06-treated wounds in comparison to
controls, and the differences, although evident from the
early phases of wound healing, when higher
inflammation and exudate levels occur, were maximal at
the remodeling phase. Consistent with this observation,
striking differences between treatments were observed in
histological and immunostained sections. After
hemostasis, the three main phases of wound healing
involve inflammation (1-5 days), proliferation or
granulation tissue formation (3-12 days) and remodeling
or maturation (until day 21) (Gantwerker and Hom,
2012). Processes in these phases partially overlap, and
bad wound care or other local and systemic factors can
make a wound reverse to a previous phase or even
become chronic. Overall in our experiments, histological
and immunochemical-stained sections of HR0O06-treated
wounds showed much better organized inflammatory
tissue, which quickly gave way to an increased number
of fibroblasts and an advanced and more organized
synthesis of collagen and other components of the
extracellular matrix (healthy granulation tissue).
Moreover, HR006-treated wounds showed a faster and
superior re-epithelization than control wounds.

We believe that early control of ROS excess by the
new dressing might have been important and allowed a
more controlled and organized healing process. The
better and smoother inflammatory and granulation
tissues observed in HROO6-treated wounds, could be
related to the in vitro observed reduction in
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inflammatory genes expression. Thus, if the dressing
managed to prevent ROS mediated expression of COX-
2, as well as the release of pro-inflammatory cytokines
TNF-a, IL-1a and IL-1f, as seen in the in vitro
oxidative stress experiments, a more regulated and
orchestrated inflammatory response might be the reason
for the observed neoangiogenesis and early proliferation
of fibroblasts in the repairing wound bed. These
fibroblasts, not damaged because of the balanced control
of ROS and inflammatory cytokines, might have been
capable of dividing faster in the wound bed treated with
HROO06 than in the control. The better healing process
observed at the microscopic level is easily illustrated by
the fact that, for all sections and stains in Fig. 7, the
broad histological image seen in HR0O06 sections
corresponded to the wound healing phase of the next
time point on the control sections.

In summary, the new wound dressing for moist
wound therapy is biocompatible, flexible and porous,
with high liquid absorption and retention capacity,
maintaining a humidified environment in the wound.
This antioxidant dressing has the potential to positively
modulate important inflammatory and wound healing
mediators and cytokines. Furthermore, HR006-treated
wounds in pigs showed much better organization of
tissues and faster re-epithelization in comparison to
control wounds.
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