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ABSTRACT

Propolis, a natural compound that may help on the acceleration of the wound healing
process, is mainly used as ethanolic extract. The extractive solution may also be
obtained from the propolis byproduct (BP), transforming this waste material into a
pharmaceutical active ingredient. Even if propolis does not present toxicity, when used
as an extract over harmed skin or mucosa, the present ethanol content may be harmful to
the tissue recovering, besides hindering the drug release.

The present study describes the development of solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) as topic propolis delivery systems, the evaluation of
their physicochemical properties, and the healing potential of these preparations.

The extracts were evaluated to guarantee the quality and the lipid dispersions were
characterized as morphology (cryo-TEM), size analysis (PCS) and diffractometric (X-
ray) characteristics. The occlusive capacity of formulations was also evaluated by the in
vitro technique, which determines the occlusion factor. The drug entrapment efficiency
(EE), as well as the in vitro drug release profile from the nanoparticulate systems were
investigated as well.

This study allowed the development of lipid nanostrucutures containing complex active
agents from propolis. The size analysis performed through 90 days was favorable to a
topic administration and the polydispersity index, though not ideal in all cases, due to
the high content of resins and gums from the extracts, were relatively stable for the
SLN. The propolis extract contributes to the occlusive potential of the formulations.
Both extracts (propolis and byproduct) showed good cell viability freely or entrapped
on the systems. Finally, it was possible to show that the loaded SLN provided and

acceleration of the wound healing process tested in vivo.
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1. Introduction

Propolis (PRP) or bee glue has many pharmaceutical properties (e.g.
antimicrobial, fungicidal, antiviral, immunostimulating, cytostatic, antiulcer,
hypotensive, anti-inflammatory and antioxidant) and is used on the wound healing on
therapeutics [1-5]. This natural compound is a complex mixture, constituted mainly by
resin, waxes, water, inorganics, essential oils, phenolics, and balsamic substances,
collected by bees (Apis mellifera L.) from flowers, pollen, tree buds, branches and
exudates. The collected bulk materials are partially digested by the salivary enzymes of
the bees, especially the 13-glucosidase, and regurgitated producing PRP [2,3,6].

Ethanolic extractive solution of PRP is the main dosage form utilized on
therapeutics. After the preparation of the PRP extract (PE), the residue separated during
the filtration step (PRP byproduct — BP) is no more a waste, but it may now be a
promising pharmacological active and/or structuring agent [7-10]. In this aspect, PRP
shows one more advantage to be explored, because this compound may undergo a
second extraction process, collaborating with three Rs concept (reduce, reuse and
recycle) [11,12]. The PRP and, consequently, its BP and their extracts can be used to
influence on the tissue regeneration and granulation. In addition, considering PRP
characteristics of natural antibiotic and low cost, makes this drug accessible to the
population [13-16] and the healing activity of PRP extract has been shown [17].

The skin is exposed to the environment and it may be easily harmed, resulting in
wounds that modify its physiology, especially if the dermis is affected, losing its
protective functions [18-20]. This organ corresponds to approximately 16% of the body
weight, being the biggest organ of the human body and responsible to cover the entire

body surface [19,21]. The wound healing process is simultaneously complex and



organized, governed by a harmonic cascade of biological events that are divided into
three phases: inflammatory, proliferative and remodeling [21,22].

Accelerate and aid the healing process of chronic wounds results on the
decreasing of the aggravation as the affected local amputation [23,24] and consequently
reduces significantly the mortality and financial charges, with this disease [1]. With the
research improvement, natural compounds have been studied and tested on the wound
healing process stimulation, aiming to develop efficacious drugs, presenting no toxicity
and low costs [25,26].

However, though PRP and BP present no toxicity [4], the administration of their
hydroalcoholic extracts over the harmed skin or mucosa, may cause contact allergies,
ulceration, and difficult the healing process [27]. In this sense, the use of appropriated
systems to carrier system these extracts is necessary.

The solid lipid nanoparticles (SLN) are considered one of the most interesting
studied colloidal systems on the last years [28]. Their topical application is very
interesting as they possesses adhesive properties in contact with the skin, forming an
occlusive film during the use, besides reducing the transepidermal water loss,
strengthening the damaged tissue restauration [29]. A very important advantage of this
kind of systems is the use of physiological lipids to prepare the matrix, which reduce the
acute chronic toxicity, as well as being biodegradable [30]. The SLN is composed of
only a solid lipid or by the mixture of solid lipids in water, which stabilizes using
surfactant [31]. Differently, the nanostructured lipid carriers (NLC), a category of lipid
nanoparticles (LN), are prepared mixing solid and liquid lipids [32]. In this context, the
PRP incorporation on the LN should be of great interest, as it allows a higher

structuration of the lipid system, due to its high wax and resin content [33], and also the



particulate system, could permit to protect and modify the release of the extract
components over the skin [4,34].

The aim of this study was the preparation and characterization of SLN and NLC
containing PRP or BP extracts intended for cutaneous administration for wound healing.
Firstly, the extractive solutions were prepared and their physicochemical characteristics
evaluated. A formulation study was conducted and, after the preparation of SLN and
NLC systems containing the extracts, the morphology, size analyses, cryo-transmission
electron microscopy, X-ray diffraction, and propolis loading efficiency have been
investigated. Furthermore, the in vitro drug release profile of each system was
investigated. Finally, the lipid systems were studied in order to understand the influence

of the different extracts on occlusive effect, cellular viability, and wound healing.

2. Materials and Methods

2.1 Materials

Propolis (PRP) was purchased from an apiary of Apis mellifera L. bees located
inside a eucalyptus reserve, surrounded by native forest with a predominance of
Baccharis dracunculifolia (Asteraceae). This type of PRP is classified as ‘type BRP’, a
typical PRP from the northwest of Parand state, Brazil [35]. Miglyol 812 (Tricaprin,
Cremer, Hamburg, Germany) was kindly donated by Pic Quimica e Farmacéutica Ltda
(Séo Paulo, Brazil). Methanol HPLC grade, chrysin (97% purity, analytical standard),
poloxamer 188, poloxamer 407, and tristearin (stearic triglyceride) were purchased from
Sigma-Aldrich® (St. Louis, USA). All other chemicals were purchased from Synth®

(Séo Paulo, Brazil) and were of analytical grade.



2.2 Preparation and characterization of the extractive solutions

Propolis extractive solution (PE) was obtained by the turbo extraction method
[36] with PRP:ethanol (96%, v/v) ratio of 30:70 (w:w), and at 3500 rpm for three cycles
of 5 min. The final dispersion was filtered at vacuum through grade 3 filter paper, while
the remaining product on the filter surface was the byproduct of propolis (BP). The
extract of BP (BPE) was obtained by the same technique, but the BP: ethanol ratio was
50:50 (w/w) [12]. Both PE and BPE were characterized by the same methodologies: pH,
density, and alcohol content [37]; dryness residue and total phenol content.

For determination of dryness residue (DR), exactly 10 g of each extractive
solution (PE or BPE) were weighed and concentrated on a water bath (100 °C), with
occasional shaking, and dried on the infrared analytical balance (Gehaka, Sdo Paulo,
Brazil) at 110 °C and the final weight was designated the DR value. At least three
replicates were carried out to estimate the inherent variability of each determination.

The total phenol content (TPC) of each extract was determined by the Folin-
Ciocalteau method [38]. The extract aliquot (2 pL) was mixed with 1,0 mL of the Folin-
Ciocalteau, 10 mL of purified water, and 6mL of Na,CO3 solution (14.06%, w/v). After
15 min, the absorbance was measured by Shimadzu UV-1650PC spectrophotometer
(Tokyo, Japan) at wavelength of 760 nm. A valid calibration curve with solutions of
gallic acid was used as reference [39]. TPC was expressed as percentage of total
phenolic substances in extractive solution and corresponds to mean of six replicates.

PE and BPE were also analyzed by High Performance Liquid Chromatography
(HPLC) coupled to a spectrophotometer detector UV-VIS (Agilent Technologies, Santa
Clara, CA, USA). An analytical aliquot of 1.0 mL of extractive solution was extracted
with 25 mL of ethyl acetate. The acetate fraction was dried using a water bath (40 °C)

and the residue was dissolved in 10.0 mL of methanol. Modified PTFE membrane filter



(pore size of 0.45 um, Millipore, Bedford, MA, USA) was utilized to filter the solution.
An aliquot of the filtrate was injected in a fixed loop injector (Rheodyne VS 7125, 50
pL), which was utilized to carry the sample into the reversed phase Platinium C18
column (150 mm x 4.6 mm i.d., particle size 5 um, Hypersil BDS, Alltech, USA), at
temperature of 20 £ 0.1 °C (Agilent, Santa Clara, USA). The HPLC system consisted of
two pumps, an automatic controller of flow, a diode array detector module, column
oven, and an integrator system (Agilent, Santa Clara, USA). The mobile phase was
isocratic utilizing 70% of methanol and 30% of acetic acid:water (2:98, v/v), previously
filtrated through a 0.45um Millipore membrane filter (East Hills, NY, USA) and
degassed by ultrasound. The flow-rate was 1.0 mL/min and the absorbance of the eluate
at 310 nm was monitored by 6 min. The PRP concentration in the solution was
determined quantifying the marker chrysin using a calibration curve previously
validated. The proceedings followed the normative described by the International
Conference on Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use Q2(R1) [40]. Thus, the tested parameters were:
linearity, selectivity, precision, accuracy, detection limit (DL), quantitation limit (QL)

and robustness.

2.3 Preparation of nanostructured lipid systems

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) were
prepared by stirring followed by ultrasonication. For SLN, a volume of 19 mL of
poloxamer 188 aqueous dispersion 2.5%, w/w (P188 d) was heated to 75 °C, poured
over the oil phase (1.0 g of melted tristearin). This preparation was submitted to high
shear dispersion (Ultra Turrax T25, IKA-Werke GmbH & Co. KG, Staufen, Germany),

at 15,000 rpm for 1 min, and then submitted to the sonication step using a sonicator



(Microson™, Ultrasonic cell Disruptor) at 7 KHz for 15 min [41]. After, the dispersion
was cooled to room temperature. The NLC were also prepared by this method, but using
a oily phase composed of a mixture tristearin:tricaprin (2:1). PE or BPE was
incorporated to the lipid phase, during the fusion process, corresponding to 0.1 or 1.4%

(w/w) of DR for PE, and 0.1 and 0.8% (w/w) of DR for BPE, according Table 1.

[Table 1]

2.4 Particle size measurements

The hydrodynamic diameter of lipid structures was measured as the average of
the particle size and by the polydispersity index (Pdl), by Photon Correlation
Spectroscopy (PCS) and using a Zetasizer Nano Series, Nano SP90 (Malvern
Instruments, Malvern, England). All the measures were performed at 25 °C with
automatic adjust to the incident light beam (90°). Briefly, 100 pL of each formulation
were dispersed in 900 pL of bidistilled water. The samples were homogenized in vortex
at 15 Hz, poured into cuvettes and analyzed in triplicate at time 0, 1, 8, 15, 30, 60, and

90 days after preparation [42]. Data were analyzed using the “CONTIN” method [43].

2.5 Cryo-transmission electron microscopy (Cryo-TEM)

The samples of SLN and LNC were vitrified according to previous studies [44].
Briefly, a drop of each sample was placed on a pure copper grid, forming a subtle
sample film over the grid’s pores. The samples were frozen by rapid immersion in
liquid ethane and cooled to around -183 °C in liquid nitrogen, under temperature

control. This was maintained and monitored on the preparation chamber during the



sample preparation. After the lipid dispersion freezing, the remaining ethane was
removed with absorbing paper.

The vitrified specimen was transferred to a Zeiss EM9220mega (Carl Zeiss
Microscopy, Oberkochen, Germany) transmission electron microscope using a
cryoholder (CT3500, Gatan, Munich, Germany). Sample temperature was kept below
100K throughout the examination. Specimens were examined with reduced doses of
about 1000-2000 e/nm? at 200 kV. Images were recorded by a CCD digital camera
(Ultrascan 1000, Gatan, Munich, Germany) and analyzed using a GMS 1.8 software

(Gatan, Munich, Germany) [41].

2.6 X-ray diffraction measurements

The nanostructured lipid systems, their constituents, and the extracts (PE and
BPE) were analyzed using an X-ray diffractometer (Bruker D-8 Advance, Billerica,
USA), under monochromatic radiation CuKa (1 = 1,5406 A). The diffraction data were
collected at room temperature, in an angular sweep 26 from 1 to 60° with intervals of

0.02° at each 2 s [45]. PE and BPE were dried until constant weight before the analysis.

2.7 Determination of propolis-loading efficiency

To evaluate the content and the entrapment efficiency (EE), a volume of 500 pL
of LN was centrifuged (8000 rpm, 20 min), using microtube with coupled micro filter
(Amicon® Ultra — 0.5 mL centrifugal filter unit with Ultracel® - 10K membrane,
NMWL 10 kDa, Millipore, Darmstadt, Germany). After centrifugation, 100 puL of the
lipid phase retained in the filter were diluted in methanol (1:10). This dispersion was
submitted to magnetic stirring, in ice bath, for 3 h to the particle breaking and

consequent extraction of the active [46]. Then, 1 mL of this extraction was filtered in



micro filter and analyzed by HPLC using the method previously described. The EE (%,
w/w) was determined by the quotient of polyphenol content in formulation by the

theoretical polyphenols content (%, w/w) times 100.

2.8 In vitro propolis release from systems

The propolis release studies were carried out using Franz’s cells [47,48],
associated with nylon membranes (Millipore, 0.2 um pore size). The nylon membranes
were rehydrated in purified water at room temperature, at least, 24 h before the cell
preparation. The glass Franz’s cells had 1 cm diameter, representing an exposition area
of 0.78 cm? in contact with the receiving phase (5.0 mL), which was composed of
ultrapurified water:ethanol (80:20, w/w), in sink condition. This system was maintained
under constant magnetic stirring (450 rpm) and the temperature was 32 + 1 °C,
controlled by a thermostatically controlled bath [42]. The amount of 500 uL of each
formulation (nanostructured lipid systems, PE or BPE) was placed in the donor
chamber. To perform the free PE and BPE release, extracts dispersions (4%, v/v) were
prepared in purified water, so the release membrane was not obstructed, guaranteeing
the sink conditions [4,49,50]. At predetermined time intervals (0,5; 1; 2; 4; 6; 8; and 24
h), 300 pL were collected, with immediate reposition of the release medium. The
samples were filtered and analyzed by HPLC using the method previously described.

PRP-release kinetic from the formulations was analyzed by plotting the
measured chrysin content in the release solution with the time. The data generated from
the release studies were fitted to the general release equation, using logarithmic
transformations and least-squares regression analysis [51,52], in order to investigate the

mechanism of PRP release, as follows:

Mt

= kt" 1)



where M is the amount of drug released at time t, M., is the total drug content, k is a
constant incorporating structural and geometric characteristic of the device, and n is the

release exponent, which may indicate the mechanism of drug release.

2.9 In vitro analysis of the occlusive effect

The investigation of the occlusive potential of formulations was performed by a
variation of the method proposed by De Vringer [53], which is based on the water
evaporation through a membrane and the determination of F factor (occlusion factor).
Briefly, 40 g of purified water were placed into a glass flask (4.0 cm diameter and 4.7
cm high) and the open end (area of 12.57 cm?) was covered by filter paper. The amount
of 15.9 mg/cm? of the sample was uniformly spread over the membrane. The set
(formulation + flask + water + membrane) was stored at 30 + 1 °C and relative humidity
of 50 - 55%. At predetermined time intervals (0, 6, 24 and 48 h), the samples were
weighted and for all formulations, at least, three replicates were analyzed. The F factor

was calculated as follows [54].
A-B
F=100.— 2
where F is the occlusion factor (%), A is the mass (g) of water that went through the

membrane, and B is the mass (g) of water with formulation that went through the

membrane.

2.10 Cellular Viability
Human immortalized keratinocytes (HaCaT cells) (Clonetic, BioWittaker,
Wokingham, Berkshire, UK) were cultivated in high glucose concentration, Dulbecco

modified Eagle’s medium (DMEM) supplemented with 10% of fetal bovine serum



(FBS), penicillin (100 U/mL), streptomycin (100 pg/mL) and 2 mM of L-glutamin
(Lonza, Milan, Italy). The cells were incubated at 37 °C for 24 h in atmosphere with 5%
of carbon dioxide, until they reached 80% of confluence. The cell suspensions were
counted in Burker chamber and subdivided according with the different treatments in
Petri dishes, containing 10° cells/mL, in each plaque, and maintained in 2% FBS media
overnight for synchronization [55,56].

The cells were separately treated, 24 h before the test begin, with the following
formulations: ethanol 70% (w/w, 3 — 60 pL), PE (3 — 60 pL, corresponding to 42.6 —
852 pg/mL of polyphenols), BPE (4 — 80 pL, corresponding to 12 — 240 pg/mL of
polyphenols), SLN-B (62.5 — 1000 uL) e SLN-2 (62.5 — 1000 uL, equivalent to 15.07—
241.17 ug/mL of polyphenols) diluted in DMEM, without FBS. The control was
maintained in DMEM with no formulation for the same time. The analyses were
performed using the cytofluorimetric assay Muse Count & Viability Kit (Millipore
Corporation, Billerica, MA, USA). Briefly, 380 pL of Muse Count & Viability working
solution was added to cells and 20 pL of this cell suspension was incubated for 5 min at
room temperature in the dark place. The results are expressed in % of live cells, and the

same parameters were employed for the control [56].

2.11 Wound closure test

Hairless female SKH-1 mice (6 weeks old) were purchased from Orient Bio Inc.
(Gyeonggi-do, Korea) and lodged in individual plastic cages at temperature and
humidity-controlled conditions (22 £ 1 °C, RH 50-60%, 12 h light/dark cycle) with free
access to distilled water and food. Mice were acclimated for 10 days before initiation of

the treatment. Mice (n = 3). The animals were randomly selected at the start of the



experiment and they were used in accordance with animal protocols approved by the
Kyung Hee University Institutional Animal Care and Use Committee.

The animal back skin was compressed and folded (anesthesia with isoflurane,
sterile biopsy of 3.5 mm diameter, Miltex Instrument Company, York, PA, USA), under
the shoulder, to obtain six identical round wounds on each animal [57,58]. This area
was chosen so that the animals cannot reach the region, thus they could not lick or
irritate the lesions. The amount of 15% (w/w) of poloxamer 407 was added to each
formulation to improve the rheological characteristics of administration [59]. The
samples were applied to the wounds and they were digitally photographed daily,
including the first day of the treatment. To quantify the wound closure, the software
Canvas 11SE (Deneba, Miami, FL, USA) was utilized. The wound closure (WC%) rate

was calculated as follows:

WA,
WC(%) = W—AO.IOO 3)

where WC(%) is the wound closure ratio, WAy is the wound area at the different days

of test and WA is the wound area at day zero.

2.12 Statistical Analysis

All the experiments were performed, at least, in triplicate and the data of each
determination were analyzed by mean and standard deviation (mean + SD). For all
results, a value of p < 0.05 was taken to denote significance and the software Statistica
10 (StatSoft Company, Tulsa, OK, USA) was utilized to perform the Analysis of
Variance (ANOVA) and t-test. In all cases of ANOVA analysis, post hoc comparisons
of the means of individual groups were performed using Tukey’s Honestly Significant

Difference test.



3. Results and Discussion

The use of wound healing agents is very important in the treatment of many
disorders [17,23,24] and PRP has been much used for this goal [3,6]. However, the
main PRP dosage form is the ethanolic extract [60], which displays many disadvantages
such as high ethanol concentration and unfavorable rheological and drug release
characteristics [4,39,49,50]. These disadvantages result in difficulties on the patient
compliance and the therapeutics is also committed. Moreover, BP is the waste material
from preparation of PRP extracts, which is normally discarded, but can be utilized as a
natural material for the development of nanostructured systems [10,12,61]. Therefore,
nanostructured lipid systems could be used to release PRP. In this work, we have
evaluated the use of SLN and NLC for release of PE and PBE, with the aim to evaluate

the lipid system and extract for wound healing.

3.1 Characterization of propolis and propolis byproduct extracts

The extractive solutions (PE and BPE) were obtained by the turbo-extraction
method, which is efficient to obtain extracts of PRP [4,39,50,60,62] To guarantee the
applicability of this methodology and the characteristics of standardized PE and BPE,
the physicochemical properties regards to the quality of this extracts was performed
[39,60]. The results displayed the quality characteristics of extractive solutions (Table

2) [10,12,34,50,61,63,64].

[Table 2]



PE and BPE showed statistically different results for all characteristics. The pH
of BPE was higher than of PE, being directly related to the amount of solvent and PRP
in the extract [61,64]. Therefore, the difference between the pH values of the two
extracts, beyond the amount of ethanol, is based on the phenolic substances, cinnamic
alcohol derivatives, nitrogenous substances like aminoacids, among others which
balance the pH conducing to a value near six [64]. For PE and BPE, the pH values were
compatible with the pH of human body fluids and, therefore, with the clinical utilization
of them.

The BPE’s relative density and the DR displayed values lower than the ones
found for PE, and these can be explained by the loss of soluble substances in ethanol
during the first extraction (preparation of PE) [10,12,61]. Moreover, TPC of BPE was
more than four times lower than the value found for PE. However, this result shows the
polyphenolic substances are still present in BPE, suggesting that many active substances
present in PRP still persist in BP [10].

The alcohol content in BPE was also lower than in PE, considering this extract
was produced with less ethanol (50%, w/w) than PE (70%, w/w). Moreover, when PE
was prepared, the substances with higher affinity to the solvent were carried. The lipid
substances, such as waxes, are less attracted to the ethanol, thus concentrating in the BP
[10,12,61].

The extractive solutions were also analyzed by HPLC. The chromatographic
methodology was validated in order to guarantee that the analytical method provided
reliable and reproducible data of the samples [65]. In this context, chrysin was the
representative standard (marker) for the polyphenolics substances present in PE and
BPE [66]. The method was selective (Figure 1) and showed linearity on all the tested

concentrations (n = 10) (0.098; 0.19; 0.39; 0.78; 1.56; 3.13; 6.25; 12.5; 25 and 50



ug/mL), with a representative linear equation of y = 163.2x — 9.5861, and correlation
coefficient (r) of 0.9999. For the residues analysis, the calculated F was higher than the
critical F (342838.72 > 3,675x10-%4; p < 0.05) and the regression was highly significant.
The detection limit was 0.00536 pg/mL, while the quantification limit, in other words,
the least chrysin quantity that is possible to be precisely quantified by this method, was

0.01698 pg/mL [40].

(Figure 1)

Table 3 shows the statistical data for validation of the method. The precision was
expressed by the relative standard deviation (RSD, %) of a series of measurements (n =
3) [40]. The resulting data showed relative standard deviation less than 5%, either for
repeatability or the intermediate precision. The one-way ANOVA showed no difference
between the analysis intra-day, inter-day or even with different analysts (p > 0.05),
confirming the precision of the method. The accuracy was determined by the analysis of
the difference between the average value found and the theoretical one from the chrysin
solutions, which were known concentrations (n= 3). The method was capable of a
chrysin recovery of 98.95 + 1.05%. This result is into the limit established by the ICH
that is from 80 to 120% of the theoretical concentration. Evaluating the robustness, the
varied parameters were the wavelength from 310 to 290 nm, and the flow from 1.0 to
0.8 mL/min. The ANOVA displayed significant difference in the concentrations
(ng/mL), when the 290 nm was used on the concentration of 50.0 pg/mL. However, the
other concentrations, and when the mobile phase rate was changed, the method was
robust.

[Table 3]



3.2 Preparation and particle size analysis of systems

The amounts of extractive solutions added to the SLN and NLC were measured
in volume, but corresponding to the DR (w/w) of the extracts. Therefore, the volume of
200 pL, corresponding to DR 0.1% (w/w) of PE or BPE, was incorporated directly to
the lipid phase. However, when amounts of extracts were increased to DR 1.4 % (w/w)
of PE or 0.8% (w/w) of BPE, it was not possible to add them directly to the lipid phase,
due to higher volume. Therefore, it was necessary to concentrate the extract by
evaporating of the solvent in order to continue de preparation of the systems, as the
ethanol can interfere with the particle stability [67]. In this sense, a previous volume
reduction of the extract, from 425 to 200 pL, was performed at controlled temperature
(40 °C). The final amount was then added drop wise over the lipid phase, during its
melting.

The size analysis of the systems was performed for 90 days (Figure 2) and
allowed to investigate the behavior of the average particle diameter during this time
frame, which may influence on the drug release rate, and might be related to the
entrapment efficiency [68,69]. All the formulations were classified as nanoparticles, as
the highest measured dimension was 336.27 £ 0.94 nm (SLN-4) at 60 days [70]. The
mean diameter presented by these particles (higher than 100 nm) is interesting for a
potential topical application, as particles that are too small may infiltrate in the deeper

layers under the skin, and can lead to systemic effects [71,72].

[Figure 2]

PdI describes the deviation in function to the correlation of the diameter of the

formulation on 0, 8, 15, 30, 60 and 90 days (Figure 2). The SLN-1, maintained an index



lower than 0.3 during all the analyzed times, being so monodisperse [73,74]. The SLN-
B and SLN-3 kept a Pdl of 0.33 and 0.35, respectively. Moreover, SLN-4 displayed an
increase of the Pdl from 30 days on, resulting in a bidisperse system. This
polydispersion may be due to the presence of resins, gums and/or waxes from BPE,
which were seen macroscopically, that were not entrapped, lying in between the
nanoparticles. Differently, SLN-2 presented a pronounced increase of Pdl between 8"
and 15" days, and at the final Pdl was 0.35. This variation of the index can be also
associated to the presence of insoluble substances in the PE. However, the deposition of
those substances was not macroscopically visible. In addition, although the SLN with
lower active concentrations (SLN-1 and SLN-3) showed stable and monodisperse
granulometric profiles, after 90 days they presented big elastic lumps.

Differently from the SLN, the NLC presented unstable profiles. The NLC-1 and
NLC-2 showed a growth of 62.88% and 46.43%, respectively, in relation to NLC-B
diameter and on day 0. The carriers prepared with BPE (NLC-3 and NLC-4) displayed a
decrease on their dimensions of 57.00% and 68.50%, respectively. The blank
formulation (NLC-B) showed an increase of size from the beginning of the analysis, but
from the day 15 the size did not change, evidencing that the presence of the active
compounds influenced on the NLC size behavior.

Due to the presence of lumps on the SLN with the lower concentrations, SLN-2
and SLN-4 were chosen to the following experiments. For a better comparison of the

results between SLN and NLC, the carriers NLC-2 and NLC-4 were also chosen.

3.3 Cryo-TEM analysis
The formulations were analyzed by cryo-TEM (Figure 3) aiming to examine the

particle dimension individually and the morphology of the structures. Figure 3A and 3B



show, respectively, the NLC-B and SLN-B. Both systems displayed homogenous
distribution, but their diameter are between 150 and 200 nm, corroborating with the
results found by PCS. Moreover, the particles displayed elongated circular or deformed
hexagonal shape, and when observed laterally, they resemble black needles. These were
more elliptic on the NLC-B, probably by the presence of tricaprin, a liquid lipid at room
temperature, which allows the formation of caps on the surface of the lipid carriers

[42,46,75].

[Figure 3]

Relevant differences of morphology were not observed between the blank
systems and the ones containing the PRP extracts. Therefore, it may be suggested that
the PRP active compounds did not interfered on the morphology of the particles.
However, in Figure 3E and 3F, it was possible to observe the presence of an internal
lamellar structure from the tristearin, highlighted on the images. NLC-4 (Figure 3E)
displayed a structure called “sandwich”, due to the presence of caps around the tristearin
lamellar layout, justified by the presence of tricaprin, forming the structure of the NLC

and corroborating with other works of this same research area [42].

3.4 X-ray diffraction measurements

The X-ray diffraction technique is extremely important to determine the
polymorphic structure present in SLN, or even to differentiate the amorphous material
from the crystalline ones, evaluating the influence of liquid lipids on the NLC [76]. In
this context, the physical mixtures, as well as the components separately of the selected

formulations were analyzed (Figure 4). Poloxamer 188 showed two characteristic peaks



in approximately 19 and 23° confirming the profile demonstrated in other studies
[77,78]. This surfactant is characterized as a non-ionic polymer, which may be
employed as emulsifying agent, dispersing agent and wetting agent on the chemical or
pharmaceutical industries [37,77,79]. The peaks of tristearin were observed in 2°; 5.9
21.5° and 23.4° and are according to the literature [78,80]. Moreover, both the extractive
solutions (PE and BPE) displayed a peak around 22° (dashed line). This is designated as
a typical PRP (in natura) peak, corresponding to the diffraction of the reflection of the
glassy amorphous surface [81]. The presence of this peak for the extracts indicates the
constancy on the presence of PRP components in the extracts. Besides, the
diffractometric profile evidenced on the PRP (in natura) studied by Drapak et al. [81] is

similar with the ones obtained for PE and BPE in this study.

[Figure 4]

After the studies of the individualized compounds, the formulations were studied
and also their physical mixture (PM) (Figure 5). When comparing the PM of the blank
particles (PM-B) with the SLN-B or NLC-B, it is observed that the blank nanoparticles
evidenced a reduction on the signals, taking almost to disappearance of the peak in 21.5°
corresponding to the tristearin, which may indicate an interaction of the lipid with the
formulation. The peaks on the beginning of the spectra (2° and 6°), indicates, according
to other studies, that the triglycerides are arranged in lamellar phase [46,76]. In addition,
PM containing PE (PM-PE) or BPE (PM-BPE) displayed a peak in approximately 21.5°,
being related to tristearin or the extracts. This peak appeared on the diffractograms of
SLN-2, SLN-4, NLC-2 and NLC-4, suggesting that the active agents may have been

completely incorporated within the system.



[Figure 5]

With the application of this technique, it was confirmed the presence of lower
peaks (2° and 6°) on the SLN and NLC, proposing that the lipids organize in lamellar
phase. In addition, it may be suggested that the extracts did not alter the lipid
nanoparticles, in comparison to the blank ones, indicating that the order of the
hydrocarbons chain is kept intact [46]. NLC diffractograms presented more amorphous

phase, probably due to the presence of tricaprin [76].

3.5 Determination of propolis-loading efficiency

HPLC was utilized to analyze the PRP loading (EE) in the lipid systems, in
terms of chrysin content (Table 3). The knowledge and evaluation of the PRP content,
as well as the EE, in each formulation is fundamental for the development of a drug
delivery system [34,49]. Both SLN and NLC containing BPE displayed highest EE. It is
suggested that a higher affinity of the lipids of these formulations by BPE, considering
the wax content present in the BP is higher than the PRP one [10,12,61]. Thus, these
lipid constituents of BPE might be interacting synergistically with the formulation,
favoring the entrapment of most active substances (e.g. chrysin marker). In this way, the
lipid substances present in a greater amount in BPE facilitating the extract encapsulation
[82].

Comparing the systems containing PE (SLN-2 and NLC-2), it was observed that
the EE of SLN was higher than of NLC. On the other hand, for the systems containing
BPE, NLC-4 showed the highest EE. In this sense, it may be inferred that the NLC
improved the BPE EE, probably due to the higher interaction with the particle lipid

phase, constituted by a mixture of lipids solid and liquid, with the BPE fatty phase, as



the carriers allow the formation of a less rigid structure, promoting the entrapment of

fat-soluble substances [46].

3.6 In vitro drug release

For the in vitro drug release investigation of the lipid systems, it was used
Franz’s cell [83]. The lipid system was kept under magnetic stirring on thermostatic
bath. In predetermined time intervals, equal volumes of the release medium were
collected and then chrysin marker was quantified by HPLC, obtaining a release profile
according to the time. The receptor medium was prepared with purified water:ethanol
(80:20), pH of 7,2 and the temperature was 32 + 0.5 °C, to resemble the external body
temperature [84-86]. The use of a hydro-alcoholic solution is justified by the fact that
the formulation is made of lipid [87].

The Figure 6 shows the release profile of the PE free and incorporated in lipid
systems. Chrysin release profile from the extracts was faster than from all lipid systems,
highlighting that either SLN or NLC modified the drug release profile, reducing its
release rate. Moreover, the SLN-2 showed the slowest release rate. SLN-4 and NLC-4
showed the fasted chrysin release (11.06 + 0.31% and 13.36 + 0.62% in 24 h,
respectively), while the systems containing PE released 1.55 + 0.10% (SLN-2) and 2.84

+ 0.15% (NLC-2) of chrysin during 24 h.

[Figure 6]

The SLN displayed a lower chrysin release compared to the NLC, suggesting

that this more rigid structure sustained the active inside the particle for longer time, or

that the main amount of the extract substances was in the core of the SLN [88,89].



The results from the investigation of the chrysin release kinetics from the
extracts and from the nanostructured lipid systems are displayed in Table 4. For both
SLN and NLC was considered the spherical morphology and results for the n were
lower than 0.5, indicating that the drug release was governed by Fickian diffusion. This
result was expected as lipid matrixes are classified, most of the times as inert, because
in contact with water they do not modify their structure [90]. The PE and BPE showed a
value of n slightly higher than 0.5, indicating a Kinetic governed by diffusion
phenomenon and polymeric chain relaxation [91], which may be attributed to the resins

and gums present in the extract [50,92].

[Table 4]

3.7 In vitro occlusive effect of the lipid systems

The in vitro occlusion test is based on the water evaporation through a paper
membrane and is measured by the occlusion factor (F). Formulations constituted by
smaller particles, usually present higher occlusion factor [53]. Thus, the influence of the
dimension may be observed when comparing the occlusive power of SLN-B and NLC-
B. This presented a dimensional average lower than the SLN-B, throughout the 90 days
of analysis, showed a higher F, on the times of 24 and 48 h (Figure 7). However, the
presence of the different extracts, added to their interaction with the lipid systems, led to

results that were not only dependent of the granulometry of the formulations.

[Figure 7]



The particles containing PE (SLN-2 and NLC-2), presented the highest F in 24
and 48 h, indicating the presence of resins, gums and waxes (coming from the PE); thus,
providing a lower water permeability to the system. Moreover, there were no statistical
differences between the carrier and the SLN in all times (p > 0.05), evidencing that PE
was the main factor that influenced significantly the occlusion characteristic.

Therefore, despite the low lipid concentration used in the composition of the
nanoparticulate system, the PE associated to the oily fraction of the formulations was
capable of grant a greater occlusive function to the LN. This result shows itself
interesting when thinking of a topic administration for wound healing, once the high
occlusive capacity enhances the affected site hydration and consequently, aids on the
tissue recovering [93,94].

The increase on hydration at the site on contact with a lipid nanoparticulate
formulation occurs by the formation of an adhesive film, which hinder the water
evaporation [53,95,96]. In this work, this occlusive effect was enriched by the PE that
has great content of resins, which favors adhesive characteristics to the formulations [3].
In this sense, harmonious hydration characteristics are key properties to the

developments of innovative formulations to the acceleration of the healing process [93].

3.8 Cellular viability

This methodology is based on the microcapillary cytometry with fluorescence
detection, allowing the analysis of individual cells, determining the count of viable cells
[56]. Thus, it was possible to verify if the lipid systems maintained the HaCat viable, or
if they hindered their viability. In this study, the SLN-2 was selected, as it was very

promising to a topical utilization, looking to its occlusive potential, as well as showing a



stable dimensional profile. The SLN-B was also evaluated to check the effect of the

blank formulation over the cells (Figure 8).

[Figure 8]

The Figure 8a presents the cell viability for SLN-B, which presented lower
viability than the control, showing a high quantity of dead cells, especially at the two
highest concentrations. In addition, SLN-2 viability (Figure 8b) was really close to the
control, being higher than the SLN-B. Thus, it is suggested that the presence of PE
aided on this parameter.

PE and BPE were also evaluated in order to investigate their influence on cell
viability. The ethanol (70%, w/w) was tested to analyze the influence of this vehicle on
the extracts. These three samples were tested on a maximum concentration of 2% (v/v)
of ethanol. So the concentrations were 0.1%, 0.2%, 1% and 2% that corresponded to the
volumes of 3, 6, 30 and 60 uL of PE or ethanol, and 4, 8, 40 an 80 pL of BPE. Thus, the
PE correspondent concentrations of polyphenols were from 42.6 to 852 pg/mL, while
for the BPE they ranged from 12 to 240 pug/mL. PE presented highest cell viability, once
that in all the tested concentrations the amount of viable cells was around 100% (Figure
8c). BPE also displayed good values to this parameter, but lower than PE. The ethanol
exhibited mortality greater than the control, especially on the biggest volume tested,
being possible to infer that constituents of the extracts helped to maintain the cells
viable, and proving that the ethanol was evaporated during the preparation of the

systems, as previously described.



3.9 Wound closure test
Selected SLN (SLN-2 and SLN-4), as well as SLN-B were investigated. Starting
at day 0 (dO) to day 15 (d15), the wound closure was calculated related to the original

wound area (Figure 9).

[Figure 9]

The wound closure was higher than 85% on the control and over 89% (Figure
10) for the treatment with SLN-2 and SLN-4 from the 14™ (d14) of treatment. When the
lesions were treated with SLN containing PE or BPE, an increase on the wound size
was observed during the first three days. This may be due to an over expression of
inflammation mediators, with infiltrated of polymorphonuclear leukocytes, during the
inflammatory phase during the healing process [97]. On the other hand, after this
period, from d7 on a better evolution of the healing process [20] occurred with the
treatment using the formulations containing PE or BPE to a complete restoration of the
lesion. There were no significant differences (p > 0.05) between these two treatments.
These results are according to investigations, which reported the acceleration of the

healing process from this time frame of treatment [17,97-99].

[Figure 10]

4. Conclusions
The present study demonstrated the development of solid lipid nanoparticles and
nanostructured lipid carriers to nano-encapsulate propolis. For the first time,

nanostructured lipid systems could be successfully obtained using the residue obtained



from the preparation of propolis extract, which is normally discarded. The
characteristics (e.g. morphology, size, drug loading and release profile) of the
formulations were adversely affected by blend of propolis extractive solution (propolis
or byproduct) and lipid system (solid lipid nanoparticles or nanostructured lipid carriers)
promoted significant differences in the nanoparticles. In which the SLN showed greater
granulometric stability than the NLC.

Likewise, when evaluated the occlusive formulations’ properties, it was possible
to observe that the PE was a determinant factor to enhance the LN occlusion potential.
This, the dispersion SLN-2 generates higher expectation when putting together its
granulometric stability and the occlusive power comparing to NLC-2, which also
contains PE. Moreover, the biological investigation showed that the lipid formulation
containing PE (SLN-2) presented great cell viability and on the in vivo test, the same
lipid formulation containing the different extracts (PE on SLN-2 and BPE on SLN-4)
displayed promising capacity of accelerating the wound healing process.

Therefore, considering the results obtained and the principle of sustainability
(reduce, reuse and recycle), this work could represent an important improvement in
terms of materials, active agents and formulation for wound healing. However, further
research is needed to gain a better understanding about the properties of these

formulations for future in vivo preclinical and clinical studies.
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Figure captions:

Fig 1. HPLC chromatograms of chrysin (A) and propolis extract (B).

Fig. 2 Mean diameters (ZAverage) and polydispersity index (Pdl) of: solid lipid
nanoparticles SLN (A and B); nanostructured lipid carriers NLC (C and D). The results
correspond to three determinations on different batches of the same dispersion, standard

deviation was always comprised between + 5%.

Fig. 3 Cryo-transmission electron microscopy images (cryo-TEM) of: (A) NLC-B, (B)
SLN-B, (C) NLC-2, (D) SLN-2, (E) NLC-4 and (F) SLN-4. The inserts show in more

detail the shape of the SLN and NLC.

Fig. 4. X-ray diffraction profiles obtained from: (A) tristearin; (B) propolis extract (PE);

(C) poloxamer; (D) propolis byproduct extract (BPE).

Fig. 5. X-ray diffraction profiles obtained from physical mixture of blank nanoparticles
(PM-B) and of the nanoparticles loaded with PE (PM-PE) and BPE (PM-BPE). Besides

the SLN-B, NLC-B, SLN-2, NLC-2; SLN-4 and NLC-4.

Fig. 6. In vitro release profile of polyphenols from the free drugs (propolis extract — PE
and byproduct extract — BPE) and from the nanoparticles: (A) PE (¢), SLN-2 (e) and
NLC-2 (A); (B) BPE (e).S LN-4 (m) and NLC-4 (#). Each curve is the mean + standard

deviation of at least three analyses.



Fig. 7 Occlusion factor of blank lipid nanoparticles (SLN-B and NLC-B); lipid
nanoparticles loaded with propolis extract (SLN-2 and NLC-2) and lipid nanoparticles

loaded with byproduct extract (SLN-4 and NLC-4) as a function of time.

Fig. 8. Cell viability of human immortalized keratinocytes (HaCaT): (a) SLN-B; (b)
SLN-4; (c) propolis extract (PE), propolis byproduct extract (BPE) and ethanol 70%
(w/w), where A, B, C e D, correspond to the concentrations of 3, 6, 30 and 60 pL for PE

and ethanol and 4, 8, 40 e 80 uL for the BPE.

Fig. 9. Representative photographs showing the wounds and the different treatments in

SKH1- mice: after treatment (dO); after 15 days of treatment (d15).

Fig.10. The results for the quantification of wound closure in terms of percentage of

original wound size and in function of time (days)



Table 1
Composition of solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)

compositions

Composition (%, w/w)

Formulation

P188d  Tristearin  Tricaprin PE BPE
SLN-B 95 5 - - -
SLN-1 95 ) - 0.1 -
SLN-2 95 5) - 14 -
SLN-3 95 5) - - 0.1
SLN-4 95 5) - - 0.8
NLC-B 95 3.35 1.65 - -
NLC-1 95 3.35 1.65 0.1 -
NLC-2 95 3.35 1.65 14 -
NLC-3 95 3.35 1.65 - 0.1
NLC-4 95 3.35 1.65 - 0.8

P188d: Poloxamer 188 aqueous dispersion 2.5%, w/w; PE or BPE were added to the

formulation in relation to DR%.



Table 2

Results of physicochemical analysis of the quality control of: propolis (PE) and

byproduct extract (BPE).

Analysis PE BPE

pH 5.12+0.05 5.89+0.01
Density (g/mL) 0.87+£0.00 0.85+0.00
Dryness residue (%,w/w) 19.33+0.01 11.19+0.40
Alcoholic content (%, w/w) 67.33 £2.20 53.86 £ 1.97
Total phenol content (%, w/V) 1.42 +0.07 0.30 £ 0.06

All values are represented by the average of at least three repetitions (£ standard

deviation).



Table 3

Statistical data (accuracy, precision, and robustness) of the validation of HPLC method

for propolis analysis and the entrapment efficiency of nanostructured lipid systems

(SLN and NLC) containing propolis extract or propolis byproduct extract.

Chrysin Accuracy
(ng/mL) Chrysin (pg/mL) Recovery (%) Mean Recovery (%)
50.00 49.55 + 0.07 99.10£0.13
6.25 6.12 + 0.02 97.86 £ 0.26 98.95+ 1.05
1.56 157 +0.02 99.88 +1.12
Precision
Repeatability Intermediate Precision
Intra-day Inter-day RSD Precision RSD
RSD (%) (analyst 2)
(ug/mL) (ng/mL) (%) (%)
(pg/mL )
50.00 49.70 £ 0.25 0.49 4981+037 074 4955+0.06 0.13
6.25 6.07 £ 0.03 0.49 6.12 +0.09 1.56 6.12+0.02 0.26
1.56 1.56 +0.01 0.59 1.56 +0.02 1.34 156+0.02 112
Robustness
(ng/mL)
Wave-length (nm)/ flow (mL/min)
290/1.0 310/0.8 310/1.0
50.00 48.70 49.76 49.70
6.25 6.03 6.26 6.13
1.56 1.55 153 154
Sample Entrapment efficiency (%)
SLN-2 40.19+£0.31
NLC-2 31.93+1.01
SLN-4 60.58 + 1.17
NLC-4 81.94+1.28




Table 4
Release kinetic parameters for the chrysin release from solid lipid nanoparticles (SLN-2
and SLN-4), nanostructured lipid carriers (NLC-2 and NLC-4), propolis extract (PE),

and propolis byproduct extract (BPE).

Kinetic release parameters

Sample

n K (h1) R2
PE 0.61 1.18 0.85
BPE 0.66 12.22 0.79
SLN-2 0.45 0.34 0.95
NLC-2 0.46 0.78 0.88
SLN-4 0.48 2.24 0.99

NLC-4 0.45 2.50 0.97
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Highlights

e The development of nanostructured lipid systems containing propolis or its waste
material is proposed.

e The propolis and waste material extracts displayed good physicochemical
characteristics.

e Lipid systems were characterized as morphology, size analysis, and diffractometric
(X-ray) characteristics.

e The occlusive capacity of the formulations, entrapment efficiency, and the in vitro
drug release profile enabled to select the best formulations.

e The systems display no cell toxicity and acceleration of the wound healing process

tested in vivo.



