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The electrospinning has been widely used in tissue engineering for the preparation of wound dressing with the most varied polymers

and drugs. Considering that propolis has antimicrobial and anti-inflammatory characteristics, the aim was to develop electrospun

fibers from PBAT (poly (butylene-adipate-co-terephthalate)/PCL (poly(e-caprolactone) containing propolis in order to promote
antimicrobial action and the healing of wounds. By the optical microscopy analysis, the best parameter for obtaining the fibers was
chosen: 16.5% (v/v) of propolis extract alcoholic solution, 14.0 cm needle-collector distance, 17.0 kV of voltage and 0.5 mL h! flow
rate. The scanning electron microscopy demonstrated fiber diameters of 0.51 + 0.12 um for the polymer blend and 1.16 = 0.98 um
for the blend with propolis. The Fourier transform infrared spectroscopy (FTIR) results showed no evidence of chemical interaction

with propolis, this being a physical interaction. This interaction was corroborated by the differential scanning calorimetry (DSC) due

to the variation in the heats involved, mainly in the aromatic part of the polymer blend, indicating a better interaction in the PBAT
group. Finally, it was found that fibers presents propolis antimicrobial activity against the bacteria Pseudomonas Aeruginosa. The
results indicate that this blend has a great potential to be used as a cutaneous dressing.

Keywords: electrospun; antimicrobial; wound dressing.

INTRODUCTION

Wound healing is an extremely complex and important biological
process that goes through several physiological steps until an
appropriate final result. The several stages of this process include
the tissue reconstrution and replacement, prevention of bleeding, the
inflammatory response, the interaction of multiple sells and regulators,
which can always play appropriate roles to ensure healing. Many
current studies seek improve the chronic wounds healing.!* Therefore,
the search for effective and safe healing agents is a major concern.*

Usually, the “modern dressings” can be applied as a way to assist
in this process and to innovate the environment in which the wound
will be exposed. It means allowing oxygen to enter and preventing
contamination and dryness, good stability, antimicrobial properties,
vascularization, biodegradability, among others.>® Among the most
varied segments that can be applied for dressing production, the
electrospinning, a technique for polymeric matrices production on
a nano/micrometric scale draws attention. This happens because
this techonology is capable of providing the injured tissue with
growth and cell differentiation, adhesion, migration and adequate
morphological characteristics.”® In addition, the electrospinning is a
simple, cost-effective and versatile method, which creates a porous
surface that mimics the extracelular matrix, thus, providing a favorable
environment for studies.*!°

Besides the electrospun matrices, the poly (butylene adipate-co-
terephthalate) (PBAT) could be used. The PBAT is commercially
known as Ecoflex®, an aromatic aliphatic polyester with low
cristallinity, high flexibility, high biodegradability, biocompatibility,
and high elongation and strength."'? Currently, the search for the
use of electrospun matrices in the biomedical area is very large
and requested by scientists. The objectives of studies are varied,
from cancer prevention'® to wound healing® and others.'*'7 The
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applications in vivo are still not explored enough, but it is a promising
alternative.'® Schneider ef al." evaluated the electrospinning PBAT/
PLA (poly(lactic acid)) with an antibiotic used in carriers medication
and dressing, observing nanofibers with uniform distribution. The
authors concluded that the material was able to provide a rapid
release of the antibiotic and inhibit the growth of Staphylococcus
aureus bacteria.

Single component electrospun nanofibers may have limitations
on their functions. Several studies in scientific literature explore
different polymers association to improve characteristics such as
biocompatibility and mechanical properties.?>>* With the same
objective, polymers such as poly(e-caprolactone) (PCL)** and
compounds with biological properties such as propolis are used.”
The PCL is considered to be a very versatile biodegradable polymer
in the medical field and it has been extensively studied by tissue
engineering for regeneration and wound healing.? The production of
nanofibers by the electrospinning technique using the PCL is widely
studied as it provides a large surface area and good conditions for
cell proliferation, besides the great affinity with biological tissue.”’
One of the major problems of aliphatic polyester, such as PCL, is the
stiffness and high crystallinity, which can decrease its effectiveness
in vivo tests. On the other hand, associated with other materials can
confer positive results.'s

Besides a compatible polymeric matrix, it is possible to add
other substances to these polymers, thus, improving wound healing
capability. For example, propolis is a substance produced by bees.
It is collected from plants, mixed with bee salivar enzymes and then
applied to the combs and walls of the hive, making the environment
aseptic.?® This has known antibiotic and antifungal activity in the
medical, pharmaceutical and cosmetic areas.?** Propolis has great
medicinal and therapeutic value due to its diverse properties to
humans. Such as its antimicrobial, antiallergenic, antifungal, antiviral,
antioxidant, anti-inflammatory and anticancer activity. Besides, it has
high adhesive properties, that can influence in electrospun matrices
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morphology and mechanical properties.***! Its is currently applied
in the pharmaceutical and cosmetics industry, and its used has
increased as a nutraceutical, in functional food and food supplements
to promote health.?

The chemical composition of propolis is complex and its
biological activity depend on the flora available to bees in specific
geographical areas. Raw propolis is mainly composed of plant resins,
oil, pollen essential, amino acids, minerals, sugars, vitamin B, C
and E, flavonoids, phenol and aromatic compound.®** The active
constitution (flavonoids) of propolis on the surface of the electrospun
matrices adds additional functionalities for the electrospun matrices.*
Investigations of the use electrospun matrices incorporated with
propolis for use in dressing have already been presented in the
literature and with promising results.**

Therefore, the objective of this study is to prepare electrospun
material with of PBAT and PCL as a polymeric matrix and propolis
(Prop) as an antifungal and antibiotic agent, searching for a low cost
and easy to handle material to use as smart transdermal dressing for
wound healing.

EXPERIMENTAL SECTION
Reagents

Polymers used in the experiments: poly(butylene adipate-co-
terephthalate) (PBAT) (molar mass: 6.6 x 10° g mol') produced
by Basf (Germany) and poly e-caprolactone (PCL) (molar mass:
8 x 10° g mol™), chloroform (= 99.8%), N,N-dimethylformamide (
> 99.8%) (DMF) acquired from FMaia (Brazil), alcoholic propolis
extract (Propolina Breyer - 12% dry propolis extract and 88% neutral
cereal alcohol) acquired in a local pharmacy of Toledo — PR (Brazil).

Electrospinning

The experimental section was conducted based on the study of the
Kim, J. I. and collaborators.*> The polymeric solution was prepared
by dissolving of 1.0 g of PBAT/PCL in the proportion of 75/25 (v/v)
in a mixture of chloroform (3.75 mL) and DMF (1.25 mL). Then,
1.0 mL alcoholic propolis extract Propolina Breyer was added, which
corresponded to 16.5% (v/v) of the pure substance in the solution.
Afterwards, in ambient temperature (25 + 3 °C), the solution was
kept under mechanical agitation for 24 hours. Other two solutions
of 5.0% and 30.0% (v/v) propolis were also prepared following the
same methodologies.

In order to obtain the PBAT/PCL electrospun matrices, the tested
parameters were: voltage of 14.0, 17.0, 18.0 and 22.0 kV and needle-
collector distance of 12.0 cm, 14.0 cm and 15.0 cm. The solution
flow was kept constant at 0.5 mL h'!, and this parameter was chosen
through previous studies in the research group. The pure polymer
mixture solutions (reference sample) and the polymer mixture
solution incorporated with propolis were subjected to electrospinning.
After that, the electrospun matrices were kept in a desiccator for 3
days for residual solvent removal. The Figure 1S shows a schematic
illustration of electrospinning step in the experimental section.

Characterization

The electrospun matrices morphology and uniformity were
analyzed using glass sheets that had been taped to the surface of the
collector. The fibers formation began after a few seconds and then
broke off. After that, the sheets were analyzed in an Olympus optical
microscopy, model cx31 in order to choose the best parameters for
the electrospinning. Subsequently, the membrane was formed and
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analyzed using scanning electron microscope (SEM), Tescan — model
Vega3. In order to make the samples electrically conductive, they were
deposited on double sided carbon adhesive tape and metallized with
gold to a thickness of 30.0 nm. The images were obtained by applying
an electron acceleration voltage ranging from 12.0 to 20.0 kV. The
average diameters of 100 measurements were determined by the
Imagel software.

The functional groups of the electrospun matrices, as well
as the incorporation of propolis in the electrospun matrices were
evaluated by Fourier transform infrared spectroscopy (FTIR). The
FTIR spectrum was obtained with Perkin-Elmer spectrophotometer
using the attenuated Total Reflectance (ATR) in the scan values in
the range of 600 a 4000 cm!, with a resolution of 2.0 cm™ at 25 °C.

The electrospun matrices thermal properties were analyzed
by means of differential scanning calorimetry (DSC) curves. The
DSC curves were obtained with a DSC-50 da Shimadzu with
nitrogen atmosphere, with nitrogen flux of 50.0 mL min’', heating
ramp of of 10.0 °C min’', cooling rate -10.0 °C min’!, temperature
ranging from 30.0 to 200.0 °C and 200.0 to 30.0 °C, partially closed
aluminum capsule and sample mass of approximately 6.0 mg. The
values of melting temperature, crystallization and their enthalpies
were obtained using the software (TA-60WS). The percentage of
cristallinity was obtained using Equation 1.%

m— AHce

x 100 (1

m

In which: X, is the percentage crystallinity; AH,, is the enthalpy
of fusion; AH. is the enthalpy of crystallization and AH,° is the
theoretical enthalpy of the 100% crystalline sample (AH,,° of the PBAT
isequal to 115.0J g'%*4°and AH,,° of the PCL is equal to 139.5J g1 %).

Antimicrobial activity

A stock suspension solution of the bacterium Pseudomonas
Aeruginosa (ATCC 7853) was prepared in glycerol and maintained
at a temperature of — 20.0 °C. Preliminary studies had been carried
out previously to determine the minimum inhibitory concentration
(MIC). The antimicrobial activity of electrospun matrices against
Pseudomonas Aeruginosa was determined by the agar disc diffusion
method. The disc control used in the test was the antibiotic kanamycin
(10.0 pg).

The isolation temperature of the colonies was 37.0 = 2.0 °C
for 20 hours in an orbital shaker. Then, the plating was performed
in Petri dishes, so that the filter paper discs (90.0 x 15.0 mm in
diameter) were distributed for the static growth of the bacterium in
Luria-Bertani broth (LB) and agar culture medium, for 20 hours in
a sterile oven at 37.0 + 2.0 °C. The plates were incubated in a sterile
oven 37.0 + 2.0 °C for 24 hours. The diameter of the inhibition zone
was measured after incubation.

RESULTS AND DISCUTION
Optical microscopy

Initially, an attempt was made to use a pure dry propolis extract,
but it presented a difficult solubilization. Bilginer and Yildiz*!
evaluated the electrospinning of polyvinyl alcohol (PVA) enriched
with propolis for biomedical applications and tissue engineering. The
authors highlight this limitation in solubility in organic solvents and
water, as well as in the clinical applications and bioavailability of
propolis and atribute this to the lipophilic content of the substance.
Therefore, in this study, an attempt was made to use an alcoholic
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propolis extract, which presented the desired solubility, making the
formation of the electrospun matrices possible.

The concentrations of alcoholic propolis extract chosen for this
study came from those applied by Kim et al.,’> using polyurethane
(PU) as a polymer, with promising results. Unlike the results found
by the authors mentioned above, for the PBAT/PCL blend, for the
concentration of 30.0% (v/v) propolis extract, the formation of threads
was not observed. Therefore, only the concentrations 16.5% and
5.0% v/v were maintained for the optimization of parameters. Also,
some parameters that influence the morphology of the electrospun
matrices were analyzed which were: the tension, needle-collector
distance and the concentration of propolis extract. The flow rate was
kept at fixed in 0.5 mL h'.

The threads formation was observed in both studied concentrations
(5.0 and 16.5% v/v), with the presence of more prominent beads for the
concentration of 5.0% propolis. The average diameters of reference
sample were 0.51+0.12 pm. The best parameters obtained were those
containing a concentration of propolis solution of 16.5% v/v, a needle-
collector distance of 14.0 cm and voltage of 17.0 kV, in comparison
with the other parameters. According to Ramakrishna er al.,** the
best parameter for the polymeric matrix formation is that it must
present homogeneous fibers, of smaller diameter and without the
presence of beads. The beads are structural “defects”. This occurs
when determined regions of the electrospun matrices show a slight
increase in diameter and the matrix returns to small diameter again.
The best parameter was designated as PBAT/PCL/Prop.

Scanning Electron Microscopy (SEM)

Figure 1 shows SEM images for PBAT/PCL (reference
sample) and PBAT/PCL/Prop (sample incorporated with propolis)
of electrospun membranes with magnification of 20 000 times.
After the insertion of propolis, the electrospun matrices produced
have increased in diameter, however, they presented few beads.
According to Rossin et al.,** the morphology of the electrospun
matrices may depend on many factors such as viscosity,
concentration, conductivity and others. In this case, the higher
conductivity provided by the propolis extract, promoted a more
uniform stretching generating a homogeneity of the electrospun
matrices when compared to the pure blend. Mean diameter of the
electrospun matrices were calculated using the ImageJ software
and another predominant factor is the increase in average diameter
from 0.51 = 0.12 pm for 1.16 = 0.98 pm for PBAT/PCL/Prop
in comparison to PBAT/PCL. Asawahame et al.> observed the
same behavior for electrospun matrices with polymeric matrix of
polyvinylpyrrolidone (PVP) K90 and 8.0% of alcoholic propolis
extract. The increase in the diameter of electrospun matrices is due
to the change in viscosity and the repulsive forces of the components
dissolved in the propolis extract.

Figure 1. SEM images of the blend PBAT/PCL and PBAT/PCL/Prop with
magnification of 20 000 times
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With the measurement of the diameters, it was possible to plot a
graph of distribution of the particles sizes, indicated in Figure 2, that
presents the diameters of the electrospun matrices (reference sample)
and Figure 3 which presents the diameters of the electrospun matrices
incorporated with the propolis. The distribution electrospun matrices
diameter size indicated that the propolis affects the morphology of
the electrospun matrices. In the electrospun matrices distribution
(reference sample) the diameters of the nanowires vary from 0.2
to 1.3 um with a greater incidence in nanowires with diameters
of approximately 0.6 um. With the incorporation of propolis, the
diameters vary between 0.5 to 3.3 pm, with a greater incidence in
diameters of approximately 1.3 um.

The obtained electrospun matrices presented large surface area,
this can be an efficient drug delivery system. In this condition, the
polymer have additional advantagens such as the ease of incorporating
of carriers immobilized antibiotics and antimicrobials.*
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Figure 2. Size distribution of electrospun matrices of PBAT/PCL (reference
sample)
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Figure 3. Size distribution of electrospun matrices incorporated with propolis
Fourier transform infrares spectroscopy (FTIR)

Figure 4 shows the spectra of the pure polymers that constitute
the polymeric blend and Figure 5 shows the FTIR spectra obtained
by the electrospun matrices (PBAT/PCL), the electrospun matrices
incorporated with propolis and the alcoholic propolis extract spectra.
Both polymers, PBAT and PCL have bands that are located in regions
of the spectrum overlap, between 1600-2000 cm™. The characteristic
band of the PCL is vibrations near to 1700 cm™ a band assigned to
C=0 of the carbonyl of the PCL structure.*¢

For PBAT, the main bands are in = 3000 cm™ which corresponds
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Figure 4. FTIR spectra of pure polymers, PCL (red curve) and PBAT (black

curve)

N

<

: Y

9

g \

]
=

E ——— PBAT/PCL/Prop
= ——PBA1/PCL
E Prop
L ]

1000 1500 2000 2500 3000 3500 4000
wavenumber (cm™)
Figure 5. FTIR spectra obtained from electrospun matrices (PBAT/PCL)

incorporated with propolis (blue curve); pure electrospun matrices (PBAT/
PCL) (red curve) and alcoholic propolis extract (black curve)

to the C-H stretches of CH, bonds of the aliphatic and aromatic
groups, in = 1700 cm™ which refers to the C=0 vibration of the
carbonyl group, near to the 1400 cm™ band which can be attributed
to the a phenyl bonds, C linked to the aromatic part of the chemical
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structure of PBAT and in = 1100 cm™ which refers to the vibration
of stretches of the C-O bond.**?

The propolis has a lot of functional groups in its formulation,
which makes it complex to be analyzed separately. Similarly, for
the spectra of the alcoholic extract of propolis, there is a wide band
in 3300 cm™! which refers to the OH bond of phenolic and ethanolic
groups, between 800 and 1000 cm! refers to vibration of C-H bonds;
in 1640 cm! band, which probably refers to the C=0 bond of the
propolis flavonoids groups.® The 2972, 1386 and 1086 cm™ bands
refer, respectively, to C-H stretches of the CH, bonds, the vibration
of the C=C bonds, and the stretch of C-O bonds which refer to ester
groups (R-COO-R’).*® Table 1 shows the compounds chemical
structures, stretches and corresponding functional groups of the
FTIR bands.

When analyzing the three FTIR spectras, it was possible to
observe that no new bands appeared in the spectra of the electrospun
matrices associated with propolis. Thus, this brings evidence that
there was no chemical bond with the electrospun matrices and the
interaction between them was physical.

Differential scanning calorimetry (DSC)

The DSC curves of the pure polymers (PBAT and PCL) are
presented in Figure 6. Analyzing the DSC curves of pure polymers, a
slight decrease in the melting temperature (Tm) of the pure polymers
is observed when they are mixed, being for the PCL from 65.0 to
54.0 °C and for the PBAT from 121.0 to 115.0 °C. The crystallization
temperatures increased slightly from 38.0 to 75.0 °C for PCL and
decreased from 122.0 to 71.0 °C for PBAT. The PBAT is a polymer
that has high biodegradability and flexibility? and PCL adds elasticity
to the material due to the low glass transition temperature (Tg),
= 60.0 °C.* Both are biodegradable, what offers the material an
environmental importance and characteristics different from those of
its individual polymers. Sousa, et. al.* studied the thermal behavior
of the PCL/PBAT mixture and the results showed a strong interaction
between these polymers, where the presence of each component
favors the crystallization of the other.

Figure 7 presents the DSC curves of the electrospun matrices,
which confirmed possible changes in the material structure. The
endotermic peaks shown refers to the melting temperature (T,,) of
the polymer constitutes the blend. At 55.0 °C the peak refers to PCL>
and at 117.0 °C to PBAT*. After heating to 200.0 °C, the samples
were cooled at rate 10.0 °C min™'. The exothermic episode observed

Table 1. Compounds chemical structure, stretches and corresponding functional groups of the FTIR bands

Corresponding functional

Compound Chemical structure Stretch (cm™)
group
Hacwo
1000 C-0 (C-0-C)
PCL (poly(e-caprolactone) 1700 Cc=0
“SCH,
n
o o o I 3000 C-H (CH,)
PBAT (poly(butylene adipate-co- I o~~~ o~ O~ 1700 C=0
terephthalate) c C orrc 1400 R-(C,Hy)

1100 C-0

HCO ° oH 3300 OH

1000 C-H

Propolis

Main constituent of propolis: isoflavones

1640
2972
OCH; 1386 Cc=C

C=0 (flavonoids)
C-H (CH,)

1086 C-O (R-COO-R’)
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needle-collector distance: 14.0 cm, flow rate: 0.5 mL b, voltage: 17.0 kV

at approximately 71.0 °C refers to the crystallization temperature
(T,) of PBAT.!

Table 2 shows the crystallinity, melting temperature and
crystallization of the electrospun matrices with and without the
incorporation propolis and the respective heats involved in the process.

Table 2. Cristallinity, melting temperatures and crystallization of the polymer
electrospun matrices with and without the incorporation propolis and the
respective heats involved

Samples T (°C) Enthalpy (J g') Cristallinity (%)
T, PCL (2) 54.0 22.0 22.0
T, PBAT (2) 117.0 9.3 24.0
T. (2) 75.0 -18.0
T, PCL (1) 55.0 23.0 19.4
T,, PBAT (1) 1153 14.4 27.0
T. (1) 71.0 -16.0

According to the data in Table 2, it is observed the melting
temperature and heat involved in the PBAT and the crystallization
of the electrospun matrices and with the incorporation of propolis.
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The melting temperature of PBAT remained constant, from 117.0 to
115.0 °C (Figure 4S and 5S supplementary material). and the heat
involved increased from 9.3 to 14.4 J g'. The values of enthalpy
and melting temperature are similar for PCL, however for PBAT
with the insertion of propolis, there was an increase in the melting
temperature and is enthalpy, suggesting a possible interaction in this
part of polymer blend.

As far as the authors as concerned, there are no reports in the
scientific literature of electrospun membranes with PBAT and
propolis, and thus, it was not possible to compare and confirm the
interactions found with scientific data from other studies. However,
considering that the temperatures and heats involved in the PCL did
not change and also that the aliphatic part of the functional groups
are similar to the aliphatic part of the PBAT, the interactions possibly
occour more strongly in the PBAT functional groups (Figure 2S —
supplementary material).

The crystallization temperature remained constant with the
incorporation of propolis, from 75.0 to 71.0 °C. The electrospun
matrices also presented a constant value for crystallinity, from 24.0
to 27.0% for PBAT and 19.4 to 22.0% for PCL. The crystallinity is
an important influence on the mechanical, physical and chemical
properties of the material. For example, high crystallinity can result in
stronger polymer chains, less flexibility and higher thermal stability.>

Antimicrobial activity

Antimicrobial effects of the synthesized electrospun matrices
were tested using the agar diffusion method. The tested bacterium was
Pseudomonas Aeruginosa, a drug resistant bacterium which affects
patients with debilitated imune systems when it comes into contact
with the skin and that is susceptible of infection.”® The effects of
propolis on the electrospun matrices of the antimicrobial sensibility
test are shown in Figure 3S (supplementary material). Disc A contains
10.0 pg of kanamycin (antibiotic), disc B refers to the polymeric
control disc of PBAT/PCL and disc C to refers of the PBAT/PCL/Prop.

On disc A there is a high bacterial sensibility with approximately
3.0 mm of sterile halo, on disc B it is not possible to indentify any
sterile halo, indicating that it is resistant. Disc C shows an inhibition
halo, with a width of approximately 0.5 mm, indicating that disc can
be classified with intermediate bacterial sensibility.

The sensibility test is assessed according to the inhibition zone
and can be sensitive, intermediate and resistant. The high sensibility
indicates an inhibition of the in vitro growth of the bacteria by
the antimicrobial agent. The intermediate sensibility indicates
antimicrobial with therapeutic applicability when in high doses and
the resistant ones indicate that there is an inhibition of bacterial
growth in vitro by tested antimicrobial agent.>* The therapeutic
sensibility of the electrospun matrices with propolis is given by the
different constituents of propolis, such as flavonoids and derivatives
of cinnamic acid.*

Therefore, it can be said that the polymer electrospun matrices
incorporated with propolis have a high potential for making new
dressings and promoting wound healing.

CONCLUSIONS

This study indicates for the first time the production of PBAT/
PCL fibers incorporated with propolis through the electrospinning
technique. The characterization analyzes were performed using
different techniques that indicate that propolis was successfully
incorporated into the electrospun matrices. The obtained electrospun
matrices presented large surface area, this can be an efficient drug
delivery system. The DSC analyze was realized and the values
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remained constants with incorporation of propolis. This results
corrobored with FTIR, which suggest the interactions of propolis
with the electrospun matrices occurred physically with the polymeric
blend. The antimicrobial activity of the electrospun matrices was also
evaluated, which was shown to be moderate. The results indicate
that the electrospun matrices are promising for use as scaffolds for
dressing, presenting funcionality in wound healing.

SUPPLEMENTARY MATERIAL

Some images of the systems used in this study are available at
http://quimicanova.sbq.org.br, as a free access PDF file.
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