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. Biomembrane has potential for the treatment of cutaneous Leishmaniasis.
. The biomembrane stimulated the proliferation of human keratinocyte — HaCaT.
. AFM images showed excellent results in inhibiting parasite growth.
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ABSTRACT

In this work, a chitosan/collagen-based membrane loaded with 2,3-dihydrobenzofuran
(2,3-DHB) was developed through a simple solvent-casting procedure for use in the
treatment of cutaneous Leishmaniasis. The obtained membranes were characterized by
elemental analysis, FTIR, TG, DSC, and XRD. Porosity, swelling, mechanical properties,
hydrophilicity, and antioxidant activity were analyzed. In addition, an assessment of the
biocompatibility with fibroblasts and keratinocytes and of the in vitro wound healing was
performed. The obtained results show that the new 2,3-DHB loaded chitosan/collagen
membrane presented high porosity and swelling capacity as well as maximum strength,
hydrophilicity, and antioxidant activity higher in relation to the control. The tests of
antileishmanial activity and the AFM images great efficacy of inhibition growth of the
parasite, superior to those of Amphotericin B, the standard therapeutic agent that is
currently used. The new membranes are biocompatible and stimulated the proliferation
of keratinocytes. SEM images clearly demonstrate that fibroblasts were able to adhere
maintained their characteristic morphology. The healing test evidenced that the
membranes have an adequate environment for promoting cell proliferation and growth.
The new membrane proved to be an excellent candidate to treat cutaneous Leishmaniasis

and is clearly indicated for further advanced studies in vivo.

Keywords: Polysaccharide; Leishmania amazonensis; wound treatment.
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1. INTRODUCTION

Leishmaniasis are diseases caused by protozoa that belongs to the Leishmania
genus. They are part of the neglected infectious diseases group with a wide global
distribution since they affect the most vulnerable populations in the poorest countries [1].
The current pharmacological treatment of Leishmaniasis consists of limited therapies,
which cause serious side effects, and the majority of the drugs used are only effective
when administered parenterally, requiring long periods of therapy [2,3]. In addition, the
parasites that cause Leishmaniasis have become resistant to drugs conventionally used in
medical treatments [4,5], which makes the research of new antileishmanial compounds
or alternative treatment therapies essential.

L. amazonensis causes cutaneous Leishmaniasis in humans and domestic animals
[6,7], with a variety of symptoms, from self-healing infections to disfiguring chronic
illnesses [8]. 2,3-dihydrobenzofuran (2,3-DHB) is a neolignan that recently has been
studied for its potential as an antileishmania agent. It promoted high in vitro
antileishmanial activity in the promastigote and amastigote forms of Leishmania
amazonensis, with minimal cytotoxic effects in murine macrophages and human red
blood cells. In addition, 2,3-DHB stimulated increased lysosomal volume, phagocytic
capacity, and production of nitric oxide in macrophages, which are mechanisms possibly
involved in its antileishmanial effect [9]. In this sense, 2,3-DHB could be used in situ,
against the parasite that causes cutaneous Leishmaniasis, which produces wounds that are
difficult to heal. Also, if incorporated as an active principle into a wound dressing, it could
be useful to add leishmanicidal activity, while promoting wound healing.

Some biopolymers, such as collagen and chitosan, have already been widely used
to treat wounds due to their intrinsic properties. Collagen is a fibrous protein that

contributes to physiological functions of tissues in skin, tendons, bones, and cartilage
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[10]. Furthermore, collagen has characteristics of biocompatibility, degradation, low
antigenicity and plays an important role in tissue healing [11-13] since it provides the
biological microenvironment for cell growth, supporting cell binding, migration, and
proliferation [14,15]. Many collagen-related products have been developed in the recent
years for wound healing, which demonstrates well its value as a biopolymer in
regenerative medicine [16,17]. Chitosan is another well-known material for several
applications [18,19], and its biocompatibility, biodegradability, non-toxicity,
mucoadhesion, antimicrobial activity have been widely studied. This low cost and
abundant polysaccharide [20-23] can promote wound healing, improving the functions
of fibroblasts, macrophages and inflammatory cells [24], while exhibiting excellent
film/membrane forming properties and water absorption capacity [25-27].

In addition, the combination of chitosan and collagen properties leads to
improved materials that can be used to improve the healing of skin wounds [15,28],
without causing inflammatory reaction [29], while simultaneously acting as a vehicle to
release drugs such as dexamethasone [30] and gentamicin [31] due to their inherent
properties. Consequently, anti-inflammatory drugs, pro-proliferative drugs and pre-
synthesized membranes can be combined and employed to accelerate wound healing.
Thus, a chitosan/collagen membrane with associated 2,3-DHB could be an excellent
option for the treatment of cutaneous Leishmaniasis. Therefore, the objective of this work
was to develop, for the first time, a membrane based on chitosan, collagen, and 2,3-DHB

to treat wounds caused by Leishmania.

2. EXPERIMENTAL PART

2.1 Materials and reagents
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Chitosan with medium degree of deacetylation 78% was obtained from Polymar.
Hydrolyzed collagen of bovine origin was obtained from Relva Verde Alimentos Ltda.
(Parand, Brazil). To test antileishmanial activity, the promastigote forms of L.
amazonensis (IFLA/BR/67/PH8) were provided by the Antileishmanial Activity
Laboratory at the  Federal  University of Piaui. The  antibiotic
(penicillin/streptomycin/amphotericin B) and trypsin were supplied by Lonza, USA. The
reagents 2,3-dihydrobenzofuran (2,3-DHB), acetic acid, absolute ethanol, potassium
persulfate, methanol, glutaraldehyde, dimethylsulfoxide (DMSO), MTT (3- [4,5-
dimethylthiazol-zyl]-2,5-diphenyltetrazolium bromide), phosphate-saline buffer (PBS),
Schneider’s medium, resazurin, ABTS [2,2-azino-bis (3-ethylbenzothiazoline-6-
sulphonic acid)] and trolox were from Sigma-Aldrich. The human keratinocyte cell line
(HaCaT) was obtained from Cell Line Services (Oppenheim, Denmark) and were
cultured, as well as, the mouse fibroblast cells, 1.929 (NCTC) (ECACC 85103115), at
37 °C in a humidified atmosphere of 95% air and 5% CO,, as monolayers using
Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g.L"! glucose, L-glutamine
without pyruvate (Lonza, Verviers, Belgium) containing 10% (v/v) fetal bovine serum
(FBS, Biowest, Nuaillé, France) and 1% (v/v) Penicillin-Streptomycin-Fungizone
(Lonza, Verviers, Belgium). The water used for the synthesis processes was obtained by
purification in a Milli-Q system (Millipore Corporation). All reagents were used without

prior purification.

2.2 Membranes’ production

A 2.0% wl/v chitosan solution was prepared in 0.1 mol.L"! of acetic acid. After
stirring overnight, the solution was rested to remove bubbles. A 2.0% w/v collagen
solution was prepared in the same way. The two solutions were mixed in a 1:1 ratio and

this mixture was stirred for 3 h using a magnetic stirrer. The membranes were prepared
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by solvent casting technique in 96-well plates (100.0 uL of the solution per well) and 24-
well plates (1000.0 uL of the solution per well) and dried in an oven for 48 h at 40 °C and
called MQC.

A different batch of samples was produced by adding 2,3-dihydrobenzofuran (2,3-
DHB) to the initial chitosan/collagen solution, to obtain a final concentration of 13.0
umol.L"!. This solution was stirred for 3 h and the membranes were prepared by solvent

casting according to the previously described procedure. These were designated MDHB.

2.3 Characterization

Thermogravimetric analysis (TG, DTG, and DSC) was performed on the TA
Instruments SDT Q600 V20.9 Build 20 device using approximately 10.0 mg of sample
with a heating rate of 10 °C min! in an Argon atmosphere with a flow of 100.0
mL.min' in an alumina sample holder in the temperature range from 25 to 800 °C. FTIR
spectra of the materials were obtained using the Varian 660-IR spectrophotometer in 32
scans in the region of 500 to 4000 cm™ with a resolution of 4 cm™'. Elementary analysis
of carbon, hydrogen, and nitrogen were carried out in a Perkin-Elmer device, model PE
2400. X-Ray Diffraction (XRD) was performed on a Shimadzu diffractometer, model
XR-D600 A, in the 20 range between 5 and 75 °. The scanning speed was 5 ° min’!, using
the CuKa radiation source, with a wavelength of 154.06 pm.

The hydrophilicity of the samples was determined by contact angle measurements
with the water using the sessile drop method on the Theta instrument (Biolin Scientific)
at 25.0 °C. In each membrane, a 4.0 + 0.2 uL drop of water was deposited on the sample
surface, and the video recorder was used to observe the interaction between the drop of
water and the surfaces of the membranes for 1 minute. Analyzes were performed in

quadruplicate.
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2.4 Degree of porosity and thickness of the membranes

The degree of porosity of the membranes was measured by determining the

amount of ethanol absorbed after 1 h of immersion in this solvent, using

Equation (1) [32]:

Wy — Wy

P(%) =

x 100 Eq. (1)

dethanol - Vmembrane

where, W; represents the weight of the dry membrane and W is the weight of the wet
membrane, demanor the density of ethanol 100% (v/v) at room temperature, and Viuembrane
is the volume of the membrane. To calculate the volume of the membrane, the radius was
measured with a digital caliper (Mitutoyo, Japan) and the thickness was measured with a

device for thickness measurement (Adamel Lhomargy, MI20, France).

2.5 Swelling Degree

The degree of swelling of the membranes was measured by the gravimetric
method [33]. The membranes, approximately 0.87 cm in diameter, were dried at 45 °C
for 1 h and weighed on an analytical balance. Then, they were immersed in PBS solution
at room temperature for 1 h. After this period, the membranes were removed from the
PBS solution and the excess was removed with filter paper before being weighed. The
degree of swelling of each sample was performed in quadruplicate and calculated from

the following Equation (2):

Swelling degree (%) = w

0

x 100 Eq. (2)



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

where, Wy is the initial dry weight of the membrane and Wy is the swollen weight of the

membrane after absorbing the PBS solution for 1 h.

2.6 Mechanical tests

Mechanical tests were performed on texturometer equipment (TA.XT plus
Texture Analyzer, Stable Micro Systems, Cardiff, UK). Force calibration for a 5 Kg load
cell was performed using a 2 Kg weight, and height calibration was performed using the
film support rig and corresponding probe. The thickness of each sample was measured
with a Micrometer MI 20 (Adamel Lhomargy, France). All analyzes were done at room
temperature, ca. 25 °C, and the maximum resistance to rupture of the membranes was

calculated in quintuplicate.

2.7 Antileishmanial activity and Microscopy (AFM) analysis

The assay was performed with promastigote forms of L. amazonensis
(IFLA/BR/67/PH 8) in logarithmic growth phase. The parasites were seeded in 96-well
cell culture plates containing supplemented Schneider medium, in the amount of 1x10°
leishmania/100.0 uL of medium. Then, the membranes were added to the wells in
duplicate and serial dilutions were made, reaching six ranges of final concentrations (13
to 0.4 pmol.L"). The plate was incubated in a Biochemical Oxygen Demand (BOD) oven
at a temperature of 26 °C for 48 h, with 6 h remaining for the end of this period, 20.0 uLL
of resazurin 1 x 10 mol.L"! were added. The absorbance reading was performed on a
plate reader (Biotek, model ELx800), at a wavelength of 550 nm, and the results were
expressed in terms of growth inhibition (%).

Microscopy (AFM) analysis of the treated and untreated Leishmania amazonensis

used samples fixed with glutaraldehyde (2%), after the previously mentioned experiment.
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Then, the samples were washed 3x with PBS (0.1 mol.L"") by centrifugation (1100 x g
for 10 min at room temperature, ca.25 °C). The washed samples were placed (30.0 uL)
on a clean glass slide. After the drying time, the slides were washed twice with distilled
water and placed to dry again [34]. The study was carried out on TT-AFM equipment
(AFM, Workshop, USA) in vibrating mode (tapping mode) with silicon cantilever
(TAP300-G10, TED PELLA, INC) and resonance frequency of approximately 240 kHz.
Images of 29 x 29 um with resolution of 512 x 512 pixels were obtained and the images

were processed using the Gwyddion 2.55 software.

2.8 Antioxidant activity

The ABTS [2,2-azino-bis(3-ethylbenzotiazoline-6-sulphonic acid)] assay was
carried out according to Policarpi et al. [35] with modifications. Briefly, the ABTS radical
(7.0 mmol.LL"" — 0.0384 g ABTS, dissolved in 10.0 mL deionized water) was mixed with
potassium persulfate (2.44 mmol.L"' — 10.0 mL and 10.0 mL ABTS persulfate), the
solution was homogenized and stored in an amber flask in the dark for a minimum of 16
h. The ABTS solution was diluted with methanol to achieve an absorbance value of (0.700
+ 0.020) at 734 nm. Then 20.0 puL of extract stock solutions were added in 180.0 puL of
adjusted ABTS solution and after 5 min the absorbance at 734 nm was determined with
a microplate reader (Synergy H1, Vermont, USA). Trolox was used as the standard. The
analysis was performed in triplicate, and the results were expressed as a percentage of

reduction in absorbance compared to the control.

2.9 Biocompatibility in fibroblasts and keratinocytes
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The cytotoxicity of MQC and MDHB was assessed through the cell viability of
murine fibroblasts - 1.929 and human keratinocytes - HaCaT using the MTT assay
following the standardized instructions according to ISO 10993-5.

HaCaT and 1.929 cell lines were seeded (1x10* cells/well) in 96-well microplates,
maintained in DMEM supplemented with 20% and 10% (v/v) fetal bovine serum (FBS),
respectively, and 1% (v/v) of antibiotics (penicillin/streptomycin/amphotericin B -
Lonza, USA). Simultaneously, the extracts of the MQC and MDHB samples were
prepared by adding 5.0 mg of each material to 1.0 mL of DMEM followed by incubation
at 37 °C for 24 h.

After the cells reached subconfluence inside the wells, the culture media were
carefully removed and replaced with MQC and MDHB extracts at concentrations of
39.06, 78.12, 156.25, 312.50, 625.00, 1250.00, 2500.00, and 5000.00 pug.mL"'. After
incubation for 24 h, the extracts were replaced with 50.0 uL of 1.0 mg.mL"' MTT
solution, prepared in DMEM without supplements, and incubated again for another 2 h.
Then, the MTT was replaced with 100.0 uL of DMSO and the microplate was stirred for
about 10 min, until the formazan was completely solubilized. After that, the optical
density at 570 nm was measured using a microplate reader (Multiskan Sky,
Thermoscientific).

As a positive control of cytotoxicity, DMEM medium was added with 20%
DMSO. As a negative control, of non-cytotoxic material, DMEM plus FBS and
antibiotics were used. The values of optical density (OD) obtained were converted into
percentages of relative cell viability of the sample and the negative control. All tests were

performed in triplicate and in three independent experiments.

2.10 Morphological analysis of the fibroblasts
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For each well of a 24-well plate, a disc of TCPS (Tissue Culture Polystyrene) was
placed and, in sequence, L.929 cells were sown in those wells (1x10° cells/well) in
DMEM medium supplemented with 10% fetal bovine serum and 1% of antibiotics, and
incubated at 37 °C and 5% of COs,.

After this period, the culture medium was replaced by the extracts from the MQC
and MDHB membranes at a concentration of 5000.0 pg.mL"" and the plate was incubated
again, under the same conditions as the previous experiment, for 24 h. The extracts were
removed, the TCPS membranes were washed twice with PSB, and then the cells on the
TCPS membranes were fixed with at 2.5% (v/v) glutaraldehyde, by remaining in contact
with the glutaraldehyde solution for at least 1 h. Then, samples were washed by removing
the glutaraldehyde solution and substituting by deionized water, remaining in contact for
10 min. Afterwards samples were dehydrated by replacing deionized water with a
sequence of ethanol solutions with increasing concentration (30, 50, 70, 80, 90, and 100%
(v/v)). Each solution was left in contact with the samples for 10 min before being replaced
by the following concentration. After the final 10 min contact with absolute ethanol
(which was performed twice), the ethanol was removed and two drops (enough to cover
the entire sample) of hexamethyldisilazane (HMDS; Sigma-Aldrich, USA) were placed
over the samples and promptly evaporated to dryness with a nitrogen stream. Dried
samples were then placed in observation stubs (covered with double sided adhesive
carbon tape — NEM tape, from Nisshin, Japan) and coated with gold/palladium using a
Sputter Coater (Polaron, from Bad Schwalbach, Germany). Samples were analyzed in a
scanning electron microscope (SEM; JSM-5600LV, from JEOL, Japan) and observations

were performed in high-vacuum with an acceleration voltage of 15 kV.

2.11 Wound Healing Assay
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To determine whether MQC and MDHB could alter the rate of cell migration in
HaCaT and, consequently, in wound healing, a scratch test was performed. This assay
was carried out as described by Pinto et al. [36] with some modifications. Briefly, 24-
well plates were seeded in DMEM medium supplemented with 10% Fetal Bovine Serum
(SFB) and 1% antibiotics (penicillin/streptomycin/amphotericin B), 500.0 uL of a cell
concentration of 2.0 x 10> cells.mL"', and the plates were incubated in BOD at 37 °C and
5% CO; until cell confluence was reached in all wells. When the confluence was reached,
the culture medium was removed, then a vertical scratch was made in each well using a
200 uL tip, the cell monolayer was washed with 500.0 pL of PBS to remove cell
fragments. The sample extracts were added at a concentration of 1.0 mg.mL™', and the
cells were incubated again under the same conditions previously described. The extracts
were obtained as described in the biocompatibility assay section, at the concentration of
1.0 mg.mL"!. The cells treated with supplemented culture medium were used as controls.
Wound closure was monitored through photographs taken at 0, 24, and 48 h using a
Moticam 1 camera (1280 x 720 pix) attached to the lens of an inverted microscope
(Axiovert 40 CFL Trinocular), observing the cells with the 10x objective. The percentage
of wound closure, which reflects the rate of cell migration, was calculated based on the

spider widths determined using the ImagelJ 1.52a software, according to Equation 3:

) = (initial scratch width)—(final scratch width) x 100 Eq. (3)

Percent closure (9
( % initial scratch width

The width averages were obtained with 10 measurements along the entire scratch.
The average of the initial width was that measured at t = O h, while the average of the
final width was that measured at 24 or 48 h. Three independent experiments were carried

out, each in quadruplicate.
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314 2.12 Statistical analysis

315 For the biological tests, ANOVA analysis of variance was performed followed by
316  the Bonferroni test in Graph Pad Prism 5.0, taking the value of p < 0.05 as the maximum
317  level of statistical significance (95% confidence). For the other tests, the unpaired Student
318  ttest was employed.

319

320 3. RESULTS AND DISCUSSION

321 3.1 Physicochemical characterization

322 Elementary analysis was used to investigate the chemical composition of each
323  sample. All the results of the elementary analysis of the membranes, expressed in
324  percentages and amounts in mmol.g”!' of carbon, nitrogen, and hydrogen, as well as the
325  carbon and nitrogen ratio, are listed in Table 1.

326

327 Table 1 - Percentages of carbon (C), hydrogen (H), and nitrogen (N) and the molar quantities
328 of these elements for MQC and MDHB.

% mmol.g!
Sample C/N
C H N C H N

MQC 38.55+0.14  8.56+£0.29 6.34+0.07 32.13+0.12 85.60+2.90 4.53+0.05 7.09+0.10

MDHB  39.80+0.25  8.72+0.12 6.29+0.02 33.17+0.21 87.20£1.27 4.49+0.01 7.38+0.02

329

330 Initially, the MQC membrane presented 32.13 mmol.g! of carbon to
331 4.53 mmol.g"! of nitrogen. With the insertion of the substance 2,3-DHB in the membrane
332  to form the MDHB membrane, as expected, the amount of nitrogen did not vary, but the
333 carbon changed to 33.17 mmol.g”' causing the C/N ratio to increase from 7.09 to 7.38
334  mmol.g”'. This increase occurred due to the presence of the new compound in the

335 membrane indicating its successful incorporation in the polymeric matrix.
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Infrared spectroscopy, as well as other spectroscopic techniques, were used to
examine the formation of the membrane and the incorporation of 2,3-DHB. Fig.1A

presents the MQC and MDHB spectra.
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Figure 1 - Infrared spectra of MQC and MDHB (A); 2,3-DHB TG and DTG curves (B); TG
(C), DTG (D) curves of MQC and MDHB. (Melhorar a figura 1.d)
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The FTIR spectrum of the MQC membrane showed a characteristic profile of
polysaccharide materials, consisting of chitosan and collagen, with bands around 3258
cm™' (Amide A), 1635 cm™! (Amide I), 1536 cm™ (Amide II), and 1069 cm™ (COC of the
polysaccharide structure) [30,37,38]. This indicates that the presence of collagen in the
chitosan membrane does not cause any significant change in chemical group oscillations

[39,40]. In the process of synthesizing this membrane, the collagen and chitosan were

Derivative (% °C™)
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dissolved in an acid medium, with ionization of the carbonyl groups of the collagen and
amine of the chitosan, producing an electrolytic reaction and interaction by electrostatic
attraction between them [30]. The binding occurred in the amino groups of chitosan and
collagen, belonging to amines I and II. Furthermore, carbonyl and collagen NH» groups
can form these same bonds with OH and NH> _

The FTIR spectrum of the MDHB membrane displayed an increase in band
intensity around 3258 cm’!, referring to the OH stretching of free water and the NH
stretching of amide A [18,41]. The appearance of new bands in the region between 2857
and 2893 cm™! and at 1397 cm! refer to the aromatic ring present in the structure of 2,3-
DHB [42]. The bands related to the collagen triple helix are at 1635 cm™' (Amide I), 1536
cm™' (Amide II), and at 1250 cm™ (Amide III) [43,44], which is very important because
all the biological activity of collagen, including cell adhesion, depend on the structure of
the triple helix [45].

The interaction between 2,3-DHB and the matrix can be observed in the figure
below (Fig. 2). 2,3-DHB, which has an epoxide ring in its structure, is reactive due to ring
tension. In an acidic environment, the oxygen in the epoxide is protonated and can then
be attacked by the nucleophiles present in chitosan (-OH, -NH2). The more substituted
carbon is more likely to be attacked, because a more substituted carbocation is more
stable. The product showed an increase in the number of hydroxyls (-OH) and C-O bonds.
Corroborating the increase in band intensities observed in the FTIR spectrum. The
presence of more hydroxyls in the structure also implies an increase in the hydrophilicity

of the material.
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Figure 2 — Simplified scheme of the interaction of 2,3 DHB with chitosan.

Through thermogravimetric analysis (TG), an additional confirmation of the
insertion of the 2,3-DHB molecular structure in the new membrane was sought, in
addition to seeking to better understand their thermal stability. The TG and DTG curves
of the pure 2,3-DHB (Fig. 1B) evidenced that it degraded in a single step. In this mass
loss event, which occurred between 45 °C and 148 °C, with a maximum peak of DTG at
137 °C, all the material was degraded.

In thermogravimetric analyzes of the membranes (Fig. 1C and Fig. 1D) it was
possible to notice that the first mass loss event, which is related to the loss of structurally
bound water in the membranes, began at 50 °C for both MQC and MDHB. This event
had a maximum dehydration peak at approximately 97 °C for both membranes. Likewise,
it was possible to notice that the maximum decomposition peak of these membranes was
also similar (approximately 290 °C). These high decomposition temperatures are

important for future applications.
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The thermogravimetric analysis of the membranes illustrated an additional
increase of a small event in MDHB between 126 — 204 °C, evidenced by a small shoulder
on the TG curve and a small peak in the DTG of this membrane for degradation of 2,3-
DHB grafted to MDHB. The temperature increases related to the degradation of 2,3-DHB
inserted in the membrane (170 °C), compared to pure 2,3-DHB (137 °C), suggests good
interaction between this substance and the polymeric matrix.

The results of DSC analysis of pure 2,3-DHB, MQC, and MDHB are provided in

Fig. 3A.
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Figure 3 - DSC (A) and XRD (B) curves of MQC and MDHB.

The endothermic peak at around 100 °C for both MQC and MDHB was due to
dehydration of these materials [46,47]. An accentuated endothermic peak is visible for
2,3-DHB at 142.35 °C, due to the degradation of the substance, but this peak is not
observed in the MDHB membrane that carries the compound. This result suggests a
uniform and amorphous dispersion at the molecular level of 2,3-DHB into the membrane
matrix [48,49]. The MQC and MDHB membranes exhibited another endothermic peak

above 150 °C. Comparing this event in the two membranes elucidates an increase in the
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enthalpy variation in the MDHB membrane (MQC = 63.31 J.g"! and MDHB = 81.95
J.g'"). The increase in energy involved in this endothermic event is related to the insertion
of 2,3-DHB in the structure of the MQC membrane, indicating a structural difference
between the membranes before and after the insertion of 2,3-DHB. DSC analysis verified
that in the MQC and MDHB membranes the structure of the collagen triple helix was
preserved without deformation, corroborating with the FTIR results. The endothermic
peak of pure collagen, which occurs up to a temperature of 150 °C, was similar to that
found in the manufactured membranes [30,50].

Fig. 3B illustrates the X-ray diffraction of the membranes. In MQC, the two
largest peaks of chitosan diffraction in the microcrystalline state were found at 11.5° and
21.6° [22,51,52]. This last broad peak at 21.6° is also characteristic of collagen
maintaining the integrity of its triple helix, corroborating with observation with FTIR and
DSC [43,53,54]. In the MDHB membrane, the absence of a specific diffraction peak for
2,3-DHB confirms the uniform homogeneous dispersion of the substance in the polymeric
matrix corroborating again with the DSC results [55].

The porosity, swelling capacity, maximum stress at break, and thickness of the

MQC and MDHB membranes were also characterized (Fig.4).
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Figure 4 - Porosity (A), swelling (B), maximum tensile strength (C), and
membrane thickness (D) MQC and MDHB (* p <0.05 and ** p <0.01
using unpaired Student’s t-test, n = 5).

The porosity percentage of the MQC membrane was 49.51%, while that of the
MDHB membrane was 67.96%, as shown in Fig.4A. The addition of 2,3-DHB to the
structure of the chitosan and collagen membrane not only increased its porosity by
18.45%, but also fitted the MDHB membrane in the range of porosity considered ideal
for a wound dressing, which is from 60 to 90% [33]. Porosity is an important factor, as it
increases the surface area, promoting cell insertion and multiplication. In addition,
porosity determines mechanical properties and water retention, so that it can readily
absorb fluids present in a wound [37,40].

The increase in porosity of MDHB also increased the swelling capacity of this
membrane (Fig.4B). The swelling properties of biomaterials is strongly dependent on the
type and content of the polymers used. Biomaterials manufactured with collagen can have

characteristics such as high porosity associated with high water absorption capacity
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[56,57], making it a suitable material for use in the medical device industry. Chitosan is
also a biopolymer that has a high absorption capacity. Pallela, et al. [58] produced
biomaterials based on chitosan and chitosan/collagen with absorption capacity of 2400%
and 1000%, respectively. Xie et al. [59] produced wound dressing materials based on
chitosan/collagen with swelling capacity greater than 1000% both in saline solution and
in deionized water and PBS. The MDHB membrane showed a 661% increase in its
swelling capacity in comparison to MQC, probably due to other water-binding groups
after grafting the 2,3-DHB substance.

The maximum tensile strength measurements of the MQC and MDHB membranes
are found in the Fig. 4C. The results showed that the properties varied with the use of the
substance 2,3-DHB. The relatively high maximum burst stress exhibited by MDHB (0.07
Mpa) compared to MQC (0.05 Mpa) may be due to the increased number of ionic
interactions with the insertion of the 2,3-DHB structure in the membrane.

As previously reported by Susanto et al. [60], the membrane tensile strength of
less than 1.0 MPa is due to its constituent elements being purely natural materials, without
the use of additional crosslinking agents that could improve their mechanical properties.
The thickness of the membrane can also interfere with its mechanical property.
Valenzuela-Rojo et al. [37] produced membranes of chitosan and collagen by
lyophilization with a maximum stress of 0.21 MPa, which is greater than those found for
the membranes developed in the present study. However, the thickness of the membrane
tested by those researchers was 1.98 mm, while the thicknesses of the MQC and MDHB
membranes were 0.13 and 0.11 mm, respectively (Fig.4D). The smaller thickness of the
MDHB membrane in relation to the MQC, associated with the increase in the maximum
stress for the rupture of MDHB, evidences the influence of 2,3-DHB in improving the

mechanical property of the membrane.
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The hydrophilicity of the MQC and MDHB membranes was determined by water
contact angle measurements performed through the sessile drop method, during a time
period between 0 to 60 seconds. Fig. 5 demonstrates a marked decrease of the contact

angle as a function of time.
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Figure 5 - (A) Curves of the averages of contact angles with water as a function of time
and (B) images of water droplets as a function of time in the MQC and MDHB
membranes.
This analysis evidences that the incorporation of 2,3-DHB caused an increase of
the hydrophilicity in the membrane, which is an interesting factor for materials that are
intended to be used in the treatment of wounds, greatly affecting the interaction between

the biomaterial and the tissue, favoring the adhesion of fibroblasts and endothelial cells

during healing [15,61].

3.2 Antioxidant activity
The antioxidant property of the membranes was determined by the ABTS radical

scavenging method. This method is widely used to assess the antioxidant capacity of
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different compounds [62]. The antioxidant capacity is reflected in the ability of the sample
to decrease the color, reacting directly with the radical ABTS. The MQC membrane
showed 25.77 + 1.37%, while the MDHB membrane reduced 34.74 + 1.30% in the ABTS
radicals. The presence of the 2,3-DHB substance provided an 8.97% increase in the
antioxidant capacity of the membrane.

The MQC membrane showed antioxidant activity due to chitosan. Pure chitosan
has previously reported antioxidant activity due to its amino and hydroxyl groups that
have the ability to reduce free radicals [63,64]. The MDHB membrane showed superior
antioxidant activity because 2,3-DHB is made up of a benzofuran ring structure. A series
of compounds based on benzofurans have antioxidant effects [65,66]. Furthermore, as
previously discussed, the inclusion of 2,3-DHB in the membrane promoted an increase in
available hydroxyl groups, which may also have contributed to the increase in antioxidant

activity. [67].

3.3 Antileishmanial activity
The inhibitory effect of MQC and MDHB membranes, the latter with
concentrations of 2,3-DHB ranging from 0.4 to 13 umol.L"!, on the promastigote form of

L. amazonensis can be observed in Fig.6.
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Figure 6 - Effect of MQC and MDHB against the promastigote form of Leishmania
amazonensis. The figure represents the mean of the percentage + standard error of the
mean of the experiment carried out in duplicate. One-way ANOVA was performed to
compare the groups with the control, with a significance level of *** p <0.001.

All membranes inhibited the growth of the parasite; however, the MDHB
membranes were better than the MQC membrane, exhibiting greater antileishmanial
effect. In addition, the MDHB membranes had inhibitory effects superior to the positive
control (Amphotericin B). It was also observed that the inhibition of parasite growth was
dependent on the concentration of 2,3-DHB in the membrane, exhibiting a dose-response
effect in which the higher the concentration, the greater the inhibitory effect, reaching
100% growth inhibition at the concentration of 13 umol.L™.

In the studies by Oliveira et al [9], 2,3-DHB alone at a concentration of 13 pmol.L
! had an inhibited the growth of L. amazonensis by 86.76%, slightly lower than that of

Amphotericin B (87.0%), but with the advantage of being more selective to the parasite.

In the present study, the MDHB membrane presented an ICs (0.081 umol.L"") lower than
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the ICso of 2,3-DHB (1.042 pmol.L']), being effective as a leishmanicide in all
concentrations studied.

The 2,3-DHB was effective in decreasing the number of amastigote forms of L.
amazonensis internalized by macrophages, in addition to decreasing the number of
amastigotes per infected macrophage [9]. The developed membranes may have these
characteristics also improved, which make them excellent candidates for advanced in vivo
studies.

The atomic force microscopy images prove the efficiency of the new membrane
manufactured on the parasite of Leishmania amazonensis. Fig.TA shows the typical

morphology of the Leishmania promastigote form, in the form of a spindle with an

anterior flagellum, similar to that already described by AFM and SEM [34].

: 3.1um
0.0 um

Figure 7 - Atomic Force Microscopy (AFM) of Leishmania amazonensis promastigote cells. AFM
amplitude images of untreated (control) cell (A), cells treated with 2,3-DHB at a concentration of 13
umol.L! (B), and with MDHB at a concentration of 13 pmol.L"! (C).
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In the AFM images of the cells treated with 2,3-DHB and with MDHB,
considerable differences were found from the control. Disturbances occurred in cell body
membranes, with less elongated cells after treatment with 2,3-DHB (Fig.7B), proving that
the substance has an action on the microorganism. In the treatment with the MDHB
membrane, the cell body was not found, leaving only traces of the flagella (Fig.7C). This
result proves again the effectiveness of the new membrane developed here as a
leishmanicidal agent.

The decrease in cell length, leading to an ovoid and round shape has already been
described by Eaton et al. [34], when studying Leishmania infantum by AFM and SEM,
as being associated with the rupture of the membrane, indicating that 2,3-DHB acts

directly on the parasite’s membrane, causing its death.

3.4 Biocompatibility

The cytotoxic effects of the MQC and MDHB membranes were investigated by
the MTT assay in fibroblasts - L929 and in keratinocytes - HaCaT (Fig.8A-B). These cell
lines were chosen because they represent cells present in the skin and participate in the
wound healing process [68,69]. In addition, SEM micrographs of fibroblasts treated with

the MDHB membrane (Fig.8C) were compared with the control (Fig.8D).
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Figure 8 — Cell viability of fibroblasts - L929 (A) and keratinocytes — HaCaT (B) treated
with MQC and MDHB by the MTT assay. Scanning electron microscopy (SEM) of
fibroblasts - L.929 not treated (C) and treated (D) with MDHB. In A and B, cell viability
is represented by the mean + standard error of the experiment average performed in
triplicate. One-way ANOV A was performed to compare groups with the control, with * p
<0.05, **p <0.01 and *** p <0.001.

In L.929 (Fig.8A), cell viability was greater than 70%, for both MQC and MDHB,
for all concentrations tested, being higher than 80% for almost all concentrations, thus in
compliance with ISO 10993-5 [70]. These results are in agreement with other studies
carried out both in vitro and in vivo, which in addition to confirm the non-cytotoxicity of
chitosan/collagen membranes with fibroblasts, also evidence that biomaterials constituted
of these biopolymers stimulate its proliferation in wounds [15,60]. In addition, SEM

micrographs of fibroblasts treated with the MDHB membrane (Fig.8D) found no

morphological change in the cells when compared with the control (Fig.8C), as they
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maintained their characteristic triangular shape, which reinforces the concept that
membranes are not cytotoxic.

The MQC and MDHB membranes also did not show cytotoxicity in human
keratinocytes (HaCaT). As it can be seen in Fig.8B, the membranes stimulated cell
proliferation in this lineage, obtaining a percentage of cell viability greater than 100% for
all concentrations tested. When comparing the cell viability of the keratinocytes treated
with the membranes, in all concentrations, the cell viability values of MDHB were higher
than those of MQC, indicating that the addition of 2,3-DHB to the membrane stimulated
cell proliferation in that lineage. As seen previously, the MDHB membranes maintained
the triple collagen helix and exhibited greater antioxidant activity than the MQC
membranes. This increase in antioxidant activity may have been responsible for the
increase in cell proliferation observed, since antioxidant substances may increase cell
proliferation in keratinocytes by providing a decrease in oxidative stress and or by
stimulating the intracellular activity of superoxide dismutase, a primary antioxidant
enzyme that catalyzes the dismutation reaction of the superoxide radical [71]. The
maintenance of the triple helix could be another factor responsible for the increase in cell
proliferation since all biological properties are dependent on its structure. The
proliferation of skin cells is important for the proper healing of wounds after injuries.
These results suggest, therefore, that the MDHB membrane, in addition to improving the
antileishmanial effect, can also increase the potential for skin tissue healing and

regeneration.

3.4 Wound healing assay
Wound healing is a complex process that involves the integrated response of

different cells and growth factors and results in the renewal of the structure and function
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of the skin [72]. Chitosan and collagen are active materials for wound healing. Some
studies show that these materials accelerate healing, by stimulating cell proliferation, in
addition to preventing the development of infections [20,73,74]. In this work, after the
biocompatibility tests indicated their potential for wound healing and regeneration, the
cell migration capacity was tested in keratinocytes (HaCaT) treated with the formulated
membranes by performing an in vitro wound healing test (Fig 9B). The evolution of the

recovered wound area is illustrated in Fig. 9A.

(A) (B)
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> ®

Figure 9 - Representative micrographs of wounds on human keratinocytes (HaCaT)
treated with MQC, MDHB, and control at different time intervals (A). Percentage of
wound closure in the control cells, MQC and MDHB at different time intervals (B). The
results are expressed as mean + standard error of three independent experiments
performed in quadruplicate; * p <0.05; ns indicates that there was no significant
difference between treatments. The percentage of wound closure was calculated using
the Image J software.

As shown in Fig. 9A, the tendency of the treated groups to close the wound was
assessed by the movement of the cells to fill the scratched area. In 24 h, the scratch of the
wounds treated with MQC, MDHB, and control exhibited a moderate degree of cell
migration resulting in partial wound closure, with no difference between materials. As

early as 48 h after the wound was made, HaCaT cells treated with the MDHB membrane

did not show significant differences in relation to the control, but exhibited a distinct
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wound healing effect compared to cells treated with the MQC membrane, as they
migrated more quickly, with a migration rate about 19% higher, followed by complete
closure of the wound after evaluation in 72 h. Wound closure was complete for both
materials in 72 h along with the control. These results demonstrate that the MDHB
membrane creates an adequate environment for cell proliferation and growth.
Considering the healing capacity of human keratinocytes (HaCaT), as well as the
absence of cytotoxicity of the formulated membrane, the present work constitutes a
promising approach for the in situ treatment of cutaneous Leishmaniasis, which will be

validated with further investigation in vivo.

4. CONCLUSION

In the present work a new chitosan/collagen-based membrane incorporating 2,3-
DHB was successfully developed, maintaining the collagen integrity preserved without
deformation. The presence of the antileishmanial agent in the new membrane have
resulted in better mechanical properties and induced higher porosity, swelling capacity,
hydrophilicity and antioxidant activity. The antileishmanial activity tests against the
promastigote form of Leishmania amazonensis exhibited inhibitory effects superior to
those of Amphotericin B, which is used in the treatment of Leishmaniasis. It also
presented biocompatibility with L929 cells and stimulated the proliferation of HaCaT
cells. The healing tests demonstrated that the MDHB membrane has a suitable
environment for cell migration and growth. These results evidence that the formulated
membrane is a great candidate to be used in the treatment of cutaneous Leishmaniasis,

being indicated for advanced studies in vivo.
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