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Abstract

In this study the wound healing efficacy of new self-assembling curcumin loaded
nanohyaluronan-glycerosomes has been tested in healthy and diabetic rats. Curcumin was
loaded in nanohyaluronan-liposomes and -glycerosomes, special vesicles obtained mixing
curcumin, hyaluronan nanohydrogel and soy lecithin. Curcumin loaded liposomes and
glycerosomes were also prepared, characterized and tested as references. The physico-chemical
(size and size distribution, surface charge and morphology), and technological (entrapment
efficiency, stability over time and skin delivery) characteristics and biological performances

(safety, ability to protect in vitro cells from oxidative damage) of prepared formulations were
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measured. Finally, they were daily applied to skin wounds of healthy or diabetic rats. The
animal skin was excided and analysed at days 3, 7 and 14. The macroscopic observation
underlined the higher ability of curcumin loaded nanohyaluronan-glycerosomes to improve
wound healing in diabetic rats, already on day 3 up to day 14 (p<0.05). Histopathological
analysis confirmed an accelerated re-epithelization in healthy rats, while increased angiogenesis
in diabetic ones. The superior therapeutic efficacy of curcumin loaded nanohyaluronan-
glycerosomes compared to other formulations can be related to their enhanced ability to deliver
higher curcumin concentrations at the wound site due to a synergistic effect of glycerol,

hyaluronan nanohydrogel and lecithin.

Key words: wound healing; rats; curcumin; liposomes; hyaluronic acid; diabetic wounds;

nanohydrogel.



1. Introduction

The skin is a dynamic structure whose main function is to act as a physical barrier,
controlling the regulation of permeability, body temperature and protecting against
infectious microorganisms, toxic chemicals, ultraviolet radiations and physical insults
[1]. It is also implicated in wound repair and regeneration processes, which are impaired
in different local or systemic disease conditions such as inflammatory skin disorders,
cardiovascular problems, obesity, and diabetes [2]. The last is one of the main causes of
skin wounds in the world and, being this pathology steeply rising, instances of chronic
or hard-healing ulcers are expected to increase. The two most common types of diabetes
are type 1 and type 2 and the former constitute more than 90% of cases. It is usually
known as diabetes mellitus and is a metabolism disorder affecting carbohydrates,
proteins and lipids and causing hyperglycemia, which chronically damages blood
vessels and impairs proper blood perfusion. These peripheral vascular problems
associated with neuropathy, facilitated wound formation, often triggered by minor
traumas, and made recovery more challenging [3]. Indeed, chronic hyperglycemia of
diabetic patients contributes to the formation of advanced glycation end products, which
reduce skin collagen solubility causing macro- and micro-angiopathy, decreasing
phagocytosis and in turn the bactericidal capacity of leukocytes leading a slowed down
healing process [2]. Currently, there is no effective and suitable therapy for the
successful treatment of diabetic wounds, which contributes to morbidity, impairs quality
of life, and may lead to amputation of lower extremities. These wounds also have
significant negative consequences for patients and healthcare systems, resulting in high
medical costs. [4].

Actually, wound healing represents a significant therapeutic medical, social, and
economic challenge for clinicians and researchers worldwide due to the complexity of
the involved processes that often fails to progress. Natural products offer new prospects
in the development of alternative therapeutic treatments for chronic skin lesions.
Especially, polyphenols fully respond to this need thanks to their great biological
potential as antioxidants, anti-inflammatories, and antimicrobics [5-7]. One of the most
studied and promising polyphenols is curcumin, extracted from Curcuma longa
(turmeric), that has been widely used not only in Indian and Chinese cuisine but also in
traditional medicine as an herbal remedy in a range of disorders [8]. This molecule [1,7-

bis  (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is lipophilic, has
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antioxidant, anti-aging, anti-inflammatory, anti-mutagenic, and anti-infective properties,
and is usually and successfully used in the treatment of skin wounds [8-10]. Previous
studies have demonstrated its ability to accelerate the healing process by reducing
oxidative developments, especially lipid peroxidation, through the neutralization of free
radicals or reactive oxygen species (ROS). This beneficial effect is reinforced by the
ability to increase the activity of catalase, glutathione peroxidase and superoxide
dismutase [9,11]. Synergically, thanks to its anti-inflammatory properties, curcumin
suppresses the production and activation of various cytokines such as a-tumour necrosis
factor (TNF-a), interleukin 1 (IL-1) and KB-necrosis factor (NF-kB) [12].
Unfortunately, curcumin does not easily pass through the biological membranes and is
rapidly metabolized and eliminated, resulting in poor bioavailability and low serum and
tissue levels, that limit its clinical applications [13]. To improve local and skin delivery,
a huge number of formulations have been developed and tested including hydrogels,
films, patches, fibres, and several nano-carriers [14]. Among the different nano-carriers,
phospholipid vesicles, specifically engineered for skin applications, have demonstrated
advanced performances, providing solutions that meet the demands of payload delivery
and formulation safety [15]. In a previous study, curcumin was loaded in sodium
hyaluronate immobilized vesicles, so called hyalurosomes, that fully restored the
structural and functional conditions of damaged skin [16,17].

Considering these challenges and outcomes, in the present study curcumin was loaded
in hyaluronan-cholesterol nanohydrogel supramolecularly assembled with liposomes or
glycerosomes (nanohyaluronan-liposomes or nanohyaluronan-glycerosomes). The main
physico-chemical and technological characteristics of vesicles (morphology, size, zeta
potential, encapsulation efficiency, stability) were measured. Vesicle ability to facilitate
payload accumulation in the intact skin was tested in vitro as a function of time. In vitro
biocompatibility of formulations and their ability to protect cells from damages induced
by oxidative stress were evaluated. Their effectiveness in speeding up skin
reepithelization and wound healing was assessed in vitro on human keratinocytes and

fibroblasts and in vivo using diabetic and non-diabetic rats.

2. Materials and Methods
2.1.Materials
A commercial mixture of soy phosphatidylcholine (94-102%) and monoacyl

phosphatidylcholine (less than 4%) called Phospholipon®90G was purchased from
4



Lipoid GmbH (Ludwigshafen, Germany). Hyaluronan tetrabutylammonium salt
(HA-TBA+, molecular weight = 2.2 x 105) was purchased from Hysilk (Dolni
Dobroué, Czech Republic). Curcumin, cholesterol, MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide), streptozotocin and all the other reagents of
analytical grade were purchased from Sigma-Aldrich-Merck (Milan, Italy). Cell
medium, foetal bovine serum, penicillin, and streptomycin, fungizone, and all the other
reagents used for cell studies were purchased from Thermo-Fisher Scientific Inc
(Waltham, Massachusetts, USA).

2.2. Hyaluronan-cholesterol synthesis and preparation of nanohydrogel

The synthesis of hyaluronan-cholesterol derivative was carried out according to a
previously developed procedure [18]. Hyaluronan tetrabutylammonium salt (500 mg)
was added to 10 mL of N-methyl-2-pyrrolidone and left under stirring at 25 °C for 5 h;
then, cholesterol (65 or 39 mg), solubilised in 2 mL of N-methyl-2-pyrrolidone, was
added and the reaction was left under stirring for 48 h at 38 °C. 2 mL of sodium chloride
(saturated solution) were added drop by drop to the mixtures, which were left under
stirring for 30 min to replace tetrabutylammonium ions with sodium ones. A mixture of
acetone and water (90:10, v/v) was added (4 times the reaction volume) and left for 1 h
at 4 °C. The precipitated cholesterol-hyaluronan was separated, dispersed in bi-distilled
water, and finally dialysed against water (cellulose membrane tubing, molecular weight
cut-off: 1.2-1.4x104 Da, Sigma-Aldrich, Darmstadt, Germany) until constant
conductivity was reached. Samples were freeze-dried with a “Modulyo 4K” Edwards
High Vacuum equipment, yielding 350 mg of white solid (70% mass recovery). To
prepare the nanohydrogel, hyaluronan-cholesterol (20 mg) was dispersed in 10 mL of
phosphate buffer (PBS) at pH 7.0 or in a mixture (1:1) of glycerol and PBS and
autoclaved at 120 °C for 1 h.

2.3. Preparation and characterization of vesicles
In a typical formulation of nanohyaluronan-liposomes and nanohyaluronan-
glycerosomes, curcumin (20 mg) was dispersed in 2 mL of hyaluronan-cholesterol
nanohydrogel, previously prepared in PBS or in a mixture of glycerol and PBS (1:1)
(see nanohydrogel preparation). The dispersions were sonicated for 99 cycles of 5 s,
alternating with 2-s pauses, using the Soniprep 150 ultrasonic disintegrator (MSE
Crowley, United Kingdom). Finally, the phospholipid P90G (440 mg) was added, and
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the dispersion was sonicated again performing 25 cycles of 5 s, alternating with 5 s of
pause, using the same Soniprep 150 ultrasonic.

Alternatively, curcumin (20 mg) and P90G (440 mg) were dispersed in 2 mL of PBS to
prepare liposomes or in 2 ml of a mixture of glycerol and PBS (1:1) to prepare
glycerosomes. The dispersions were sonicated performing 25 cycles of 5 s, alternating
with 5 s of pause, using a Soniprep 150 ultrasonic disintegrator.

This preparation has been chosen as it allows the components to be dispersed directly in
the dispersing medium, avoiding the use of organic solvents, resulting in formulations
that are easily reproducible on a large scale and more reliable in terms of safety and
quality, without the need of further steps.

Labelled nanohyaluronan-liposomes and nanohyaluronan-glycerosomes were obtained
mixing (5(6)-carboxyfluorescein (0.025 mg/ml) together with curcumin and
hyaluronan-cholesterol nanohydrogels, sonicating the dispersions, then adding the
fluorescent phospholipid (1,2-dioleolyl-sn-glycero-3-phosphoethanolamine-N-
lissamine-sulfo-rhodamineB; 0.035 mg/ml) and sonicating again, as above. Regarding
labelled liposomes and glycerosomes, (5(6)-carboxyfluorescein (0.025 mg/ml) has been
added together with curcumin and the fluorescent phospholipid (1,2-dioleolyl-sn-
glycero-3-phosphoethanolamine-N-lissamine-sulfo-rhodamineB; 0.035 mg/ml) and
processed as reported above.

The average diameter, polydispersity index, and zeta potential of the vesicles were
measured using a ZetasizerUltra (Malvern, Worcestershire, United Kingdom), as
previously reported [19].

The curcumin non incorporated inside the vesicles was separated by dialysis,
transferring the dispersions (1 mL) in Spectra-Por membranes with 12-14 kDa MW cut-
off, 3 nm pore size (Spectrum Laboratories Inc., DG Breda, The Netherlands) and
dialyzing in 2 L of water for 2 h, refreshing the water at 1 h. The content of curcumin in
vesicle dispersions before and after the dialysis was quantified by ultra-performance
liquid chromatography (UPLC).

Stability studies have been performed as well, by monitoring the main physico-chemical
properties (size, size distribution and surface charge) of samples stored for 12 months at

4 °C in dark glass vials to protect them from light and improve their shelf life.

2.4. Analytical method



Curcumin was quantified by means of ultra-performance liquid chromatography
(UPLC, ACQUITY H-class Plus system, Waters Corporation, Milan, Italy) using a
chromatograph equipped with a UV photodiode array detector and a C18 reverse phase
column (Waters Corporation, 1.7 um, 2.1 mm x 50 mm), at 25 °C. A mobile phase of
water, methanol and acetic acid (49:50:1) was used. 25 uL of samples were injected, the
flow rate was set at 1 mL/min and curcumin was detected at 425 nm. Stock solutions of
curcumin at different concentrations were prepared using the mobile phase as solvent.
The calibration curve obtained plotting peak areas of standard solutions of curcumin
versus concentrations (from 0.05 to 20 pg/mL) had a correlation coefficient (R,) of
0.9998.

2.5. In vitro skin delivery studies with fluorescent labelled vesicles
The vesicles were labelled with a fluorescent phospholipid (1,2-dioleolyl-sn-glycero-3-
phosphoethanolamine-N-lissamine-sulfo-rhodamineB; 0.035 mg/ml) and loaded with a
hydrophilic fluorescent marker (5(6)-carboxyfluorescein; 0.025 mg/ml), as reported
above (paragraph 2.3.) [20]. Fluorescent vesicles (100 pL) were applied on the dorsal
skin of new-born pigs sandwiched between the donor and receptor compartment of
Franz diffusion cells [20]. At regular time intervals (2, 4, and 8 h) the solution of
receptor compartment was changed to ensure the sink conditions. At 8 h skin specimens
were removed, and the diffusion area was cut and frozen at -80 °C. Sections of the skin
(7 um thickness) were cut with a cryostat (Leica CM1950, Barcelona, Spain) and
observed using a FluoView FV1000 inverted confocal microscope (Olympus,
Barcelona, Spain) equipped with a light laser and an UplanSApo 20x objective NA
0.75. (5(6)-carboxyfluorescein was excited at 600 nm and detected at 640 nm;

fluorescent phospholipid was excited at 559 nm and detected at 578 nm.

2.6. In vitro cytocompatibility and protective effect against oxidative damages
Human keratinocytes (HaCaT) and 3T3 mouse fibroblasts (ATCC collection, Manassas,
VA, US) were grown as monolayers under 100% humidity and 5% carbon dioxide at 37
°C in Dulbecco Modified Eagle medium containing 10% foetal bovine serum, 1%
penicillin, streptomycin and fungizone. To measure the viability, cells (7.5x10°
cells/well) were seeded in 96-well plates and incubated in the previous culture
conditions for 24 h. Thereafter, medium was withdrawn, and curcumin samples, diluted
with fresh medium up to 10, 1, 0.1 pg/mL, were added and left for 48 h. Then MTT
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solution (0.5 mg/mL final concentration) was added to each well and replaced with
dimethyl sulfoxide after 3 h of incubation. The absorbance was measured at 570 nm
with a microplate reader (Multiskan EX, Thermo Fisher Scientific Inc., Waltham, MA,
US) and cell viability was calculated as a percentage of live cells versus untreated
control cells (100% viability).

To assess the efficacy of the formulations in preventing hydrogen peroxide-induced cell
death, cells were maintained in 96-well plates for 24 hours, then stressed with hydrogen
peroxide (1:50000 dilution of water solution 30%; Sigma-Aldrich/Merck, Milan, Italy)
and treated with samples adjusted to a final concentration of 0.1 pg/mL of curcumin in
the medium. At 4 h, the MTT was added, replaced with dimethyl sulfoxide after 3 h of
incubation and absorbance was measured at 570 nm, then cell viability was calculated
as above. Untreated cells (100% viability) were used as a positive control, and those
stressed with hydrogen peroxide and unprotected with curcumin samples were used as a

negative control.

2.7. In vitro scratch assay
The ability of curcumin samples to stimulate cell proliferation and migration was
assayed observing and measuring the closure of a linear scratch generated in cell
monolayer (scratch assay). Cells were cultured in 6-well plates and when the complete
confluence was reached, a linear scratch was produced with a sterile plastic pipette tip.
The scattered cells were removed by gently washing with fresh medium and medium
containing the samples diluted up to 0.1 pg/ml of curcumin were added. Cells were
incubated for 48 h. Untreated cells were used as controls. The lesions were observed
with an optical microscope (10 x objective) and the images were captured immediately

after the addition of samples and at 24, and 48 h.

2.8. In vivo assay
Sixty-three male Sprague-Dawley rats weighing 140-184 g from the experimental
animal housing facilities of the University of Murcia (Murcia, Spain) were used in the
study. The animals were housed in cages with a 12:12 h light-darkness cycle, a mean
temperature of 22 °C, and a relative humidity of 40-70%. Food and water were made
available ad libitum. The rats were handled in accordance with applicable legislation
regarding the protection of animals used in experimental studies (Directive 2010/63/EU

and Spanish Royal Decree 53/2013 of 1 February 2013). The study was approved by the
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Bioethics Committee of the University of Murcia (Ref. code A13170104), and the
investigation was carried out in abidance with the ARRIVE guidelines (Animal

Research: Reporting of In Vivo Experiments).

2.9. Induction of diabetes
The rats received an intraperitoneal dose of 30 mg/kg of streptozotocin, administered as
three pulses spaced 48 hours apart. Capillary blood glucose was determined on the day
following each administered dose. Animals presenting blood glucose levels > 200 mg/dl
were considered to be diabetic. The skin wounds were made 4 weeks after the induction
of diabetes, and the blood glucose levels were monitored throughout the study. In order
to calculate a representative sample size, a power of 80% was required (5% alpha level).
A total of 63 rats were used (45 healthy animals and 18 diabetic animals), randomized
using a software application to the following groups of 9 animals each: Group 1, healthy
animals treated with curcumin loaded liposomes; Group 2, healthy animals treated with
curcumin loaded glycerosomes; Group 3, healthy animals treated with curcumin loaded
nanohyaluronan-liposomes; Group 4, healthy animals treated with curcumin loaded
nanohyaluronan-glycerosomes; Group 5, healthy animals untreated (control group);
Group 6, diabetic animals untreated (control group); Group 7, diabetic animals treated

with curcumin loaded nanohyaluronan-glycerosomes.

2.10. Skin wounds, treatments and sample collection
Four wounds were made in the shaven dorsal skin of each animal using an 8-mm punch,
under inhalatory general anaesthesia (isoflurane) and local anaesthesia with 2%
lidocaine by subcutaneous injection. The epidermis and dermis and part of the
subcutaneous cellular tissue were removed without reaching the fascial layer. The skin
fragments were removed with a scalpel. The topical treatments were applied daily with
a Pasteur pipette, covering the entire wound surface. At day 3, 7 and 14 by surgery, the
material for the macroscopic (digital photographs) and microscopic studies (tissue
samples) was separated. The general physical condition of the animals and their body
weight were also monitored at these timepoints. Post surgery, at day 3, 7 and 14, three
animals of each group were sacrificed in a carbon dioxide chamber, digital photographs
of the wounds were taken, and skin samples were collected, fixed in formalin solution
and embedded in paraffin for histopathological study of the wounds. The animals not

sacrificed were sedated for photographic recording on those same days.
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2.11. Macroscopic study
After producing the wounds (day 0) and on day 3, 7 and 14, digital photographs of the
rats were obtained alongside millimetered paper, with the camera at a distance of 20 cm
from the skin, using a fixed tripod mounting. The images obtained were analysed using
ImageJ software, following morphological calibration, to determine the lesion area and
compare it among the different groups and at the different timepoints.

2.12. Microscopic study

The tissue samples were fixed in buffered 4% formalin solution for at least 48 h and
embedded in paraffin, followed by the obtainment of 3 um sections that were stained
with hematoxylin-eosin and Masson trichrome stain in the Department of Pathology of
Hospital ~ Universitario Reina Sofia (Murcia, Spain). A semiquantitative
histopathological study of the samples was made, based on the classification of
Abramov (scoring the following parameters from 0-3: angiogenesis, granulation tissue,
collagen accumulation and inflammation) [21]. Angiogenesis was assessed according to
the number of vessels per high magnification field (O = none; 1 = up to 5; 2 = between
6-10; and 3 = over 10).

The maturation of granulation tissue in turn was scored based on the distribution of
fibroblasts. These cells were considered to be mature when they presented a small and
elongated nucleus and were distributed forming parallel bands, while immature
fibroblasts were defined by a “stellate” or epithelioid morphology. In relation to the
accumulation of collagen, both the amount, thickness and distribution of the collagen
fibres was considered. Inflammation was defined as the presence of neutrophils and
eosinophils, plasma cells and histiocytes in the wound.

Re-epithelization and neovascularization were measured manually from margin to
margin of the wound using the ImageJ program, recording the distance between margins
(in um) as a quantitative variable in all the samples. In the case of neovascularization, a
histomorphometry study of the vessels was carried out, tracing the contour of the
vessels present in three randomly selected wound areas of 100 pm? The Imagel
analysis allowed the quantification of the area occupied by blood vessels in the tissue
repair zone. First, images of the study zones under 20x magnification were obtained,
followed by morphological calibration and manual tracing of the contour of each of the
identified vessels. The program automatically calculated the perimeter and total area in

each image, and the numerical data were transferred to Microsoft Excel spreadsheets.
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This parameter was only evaluated in the samples from diabetic rats and the healthy

controls (groups 5, 6 and 7).

2.13. Immunohistochemical study

Immunohistochemical study was only made in the diabetic rats and was carried out at
the Department of Pathology of Hospital Universitario Reina Sofia (Murcia, Spain).
First, the samples were deparaffinized with the OMNIS-DAKO system (Agilent), and
pre-treatment was carried out with EnVision FLEX, Low pH (Ref. GV805) (heat-
induced epitope retrieval [HIER]) during 30 min. The ready to use antibody was
incubated for 20 min with a FLEX Negative Control, Rabbit (Ref. GA600) at the same
time. Visualization was carried out with EnVision FLEX (Ref. GV800) + EnVision
FLEX + Rabbit LINKER (Ref. GV809) in a block during 3 min of Link: 10 min;
polymer: 20 min; and chromogen: 5 min. Counterstaining with hematoxylin was then
made (Ref. GC808), with an incubation time of three minutes. After staining,
dehydration, rinsing and mounting of the slides were performed with permanent
mounting medium (Eukitt®). All the deparaffinization, rehydration and antigen
retrieval, antibody incubation, rinsing and visualization steps were performed with the
Dako Omnis system. The primary antibodies used were monoclonal antibodies targeted
to PCNA, CD34, TIMP-1 and MMP9 (Dako, S.A., Barcelona, Spain) at 1:200 dilution
during 40 min.

In the case of PCNA, quantitative assessment of the nuclei was made, that proved
positive for this antibody at the wound margins. The ImageJ program was used to select
the epidermal margin of the wound, and the total area of the field, the area occupied by
nuclei, and the area occupied by positive nuclei were recorded. This technique was
applied to both healthy and diabetic rats (i.e., the healthy controls and diabetic controls
— not in the rats that received treatment). Semiquantitative assessment was made in the
case of the rest of the antibodies, based on a scale from 0-3 (0 = no staining, 1 = mild

staining, 2 = moderate staining, 3 = intense staining).

2.14. Statistical analysis
A descriptive study was made of each variable. Analysis of variance (ANOVA) and the
Kolmogorov-Smirnov test were used with the quantitative variables to determine

whether the variations were homogeneous in each case. Statistical significance was
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considered for p < 0.05. The SPSS version 20.0 statistical package (SPSS® Inc.,
Chicago, IL, USA) was used throughout.

3. Results
3.1. Preparation and characterization of vesicles
Nanohyaluronan-liposomes and nanohyaluronan-glycerosomes were prepared
combining curcumin, phosphatidylcholine and hyaluronan-cholesterol nanohydrogel
prepared in PPS or in PBS and glycerol. The corresponding liposomes or glycerosomes
without nanohydrogel were prepared as comparison to understand the possible effect
caused by the nanohydrogel addition. Their mean diameter, polydisperity index, zeta
potential and entrapment efficiency were measured (Table 1). Liposomes were sized
185+20 nm and slightly polydisperse, glycerosomes were significantly larger, 500+34
nm, and more polysispersed. The addition of hyaluronan-cholesterol nanohydrogel in
the water medium caused an enlargement of mean diameter of liposomes (305+37 nm)
while that of glycerosomes remained unchanged (543+39, p>0.05 versus the value of
glycerosomes). Notwithstanding the high value of polydispersity index, it was always
repeatable, as confirmed by the low standard deviation obtained from at least 6
repetitions. Stability studies, conducted by monitoring key physico-chemical parameters
(mean diameter, polydispersity index, and surface charge) over 12 months of storage at
4 °C, confirmed the high stability of the tested formulations, with no significant changes
observed (variations <15%), particularly for nanohyaluronan-liposomes and
nanohyaluronan-glycerosomes. The only exception was conventional liposomes, which
exhibited a marked increase in both mean diameter and polydispersity index (>40%

increase) (data not shown).

Table 1. Mean diameter (MD), polydispersity index (PI), zeta potential (ZP) and
entrapment efficiency (EE) of curcumin loaded liposomes, glycerosomes,
nanohyaluronan-liposomes and nanohyaluronan-glycerosomes. Each value represents

the average + standard deviation of at least six determinations (n=6).

MD Pl
Sample ZP (mV)

(nm) (%)
Liposomes 185+20 0.32+0.02 -33+3 739
Glycerosomes 500+34 0.38+0.04 -40x6 7148

Hyaluronan-liposomes 305+37 0.37+0.03 -44+9 8146
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Hyaluronan-glycerosomes 543+39 0.39+0.04 -59+5 80+9

The actual formation of the self-assembling curcumin loaded nanohyaluronan-vesicles,
and their aggregation structure were observed with a cryo-transmission electron
microscope (Figure 1), which provides reliable images without alterations [22].
According to the high polydispersity index, the size of vesicles was not homogenous
and the smaller were almost unilamellar while the larger were multilamellar and
multicompartment, as previously found by loading curcumin at high concentrations
[23]. The addition of the hyaluronan-cholesterol nanohydrogel in the hydrating medium
of vesicles did not significantly affect their morphology and structure, as previously

found by Manconi et al. [24].

Figure 1. Representative Cryo-TEM images of curcumin loaded liposomes (A),

glycerosomes (B), nanohyaluronan-liposomes (C) and nanohyaluronan-glycerosomes

(D).

The ability of formulation to cross the skin was evaluated using vesicles labelled with a
fluorescent phospholipid and a hydrophilic marker (Figure 2). When liposomes were
used a few green fluorescence of hydrophilic probe was observed in the stratum
corneum and in the dermis. Using glycerosomes the green fluorescence was distributed
in the whole epidermis and dermis. Treating the skin with nanohyaluronan-liposomes a
few red fluorescence of phospholipid was visible on the skin surface, while in the
dermis a yellow coloration due to the superposition of red and green was detected,
denoting the simultaneous presence of the two main components of vesicles. A similar
behaviour was observed using nanohyaluronan-glycerosomes, but in this case the

yellow colour in the dermis was more intense.
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Figure 2. Representative confocal images of skin sections treated for 8 h with curcumin

loaded liposomes (A), glycerosomes (B), nanohyaluronan-liposomes (C) and
nanohyaluronan-glycerosomes (D) fluorescently labelled with lipophilic 1,2-dioleolyl-
sn-glycero-3-phosphoethanolamine-N-lissamine-sulfo-rhodamineB (red colour) and

hydrophilic 5(6)-carboxyfluorescein (green colour). Scale bars: 100 um.

In vitro studies with cells

Keratinocytes and fibroblasts were used as they are the main representative cells of the
skin. The biocompatibility of formulations was assayed adding the formulations in the
cell medium at different dilutions (Figure 3).
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Figure 3. Viability of keratinocytes and fibroblasts incubated for 48 h with curcumin
loaded liposomes, glycerosomes, nanohyaluronan-liposomes and nanohyaluronan-
glycerosomes. Each value represents the mean value + standard deviation of at least six
determinations (n=6).

The viability of keratinocytes treated with the highest concentration of curcumin (10
ug/ml) significantly decreased up to 40% denoting a toxicity. Using the other
concentrations of curcumin (0.1 and 1 ug/ml) the viability of these cells was always
>100%, confirming their biocompatibility. Results indicated no toxicity of formulations
against fibroblasts, the viability was ~100% using the lowest concentration of curcumin
and ~80% using the higher concentrations of it (1 and 10 ug/ml). Since a cell mortality
of <20% is generally accepted as indicative of biocompatibility, the tested formulations
can be considered biocompatible [25]. The results suggest that the biocompatibility of
curcumin samples was strictly dependent on used concentration and cell type.

Specifically, keratinocytes were more affected by the curcumin formulations, especially
15



at the highest concentration (10 mg/mL) as their viability was strongly reduced. This
concentration was considered toxic, and the further in vitro efficacy test was performed
using the less concentrated samples (0.1 mg/mL of curcumin), that were highly

biocompatible with both keratinocytes and fibroblasts.

120 ® Keratinocytes ® Fibroblasts

Untreated Hydrogen Peroxide Liposomes y

Cell Viability (%)
-
8

- 8 & 8 8

Figure 4. Viability of keratinocytes and fibroblasts stressed with hydrogen peroxide and
treated for 4 h with curcumin (0.1 pg/ml) loaded in liposomes, glycerosomes,
nanohyaluronan-liposomes and nanohyaluronan-glycerosomes. Each value represents

the average + standard deviation of at least six determinations (n=9).

The viability of both cells treated with hydrogen peroxide decreased up to around 62%
and the treatment with curcumin samples increased the value up to around 100%
(p<0.05 versus viability of untreated cells), thus restoring the healthy condition,

irrespective of cells and formulation used (Figure 4).
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Figure 5. Representative microscopy images of scratch performed in monolayers of
keratinocytes and fibroblasts untreated or treated for 48 h with curcumin loaded
liposomes,  glycerosomes,  nanohyaluronan-liposomes and  nanohyaluronan-

glycerosomes. Scale bars: 100 um.

The scratch assay confirmed a better closure of performed lesions, especially when
curcumin was loaded in nanohyaluronan-liposomes and nanohyaluronan-glycerosomes
(Figure 5), probably due to a better stimulation of the migration of these cells, speeding

up the closure of the damaged areas.

In vivo studies

Macroscopic (gross) study

When the study was performed in healthy rats, on day 3, the measured areas of lesions
were around 22000 pm? (p>0.05 among the different areas), any statistically significant
difference was found among the lesion areas untreated or treated with curcumin samples
(Figure 6, left panel). On day 7, the lesion areas were reduced, around 12000 pm?
(p>0.05 among the different areas) but those treated with curcumin samples were not
statistically different in comparison with the untreated ones. Differently, on day 14, the
lesion areas treated with curcumin loaded in nanohyaluronan-glycerosomes were
statistically different than that untreated or treated with the other curcumin samples,

denoting a better and faster wound closure provided by this formulation.
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Figure 6. Representative images of lesion areas (right panel) and size (um?) of healthy
(left panel) and diabetic rats (middle panel) untreated (controls) or topically treated with
curcumin loaded in liposomes, glycerosomes, nanohyaluronan-liposomes and
nanohyaluronan-glycerosomes. Mean values + standard deviations (error bars) are
reported (n=9). Symbol * indicates values statistically different (p<0.05).

When the study was performed in diabetic rats, only curcumin loaded in
nanohyaluronan-glycerosomes was used as this formulation provided the best results in
healthy animals. Its values were compared with that of untreated animals (Figure 6,
middle panel). On days 3 and 14, a significantly greater wound closure was found in
animals treated with curcumin loaded in nanohyaluronan-glycerosomes (around 15000
um?, at day 3, p<0.05 versus the value of untreated; around 4500 um?, at day 14, p<0.05
versus the value of untreated) in comparison with untreated controls. Results were

macroscopically confirmed by the images of skin lesions (Figure 6, right panel).

Microscopic study

In healthy rats, on day 3, the wounds of untreated control (14 mm, p<0.05 versus others)
were significantly but only slightly larger than that of the groups that received curcumin
loaded in liposomes (13 mm, p<0.05 versus others) and hyalurosomes (11 mm, p<0.05
versus others) (Figure 7). Differently the wounds of the animals treated with
nanohyaluronan-liposomes (9.3 mm, p<0.05 versus others) and nanohyaluronan-
glycerosomes (8.5 mm, p<0.05 versus others) were clearly smaller than that of untreated
animals (p<0.05). Likewise, on day 7 the wounds of each group were statistically
different versus the other groups (p<0.05), and healing was seen to be most advanced in
the rats treated with curcumin in liposomes (2 mm, p<0.05 versus others) and
nanohyaluronan-glycerosomes (2.2 mm, p<0.05 versus others), confirming the ability of
formulations to speed up the wound closure in comparison with the control. No

difference between treated and untreated rats were detected at day 14.
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Figure 7. Re-epithelization quantified recording the distance (um) between margins of
the wounds by the ImageJ program in 3 pm sections of skin wounds stained with
hematoxylin-eosin and previous untreated (control) or treated with curcumin loaded in
liposomes,  glycerosomes,  nanohyaluronan-liposomes and  nanohyaluronan-
glycerosomes. Mean values + standard deviations (error bars) are reported (n=9).

Symbol * indicates values statistically different (p<0.05).

In the diabetic rat model, treatment with curcumin loaded nanohyaluronan-
glycerosomes clearly and significantly improved the re-epithelization area, at days 7 and

14, in comparison with the controls, Figure 7.

Immunohistochemical study

The wound tissues were cut, fixed, coloured with hematoxylin and eosin or Masson
Trichrome staining and observed with an optical microscope (Figure 8). At all the
timepoints of the study there were greater numbers of cell nuclei undergoing division at
the epidermal margins of the wounds in the treated diabetic rats versus the diabetic

controls, with statistically significant differences being observed on days 3 and 14.
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Figure 8. Representative images of 3 um sections of skin wounds of heathy rats (a), and
rats treated with nanohyaluronan-glycerosomes (b, c, d, e, f) at day 3, and treated with
nanohyaluronan-glycerosomes (g and h) at day 14. Skin specimens were stained with
hematoxylin and eosin (c, €, g, h) or Masson Trichrome staining (a, b, d, f). The main
hystopathological characteristics were underlined as granulation tissue (GT),
serohematic crust (Cr), healthy epidermis (Ep), collagen (Col) and vascularization (Vs).

Scale bars: 500 pm.

On day 3, the skin of untreated animals appeared ulcerated (everted edges) with
immature granulation tissue (GT) (Figure 8 a, T.M. 4x). In the skin of rats treated with
nanohyaluronan-glycerosomes (Figure 8 c) the formation of a granulation tissue (GT)
highly vascularized under a sero-hematic crust (Cr) was observed. The healthy
epidermis (Ep) on the right border begin to proliferate under the scab (H.E. 10x).
Normal collagenization (Masson Trichrome staining) of the dermis and the presence of
skin appendages were observed (Figure 8 b, right side, T.M. 20x). Granulation tissue in
the process of maturation (Figure 8 d, T.M. 10x) and re-epithelialization with presence
of crust (Cr) were observed as well (Figure 8 e, H.E. 4x and f, T.M. 10x). On day 14,
the skin of animals treated with nanohyaluronan-glycerosomes appeared completely
repaired without scab and surface keratin production (Figure 8 g, H.E. 4x and h, H.E.
10x).

Regarding the rest of the histopathological parameters, i.e., angiogenesis, granulation,
collagen formation and inflammation, the results were more heterogeneous. A lesser
presence of granulation tissue was observed on day 7 in skin treated with curcumin
loaded nanohyaluronan-glycerosomes, indicating faster wound maturation. Of note was

the tendency towards increased angiogenesis in the early phases (day 3) in the animals
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that received curcumin loaded nanohyaluronan-glycerosomes, even if in no case
statistical significance was reached (Figure 9). Any statistically significant differences
were observed as well in TIMP-1, MMP-9 and CD-34 measured in the skin of animals
untreated or treated with curcumin loaded nanohyaluronan-glycerosomes (data not
shown).

Diabetes had a clear negative impact upon neovascularization, with a greater area
occupied by blood vessels being observed in the healthy rats than in the diabetic ones
(untretated or treated) on days 7 and 14. However, in the animals treated with curcumin
loaded nanohyaluronan-glycerosomes the vascularization was slightly improved in
treated diabetic rats in comparison with the control, while no difference between treated

and untreated rats were detected at day 14 (Figure 9).
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Figure 9. Vascularization area obtained quantifying the zone (um?) occupied by blood
vessels randomly selected in three wound areas (100 um? stained with hematoxylin-
eosin) and untreated (control) or treated with curcumin loaded nanohyaluronan-
glycerosomes. Mean values + standard deviations (error bars) are reported (n=9).

Symbols indicate values statistically different (*p<0.05; **p<0.001).

Discussion
Diabetes mellitus is a highly prevalent disease known for causing complications and

impairing the healing process of wounds and ulcers. In 2015, the number of cases of this

21



pathology worldwide was approximately 415 million and is expected to reach 642
million by the year 2040 [26]. In diabetic patients it has been demonstrated that activity
and migration of neutrophils, fibroblasts and leukocytes are altered at the ulcer site.
Elderly adults with diabetes mellitus have a decrease in subcutaneous adipose tissue, the
elastin fibres undergo fragmentation, and epidermal turnover and collagen production
are less effective than in healthy individuals [27]. Thus, the early and effective
treatment of these wounds is a therapeutic and economic challenge of the present
century. Only in the United Kingdom, during the period 2014-2015, the cost of treating
diabetic foot ulcers (including amputation surgery) ranged between 973 and 1120
million euros, representing 0.8-0.9% of the total National Health Service budget of this
country [28].

Considering this important challenge, in the present study a new ad hoc formulated
therapeutic formulation was developed loading curcumin in the self-assembled
hyaluronan-cholesterol nanogel that was further combined with phospholipids with and
without glycerol to obtain curcumin loaded nanohyaluronan-liposomes or
nanohyaluronan-glycerosomes. Their efficacy was assayed using a tissue repair model
in healthy and diabetic rats, that is highly predictive as in these animals the repair is
compromised like in humans (Figure 10).

Faster wound
healing in diabetic
Scratch Assay: rats treated with
Improved migration curcumin loaded
Curcumin of skincells nanohyaluronan-
containing glycerosomes
nanohyaluronan-
glycerosomes

Figure 10. Schematic diagram of the system design and effectiveness

Taking into account the optimal results obtained in previous studies using hyalurosomes
[16], phospholipid vesicles immobilized with hyaluronan, curcumin was selected as

ideal bioactive molecule. Indeed, this magical phenol has multiple biological properties,
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including antioxidant, anti-inflammatory, anti-bacterial, anti-diabetic, anti-fibrotic and
anti-amyloid activities [10,29]. Specifically, on skin wounds, curcumin has also been
associated with early apoptosis, reflecting rapid transition between the inflammatory
phase and the proliferative phase of the wound healing process. It was loaded in
nanohyaluronan-liposomes or nanohyaluronan-glycerosomes as each of the components
of these formulations can improve the skin penetration of payloads. Hyaluronan-
cholesterol nanogels previously demonstrated their ability to cross the barrier-disrupted
human skin (with partial removal and loosening of stratum corneum), up to the viable
epidermis where are taken up by keratinocytes [30]. In mechanically produced wounds,
nanohydrogels accumulated in tissue and are taken up by dermis cells, e.g. fibroblasts
and phagocytic cells. Their cellular uptake is CD44-mediated, and it is more effective
using hyaluronan in form of nanohydrogels, as reported in previous studies [31-33].
Phospholipids are the main components of cellular membrane and are present in the
intracellular matrix of the first strata of viable epidermis. Thus, they can interact with
this matrix, increasing its fluidity and permeability [34]. Glycerol is a humectant,
naturally occurring in the skin and capable of improving the hydration of stratum
corneum and enhancing desmosomal degradation, thus facilitating the removal of dead
cells [35]. The combination of these three components in a unique formulation allowed
the formation of spherical and multicompartment vesicles sized ~543 nm and negatively
charged. These vesicles stably loaded 10 mg/mL of curcumin and, when applied on the
skin surface, delivered it along with the hydrophilic probe up to the viable epidermis.
Analysing the obtained merged images of the skin treated with curcumin and
carboxyfluorescein loaded in nanohyaluronan-glycerosomes, it is possible to
hypothesize that a part of the vesicles fused within the stratum corneum, and their
components acted as penetration enhancer that destabilized the intercellular matrix and
facilitated the passage of other vesicles up to the viable epidermis.

The prepared and tested curcumin loaded nanohyaluronan-liposomes and -glycerosomes
were biocompatible with keratinocytes and fibroblasts, which are the main
representative cells of the skin, when used at concentration < 10 pg/mL. The lowest
concentration of curcumin (0.1 ug/ml) was selected to evaluate the in vitro effectiveness
of formulations, as it was the most reliable in terms of amount of curcumin capable of
reaching the viable epidermis and interacting with cells upon topical application. At this

concentration all the tested curcumin samples inhibited the mortality of cells
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(keratinocytes and fibroblasts) caused by hydrogen peroxide, restoring the healthy
conditions and reaching the same viability of unstressed cells. In this study the
behaviour of curcumin loaded nanohyaluronan-glycerosomes was comparable with that
of other vesicles. Differently, testing the formulation ability to promote in vitro
migration of keratinocytes and fibroblasts at the lesion surface, nanohyaluronan-
liposomes and -glycerosomes were more effective than the corresponding liposomes
and glycerosomes used as reference, probably due to the presence of hyaluronan
nanohydrogel that can be easier internalized by the cells giving rise to improved
biosynthesis of the extracellular matrix and tissue granulation [9,10,30].

Considering the promising results obtained in vitro, curcumin loaded nanohyaluronan-
liposomes and -glycerosomes were applied in vivo on the skin wounds of healthy and
diabetic rats. The re-epithelization in the healthy rats treated with nanohyaluronan-
glycerosomes was macroscopically evident. In the diabetic ones, it seemed to be faster
as wound size was lower at days 3 and 7. Similar results were obtained by Manca et al.
(2015) [16]. They found that the loading of curcumin (10 mg/mL) in hyalurosomes,
accelerated the healing process in mice, but they only tested the formulations in heathy
mice. Sharma et al. (2018) [36] used diabetic animals and reported similar results, with
faster healing in a diabetic model in which the full-thickness wounds were treated with a
formulation of curcumin in hyaluronic acid. Similarly, Lin et al. (2017) [37] found
faster healing of the wounded area of rats treated with curcumin contained in chitosan
nanoparticles. Zhang et al. (2016) [38] employed a new curcumin derivative that had a
zinc binding site, similar to that found in the tetracyclines, which had an inhibitory
action upon the metalloproteinases. Its application to the wounds of diabetic rats
significantly accelerated the healing process that was macroscopically evident and
supported by the histomorphometric findings. Differently, comparable results were not
obtained by Hamam et al. (2020) [39] that treated the wounds of Wistar rats with
curcumin loaded in mesoporous silica, probably because these samples were not
suitable for topical application.

Other factor that can influence the effectiveness of curcumin loaded nanohyaluronan-
glycerosomes is their ability to control the inflammation process. It usually develops in
the first 24 h, with the recruitment of monocytes, macrophages and polymorphonuclear
cells at the site of the wound, along with the activation of mast cells and Langerhans
cells. In our study, despite the ability of formulations to deliver curcumin in the viable
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epidermis and dermis, where it would reduce the inflammatory components during the
wound healing process, the hystopathological images did not revelated a decreased
inflammation process at any of the studied timepoints. Nevertheless, Kamar et al.
(2019) found that the formulation of curcumin nanoparticles that they used, reduced
inflammation in the histological analysis of wounds in albino rats [40].

In addition, the diabetic rats treated with curcumin loaded hyaluronal-cholesterol
nanogel had fewer vessels than the healthy controls on days 7 and 14, but the area
occupied by blood vessels was significantly greater than that found in the untreated
diabetic rats. These findings support the pro-angiogenic effect of curcumin and are
consistent with those of previous studies such as those published by Hamam et al.
(2020) [39] and Krausz et al. (2015) [41], both evidencing increased vessel formation in
the wounds treated with curcumin loaded in nanoparticles. The start of angiogenesis is
regulated by a number of soluble factors, including particularly VEGF-A, in response to
tissue hypoxia at the site of the wound. Following an “explosive” growth of neo vessels,
a vascular “trimming” process takes place until the vessel density becomes similar to
that of the normal skin. Apoptosis and capillary maturation at the expense of the
pericytes is crucial in this process [42].

Fibroblast maturation and number, and in this regard, the granulation tissue, composed
of fibroblasts within a network of neo vessels and extracellular matrix, was seen to be
less abundant in the healthy (non-diabetic) and untreated controls on day 3. This result
indicates a delay in the healing process with respect to the other animals. On days 7 and
14 the granulation tissue was more abundant in the rats treated with curcumin loaded in
nanohyaluronan-glycerosomes than in the untreated controls, suggesting that the repair
process was more advanced in the treated animals. On day 7 the granulation tissue in
the diabetic rats was found to be more abundant and mature when treated with curcumin
loaded nanohyaluronan-glycerosomes, in concordance with that obtained in the non-
diabetic rats. In turn, on day 14, the rats treated with this formulation had less
granulation tissue, which should relate to a more evolved repair process. Despite these
findings, no statistically significant differences were observed, in the same way as in the
study carried out by Hamam et al. (2020) [39]. On applying curcumin nanoparticles
embedded in a dressing of collagen and polyvinyl alcohol, Leng et al. (2020) [43]
likewise observed no statistically significant differences in the granulation process.
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Collagenization forms part of the proliferative phase in which the fibroblasts recruited
from the dermis at the wound margins produce mainly type Ill collagen, which is
subsequently replaced by type I collagen. This protein represents 70-80% of the skin
and is the most abundant protein in the extracellular matrix, suggesting the importance
of its production during skin wound repair. In the present study, on day 3, collagen
accumulation in untreated rats was much lower than in most of the rats treated with
curcumin samples, while in diabetic rats collagenization was seen to be greater on day
14 among the treated animals. This delay in collagen synthesis could be explained by
the difficulty of tissue repair in the context of diabetes. These findings are consistent
with those published by Leng et al. (2020) [43], since the application of curcumin
nanoparticles did not result in increased wound collagenization in the rats compared
with those treated with a dressing of collagen and polyvinyl alcohol, or with a dressing
alone. In contrast to Hamam et al. (2005) [39], Krausz et al. (2015) [41] and Lin et al.
(2017) [37], no statistically significant differences were found in relation to this
parameter, though the data obtained suggest that collagenization may occur earlier in
the treated groups than among the controls. Zhang et al. (2016) [38] evaluated the
accumulation of collagen in the wounds of diabetic rats by quantifying hydroxyproline
and found accumulation to be lower in the diabetic rats than in the healthy animals.
However, in the treated diabetic rats the amount of collagen increased significantly
during the study. On the other hand, Zahiri et al. (2020) [44] applied curcumin loaded in
chitosan nanoparticles to the wounds of Wistar rats, and recorded significantly greater
collagen production than in the untreated animals.

Despite the promising results, it is necessary to underline that the duration of the present
study was limited to 14 days versus other studies involving periods of 30 days [45],
which in turn may have limited the demonstration of statistically significant differences,
especially in the diabetic animals. This is because of the well-known negative and
delaying effects of hyperglycemia upon the healing process, including leukocyte
dysfunction, altered fibroblast activity and collagen synthesis, keratinocyte
differentiation and migration disorders, endothelial dysfunction, etc. On the other hand,
despite its many advantages, the use of a rat model does not allow the direct
extrapolation of findings to human skin under similar conditions. Indeed, there are some

inter-species differences in the healing processes and phases, since the primary healing
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mechanism in rodents is wound contraction, whereas in humans, up to 80% of the

wound heals through re-epithelialization.

Conclusions

Considering the interesting findings obtained, it is possible to conclude that curcumin
delivered in a new kind of vesicles, called nanohyaluronan-glycerosomes and prepared
combining hyaluronan-cholesterol nanohydrogel with phospholipid and glycerol,
represent a suitable option to be taken into account for improving skin regeneration and
repair, though further studies are needed, involving techniques capable of clarifying the

underlying mechanisms of action and establishing the appropriate dosing specifications.
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