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ABSTRACT: Propolis-based products, particularly those high in Yellow Propolis

phenolic compounds, are extensively utilized in pharmaceutical @ Loi el o
applications for their broad therapeutic and health benefits. To ‘& Natwraragsato | " b~ * 1| eiogeqradatie
improve the delivery and stability of these compounds, researchers 1 ~=f=> " Biopolymer S

are exploring biocompatible materials for encapsulating natural ~ C";:Eﬁ:f:’"
extracts. Polylactic acid (PLA) stands out as a promising L Droperies
biopolymer due to its biocompatibility, nontoxicity, exceptional ’ : _‘\; q < Ariican
biodegradability, and favorable mechanical properties, making it o I
well-suited for a range of medical and pharmaceutical applications. e At e o e L LD
This study aimed to develop PLA-based membranes incorporating ¢

raw yellow propolis through electrospinning and to identify the |eYPnenclswinbiologicalproperties

maximum feasible concentration of raw propolis that can be

incorporated into PLA membranes. The chemical composition of the yellow propolis was analyzed using chromatographic
techniques coupled with a photodiode array detector and mass spectrometry (UHPLC-PDA-MS/MS), highlighting its rich array of
phenolic compounds, which are known for their significant antioxidant properties. The membranes were thoroughly characterized
with Fourier transform infrared spectroscopy and scanning electron microscopy, confirming the successful incorporation of propolis
into the PLA membranes, particularly in the sample containing 25% propolis (w/w). Total phenolic content, antioxidant activity,
and bioadhesion were also evaluated. Results showed that the membrane with 25% propolis (w/w) exhibits skin-adhesive properties
and huge antioxidant activity due to its phenolic content. These findings suggest that the membrane has strong potential for future
biomedical applications, where antioxidant activity is essential.
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1. INTRODUCTION and phenolic acids, esters, f-steroids, aromatic alcohols,
stilbene derivatives, and amino acids.”*® Yellow propolis is
one of several types of propolis found in temperate regions,
including Western Asia, Europe, and North America. It is
known for its high concentration of important phytochemical
compounds such as flavonoids and cinnamic acids and their
derivatives. These compounds contribute to the potential
biomedical applications as they offer various phytotherapeutic
properties that support healthier diets and promote overall
well-being.” Therefore, when propolis-based products are
developed, it is essential to consider their complex composition
and the interaction between the presented components. Once
this influences the product’s final properties, such as
therapeutic efficacy and stability.'” Furthermore, when the

Natural products are crucial in advancing healthcare by
providing practical solutions to various disorders.' Among
these products are essential oils, natural bioactive extracts, and
teas. In this context, propolis, a bee-based biomass, is a natural
product widely used in pharmaceutical applications. In
traditional medicine, propolis has been recommended to
promote overall health and enhance human resistance to
infections without undesirable side effects.” With the advance-
ment of scientific research, a wide range of therapeutic and
health-promoting activities of propolis have been discovered.
These include antioxidant, antibacterial, antifungal, anti-
inflammatory, antiviral, immunomodulatory, hepatoprotective,
antiallergic, antitumor, and antidiabetic properties.” > These
effects are attributed to propolis’ chemical composition, which
exhibits variability according to geographic location, climate, Received:  June 19, 2024 ~>r

edaphic conditions (soil type, chemical composition), and Revised:  November 20, 2024
6,7 Accepted: November 21, 2024

bees’ species.” I
Generally, raw propolis consists mainly of plant resin, Published: November 30, 2024

balsam, waxes, essential and aromatic oils, and pollen. Over —
850 constituents have already been identified, including fatty
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product is intended for human health applications, it is
necessary to ensure that the compounds are preserved and
efficiently delivered within the body.' "'

In this sense, the encapsulation of complex natural products
(like propolis) emerges as an option to harness biological
activities and optimize their positive effects for health
applications.”> This encapsulation can be employed using a
specific polymer through various techniques, including solvent
emulsion, evaporation, diffusion, nanoprecipitation, ethanol
injection, and ionic gelation.'”'> These techniques result in
diverse products, including nanospheres, nanocapsules, micro-
spheres, microcapsules, and liposomes.'®

Additionally, the escalating global environmental concern
surrounding materials have spurred researchers to explore
renewable and biodegradable alternatives.'”'® Consequently, a
growing interest is in replacing traditional polymers with
natural and eco-friendly polymers. Such sustainable materials
include chitosan, cellulose, alginate, and polylactic acid
(PLA).U’18 The last one, PLA, a natural organic acid, is
sourced from renewable materials such as sugar, potato, and
corn starch. It can be produced through the bacterial
fermentation of carbohydrates or chemical synthesis. This
polymer generates absorbable and biodegradable products,
offering an alternative to traditional polymers, especially when
recycling is difficult or uneconomical.'®'? Additionally,
regulatory bodies like the Food and Drug Administration
have approved direct contact with biological fluids due to the
nontoxic nature of PLA’s degradation byproducts.”’ This
regulatory approval enhances the acceptability of PLA for use
in healthcare applications, contributing to its growing popular-
ity as an environmentally friendly and biocompatible materi-
al.”® Therefore, using PLA as a base polymer for natural
extracts, encapsulation has been explored and has proven to be
an efficient alternative, especially when application to the
human body is prioritized.”"**

Researchers have already demonstrated that PLA is
promising for developing encapsulated propolis.”>~° This
approach not only preserves the therapeutic properties of
propolis compounds but also offers a sustainable and
environmentally friendly solution for the controlled delivery
of these compounds. Although studies are reporting the
incorporation of propolis into PLA membranes, most of these
studies, rather than using the raw form of the propolis, have
used its extracts (mainly those produced using ethanol).
However, using extracts often requires a preliminary
production step, which can increase the processing time,
energy consumption, and waste generation. In contrast,
employing raw propolis eliminates these additional steps and
preserve the full spectrum of its biological activities, ensuring
that no compounds are lost in the process. Therefore, the main
objective of this study was to develop a novel biomaterial based
on PLA and raw propolis, which has not yet been reported in
the literature. Our study focused on producing an electrospun
PLA membrane infused with raw yellow propolis, selected for
its complex composition. Through the electrospinning
technique, we successfully developed a membrane loaded
with 25% raw propolis that retained its antioxidant activity. So,
this innovation aims to eliminate the need for propolis extract
production, maximizing the full potential of raw propolis
biomass.

2. MATERIALS AND METHODS

2.1. Materials. The raw yellow propolis was acquired from a
traditional apiculture farm in Aveiro, Portugal. The frozen samples
were ground in a domestic blender (Model OSTER, 450W, 220 V,
Portugal) and sifted through a steel sieve, standardizing the particle
size sample between 0.5 and 1.0 mm. The raw propolis was
autoclaved at 120 °C, for 15 min and S bar, for sterilization, and
stored in a dark container at —20 °C until use. The reagents used
were PLA (Purasorb PL18, Mw = 217-225 kDa, Corbion,
Amsterdam); dichloromethane (DCM, EMSURE, ACS, ISO, Reag,
Ph Europe); dimethylformamide (DMF, ACS reagent >99,8%, Sigma-
Aldrich); pork skin (from a local butcher shop, “Bom talho” Aveiro,
Portugal); ethanol (ACS reag. Ph.Eur.-Reag.USP); and acetone (ISO-
ACS-Reag. Ph. Reag. USP).

2.2. Yellow Propolis Characterization for UHPLC—PDA—-MS/
MS. The method proposed by Contieri et al. 2022°" was used with
some modifications for yellow propolis characterization. The propolis
ethanolic extract (using 100% ethanol as the solvent) was prepared in
an ultrasonic bath (37 kHz, 135 W) for 120 min, with a solid-to-liquid
ratio of 0.015 gy propolis mL e ', at a constant temperature of 55
°C. This extract was analyzed by using ultra high performance liquid
chromatography coupled with a photodiode array detector (UPLC-
PDA, Waters Corp, Acquity H-Class, Milford, Massachusetts, EUA)
coupled with mass spectrometry (Thermo Fisher Scientific LTQ XL
linear ion trap mass spectrometer, San Jose, Ca, USA). The separation
was achieved with a fused-core column (Kinetex C-18, 50 X 2.1 mm,
1.3 pm: Phenomenex, Torrance, CA, USA), with the temperature
fixed at 55 °C, and a mobile phase flow of 0.5 mL ., min~". The
mobile phase consisted of two solvents: water (A) and acetonitrile
(B), both acidified with 0.1% v/v acetic acid. The gradient starts in
12% of B, reaching 70% in half the time and returning to initial
conditions at the end. The samples were filtered through a nylon
syringe filter 0.22 ym X 25 mm (Analytical, Sio Paulo, Brazil) before
injection. The injection volume was 1 yL, and the absorbance was
monitored at 260 nm. The mass spectrometry analysis provided the
fragmentation profile of the compounds extracted from yellow
propolis. Flow injection analysis was performed using a Thermo
Fisher Scientific ion trap mass spectrometer (San Jose, CA, USA)
equipped with an electrospray ionization source. MS and MS/MS
analyses were conducted in the negative ionization mode, selected for
its superior performance in the full-scan mode (100—1500 Da). The
operational conditions were as follows: flow rate 0.5 mL min~},
capillary voltage of —35 V, spray voltage of 5 kV, tube lens offset of 75
V, capillary temperature of 250—300 °C, and sheath gas (N,) flow
rate of 8 arbitrary units. Data were acquired and processed using
Xcalibur software (version 2.2 SPL48).

2.3. Preparation of the PLA Yellow Propolis Membranes by
Electrospinning. The PLA membranes were manufactured with
added propolis by using the electrospinning technique. It is important
to emphasize that the membranes were prepared using raw propolis
rather with the more commonly used propolis extract. The
electrospinning process was conducted under ambient temperature
(23 £ 2 °C) and humidity (50 + 4%). For production of the PLA
propolis (PLA,,,,.;;) membranes, the desired amounts of propolis
10% (PLAIO%propolis) and 25% (PLAZS%propolis) w/w were combined
with 0.9 g of PLA, 5 mL of DCMC, and 1.7 mL of DMF. After, the
PLA and propolis were mixed, the solution was filtered with a nylon
fabric (mesh 60), transferred to a plastic syringe (10 mL), and placed
in a flow pump (KD Scientific). The syringe was fitted with a metallic
needle with an internal diameter of 0.5 mm and connected to a high-
voltage source (Gamma High Voltage). A static collector made of
aluminum foil was placed 20 cm from the tip of the needle, and a
voltage of 20 kV (DC) was applied. The flow rate used was 1 mL h™".

2.4. PLA Yellow Propolis Membranes Characterization.
2.4.1. Fourier Transform Infrared Spectroscopy. Infrared spectra
(FTIR) of different membranes were recorded by using a Bruker
Alpha spectrometer equipped with an attenuated total reflection
diamond crystal accessory. Spectra were obtained at room temper-
ature with a resolution of 4 cm™" over a wavenumber range of 4000—
400 cm ™! using 64 scans.
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Table 1. Compounds Identified in the Yellow Propolis Hydroethanolic Extract

retention time Amax (nm) [M — H]™ (m/2)
2.23 293sh, 323 179
3.22 309 163
393 296, 322 193
7.37 295sh, 321 303
10.06 287 285
10.64 268, 355 315
10.98 226, 308 497
12.26 291 271
17.29 232, 311 313
21.53 268, 319 253
22.35 299sh, 325 247
22.81 290 255
23.45 266, 290, 357 269
24.88 293 313
25.55 241, 295sh, 325 283
29.43 232, 313 253
30.32 238, 295sh, 324 283
30.77 247, 299, 326 29S8
31.81 293 327
35.27 268,308 541
35.62 290 279
36.27 292 341
39.26 292 355
41.64 281 293
42.45 282 429
44.80 244, 309 579

“n.i: not identified.

MS? (m/z) identified compound
caffeic acid
p-Coumaric acid
ferulic acid
285, 152 taxifolin
267, 252, 239 pinobanksin-5-methyl ether
300, 271, 285 quercetin-3-methyl ether
n.i
253, 225, 151 pinobanksin
298 dihydroxy-dimethoxyflavone derivative
225, 209, 151 chrysin
179, 13§ caffeic acid isoprenyl ester
213, 211, 151 pinocembrin
241, 197, 151 galangin
271, 253 pinobanksin-3-O-acetate
179, 135 caffeic acid phenylethyl ester I
225, 151 dihydroxyflavone derivative
179, 135 caffeic acid phenylethyl ester II
n.i
288, 267, 239 pinobanksin-5-methyl ether-3-O-acetate
523, 191 ni
n.i
271, 253 pinobanksin-3-O-butyrate or isobutyrate
271, 253 pinobanksin-3-O-pentanoate or 2-methylbutyrate
278 n.i
267 n.i
271, 152 naringin

2.4.2. Scanning Electron Microscopy. The morphology of the
control and PLAgg;ropolis @0d PLAygopolis membranes was analyzed
by using scanning electron microscopy (SEM) on a Hitachi SU70
instrument. Before analysis, a thin layer of gold—palladium conductive
film was deposited by sputtering using a physical vapor deposition
machine (PVD, E5000, Polaron). The studies were conducted under
vacuum, applying a potential difference of 15.0 kV and magnification
ranging from 500X to S5000X. The membrane diameter was
determined using the Image], and in the image at a 2000X
magnification.”” Measurements were taken for 50 individual samples,
presented as average + the standard deviation.

2.4.3. Mechanical Properties. Mechanical experiments were
conducted on the PLA, PLA gypropotis, a0d PLA 590001 Mmembranes
at 2 mm.min~' speed using a universal testing machine (EZ-LX,
Shimadzu) equipped with a 10 N load cell. Samples with 30 X 5 mm?
characteristic dimensions were cut from membranes with an
approximate thickness of 0.058 mm. The tests were conducted at
room temperature (23 + 2 °C), and the results are presented as the
mean =+ standard deviation of six independent measurements. The
Young’s modulus (E) was calculated from the slope of the stress—
strain curves in the linear region, following ASTM D638—14:
Standard Test Method for the Tensile Properties of Plastic.

2.4.4. Thermal Analysis by DSC and TG Methods. Differential
scanning calorimetry (DSC) experiments were performed using a
Netzsch DSC 300 Caliris to investigate the influence of raw propolis
on the glass transition (Tg) and melting temperature (T,,) of the PLA
matrix. Samples were cut from the center of the membrane, placed in
40 mL pierced lid aluminum pans, and heated from —20 and 180 °C
at a rate of 10 °C min~.>>** Thermogravimetric analysis (TGA) was
performed to assess the thermal stability of the produced membranes.
Approximately 10 mg of each membrane or raw propolis sample was
placed in an aluminium crucible (AL,O;) and analyzed using Nexta
STA equipment (Hitachi). The tests were conducted from 25 to 800
°C at a heating rate of 20 °C min™' under an inert atmosphere with
nitrogen gas flow of 20 mL min~!?%%

2.4.5. Folin-Ciocalteu (Total Phenolic Content). For the TPC
determination, the Folin—Ciocalteu colorimetric method was
performed in a 96-well microplate, following the method described
by Coscueta et al, 2024°* with some modifications. For this
procedure, 0.15 g of the PLA-propolis membranes was extracted
with 100 mL of ethanol using vertical rotation at 80 rpm in a shaker
(IKA Trayster Digital) at room temperature for 120 min. This
resulted in extract concentrations of 1.5 mg mL™" for PLA  gs¢propolis
and 3.7 mg mL™" for and PLA59propotis- Following this, 30 uL of each
extract was mixed with 100 L of the Folin-Ciocalteu reagent (20% v/
v).

For this procedure, 0.15 g of the PLA-propolis membranes was
extracted with 100 mL of ethanol by vertical rotation at 80 rpm in a
shaker (IKA Trayster Digital) at room temperature for 120 min. This
resulted in extract concentrations of 1.5 mg/mL for PLA 10% propolis
and 3.7 mg/mL for PLA 25% propolis. Following this, 30 uL of the
extracts was mixed with 100 uL of Folin-Ciocalteu reagent (20% v/v).
Then, 100 pL of anhydrous sodium carbonate solution (7.4% m/v)
was added. After the mixtures were shaken thoroughly and incubated
for 30 min at 25 °C, the absorbance of the resulting blue mixtures was
measured at 765 nm. A calibration curve of gallic acid (0.025—0.200
mg mL™") was prepared to express the results as milligrams of gallic
acid equivalents per milliliter of sample (mgg,; mL™"). Incubation
and absorbance measurements are performed on the UV-Vis
spectrophotometer.

2.4.6. ABTS Free-Radical Elimination. The membrane’s antiox-
idant activity was evaluated using the ABTS assay following the
method described by Gongalves et al,, 2009*° and De Carli et al,,
2022 with some modifications. First, a solution containing ABTS
radicals (7 mM) and potassium persulfate (2.45 mM) (1:1) was kept
in the dark for 16 h. Then, an aliquot of this solution was diluted with
ethanol until an absorbance of 0.700 + 0.002 at 734 nm in the UV—
vis spectrum to obtain the ABTS working solution. Further, 1 mL of
the working solution was mixed with extracts, made by simple
extraction of the membranes in PBS solution (phosphate buffer
saline) at 37 °C, by 15—300 min, and the mixture was incubated in

14292 https://doi.org/10.1021/acsapm.4c01899
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the dark at room temperature for 7 min. Absorbance was measured by
using an UV—Vis spectrophotometer at 734 nm. Antioxidant activity
was calculated by eq 1.

ABTSscavenging (%9 = 100 x (A, — A/ A, (1)

where A, and A; are the absorbances of the blank (without any
membrane) and membrane solutions, respectively.

2.4.7. Bioadhesion. To explore the potential biomedical
applications of the membrane, bioadhesion studies were carried out.
The bioadhesion properties of the control, PLA;gypopois and
PLA,s5¢propotis membranes were evaluated using a universal testing
machine (EZ-LX, Shimadzu) in the tensile mode, according to the
method described elsewhere.’” Briefly, discs with 10 mm diameter
were cut from the electrospun membranes and attached to the upper
compression plate of the universal testing machine using double-sided
adhesive tape (Tesa), while at the lower compression plate, 25 mm
diameter discs were cut from shaved porcine skin and attached with a
cyanoacrylate adhesive. The experiment was initiated by adding 10 uL
of ultrapure water (EasyPure RF, Barsnstead) to the center of the skin
disc and immediately lowering the upper compression plate with the
attached sample. Upon contact, a force of 5 N was applied for 30 s
before the displacement in the tensile mode was initiated at a stroke
speed of 0.1 mm s™*. Adhesion was recorded as the force required to
detach the sample from the surface of the pork skin. The results are
presented as the mean + standard deviation of three replicates.

2.5. Statistical Analysis. All of the statistical analyses were
performed using the Jamovi program version 1.6.6. Data were
submitted to one-way ANOVA followed by the Bonferroni posthoc
test, with a significance level fixed at 95% (p < 0.05). All the results
were expressed as mean =+ standard deviation.

3. RESULTS AND DISCUSSION

3.1. Yellow Propolis Characterization for UHPLC-MS/
MS. The UHPLC-PDA-MS/MS analysis of the hydroethanolic
extract of yellow propolis allowed for the identification and
quantification of the main compounds present in the sample.
The photodiode array detector was used to detect the
compounds based on their UV—vis spectra. At the same
time, the mass spectrometer provided additional information
on the compounds’ molecular weight and fragmentation
patterns. Figure S1, Supporting Information presents the
representative chromatogram of the compounds identified in
the yellow propolis hydroethanolic extract by UHPLC-PDA-
MS/MS analysis, and Table 1 shows the different compounds
that were identified. The analysis identified several compounds,
including flavonoids and phenolic acids, which contribute to
propolis’s strong antioxidant activity. These compounds are
closely associated with various biological effects, particularly its
anti-inflammatory activity and antiproliferative properties.

3.2. PLA Yellow Propolis Membranes Production.
This study incorporated raw yellow propolis into a PLA
membrane by electrospinning. This simple, versatile and cost-
effective technology generates nonwoven fibers with a high
surface area-to-volume ratio and tunable porosity.”*”” Two
different propolis compositions were tested: one with 10% of
propolis w/w (PLA gypropotis) and another with 25% of propolis
W/W (PLAs5pr0polis)- The percentage of propolis was chosen to
investigate its effect on the membrane's properties. This choice
was based on studies incorporating propolis into PLA
membranes. It is well-known that most studies used propolis
extracts in concentrations ranging from S to 20% (v/v), with
10% (v/v) often being optimal for the membrane’s biological
activities.”> > Additionally, two studies reported raw propolis
incorporation into PLA membranes. The first study used
concentrations of 5%, 8.5%, and 13% (w/w), but it involved a

different type of propolis (red propolis) and a different
membrane production method (solvent-casting technique).
Furthemore, it is known that different methods have different
characteristics and uses. For example, certain methods may be
more suitable for specific applications, while others may offer
greater versatility. Therefore, the choice of method depends on
factors such as the desired material characteristics, production
efficiency, and intended use. Highlighting the need for careful
consideration to optimize outcomes for specific applications,
mainly when biomedical applications are the target field.”” The
second study used the Blow Spinning technique and
incorporated raw propolis into the membrane at concen-
trations of 1.5, 3 and 6% (w/w),”” which are low than the
concentration used into the developed PLA membrane.
Based on these findings, 10% raw propolis was initially
incorporated into the PLA membrane, as lower amounts were
deemed unnecessary. Additionally, to innovate, by producing a
membrane with a higher propolis content than previously
investigated, various percentages were tested. However,
incorporating more than 25% raw propolis (w/w) proved to
be unfeasible due to the increased solution viscosity, which
caused needle clogging and constant interruptions in the
electrospinning process for system cleaning. Therefore, the
study continued with 10% and 25% propolis concentrations. A
control membrane (with only PLA) was also prepared. Figure
1 presents the produced membranes where it is possible to

25mm 25mm 25mm

PLAcon(rol PLA10% propolis PLAQS% propolis
Figure 1. Photos of the different membranes produced, namely,
control membrane (PLA 1), 10% of propolis w/w (PLA gspropotis)s

and 25% of propolis w/w (PLAzs%pmpous)~

observe that the greater the amount of propolis in the
membrane, the yellower it becomes, demonstrating the
incorporation of propolis into it.

The direct application of raw propolis eliminates the need
for a prior extraction process, thereby reducing energy
consumption and the use of resources like solvents and raw
materials."""** Additionally, incorporating propolis directly into
PLA reduces waste, including residual biomass and solvents
typically used during extraction. When these byproducts are
not repurposed for secondary applications, they contribute to
wastgz 4glanagement challenges and environmental pollu-
tion. ™

3.3. Membranes Characterization. 3.3.1. Fourier Trans-
form Infrared Spectroscopy. FTIR technique assessed
whether crude propolis was incorporated into the membranes
(Figure 2).

PLA presents absorption bands at 1756 cm™" belonging to
the —C O, characteristic of ester groups; 1212 and 1183
cm™' assigned to the C—O-stretching modes of the ester
group; 1085 cm™, characteristic of the —C—O—C groups and
873 cm ™" allocated to the C—COO stretching vibrations. The
raw propolis presented a broad absorption band with ca. at
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Figure 2. FTIR. 4 cm™' resolution over a range of 4000—400 cm~
with 60 scans, from control membrane in black; 10% of propolis w/w
(PLA gs¢propotis) in red; and 25% of propolis w/w (PLA;sspropotis) in
green and raw propolis in blue.

3350 cm™!, corresponding to the absorption of the hydroxyl
groups.” The stretching vibration of the carbonyl group and
the C C from the stretching of the aromatic rings is located
at 1680—1600 cm™'. The propolis-PLA samples electrospun
samples with propolis presented the characteristic bands of the
polymer matrix and raw propolis, mainly observed in the
region of the carbonyl group and C C aromatic rings
absorption bands (Figure 2). These spectra illustrate the
incorporation of propolis into PLA membranes, which was
more significant in the membrane with 25% propolis (w/w).

3.3.2. Microscopic Analysis. The membrane morphology
was evaluated by SEM, and the diameter of the structures was
quantified through image processing in Image] software

(Figure 3). The SEM analysis revealed that neat PLA and
the membranes with propolis presented defect-free individual
fibers with a smooth morphology (Figure 3 A-C).
Furthermore, it was observed that the addition of propolis to
the PLA solution led to an increase in the average fiber
diameter, from 498 + 161 nm for PLA fibers to 1189 + 448
nm for the sample with 25% propolis (PLA;supropotis)- The
increase in the fiber diameter is probably due to the increase in
the viscosity when pro??olis is added to the PLA solution. A
work from Yan et al.”’ suggests that the increase in fiber
diameter can be attributed to propolis as it contains many
oligomers and small molecules that may have agglomerated
close to the fibers.”

3.3.3. Mechanical Properties. The mechanical property of
the membranes were evaluated through tensile stress experi-
ments, and it was observed that the PLA membrane presented
a ductile behavior, while a transition to fragile was observed
when the propolis was introduced in the electrospun
membranes (Figure S2, Supporting Information). The Young
modulus increases from 34 + 4 MPa for the neat PLA
membrane up to 125 + 27 MPa for the sample with 25%
propolis, and this behavior was coupled with a decrease in the
strain at break from 32 + 3% (PLA) down to 5 + 1% (25%
propolis), suggesting that the propolis incorporation into PLA
led to a ductile to fragile transition (Table 2).

Table 2. Mechanical Properties Obtained for the PLA and
PLA-Propolis Electrospun Membranes

sample E + std MPa Opreak + std MPa Epreak  Std %
PLA 34 +4 24 £ 0.5 32+3
(PLAIO%pmpolis) 142 + 54 4.6 + 1.6 22 + 4
(PLA s96propotis) 125 + 27 23+ 04 541

“std: standard deviation.

o

[N}

o
™

°
—t—

Fiber diameter (um)

0 10 25
Propolis concentration (wt%)

Figure 3. SEM images. (A) Control membrane (PLAgypmoporis); (B) 10% of propolis w/w (PLAjgspmopons) and (C) 25% of propolis w/w
(PLA,_S%meOﬁs). (D) Fiber diameter of control (PLAO‘%,P,K,W]is , 10% of propolis w/w (PLAIO%propolis)l and 25% of propolis w/w (PLAZS%meOHS)
membranes. The symbol’s shows significantly different statistical results compared to the control (ANOVA, p-value <0.05).
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Sutjarittangtham et al. when incorporated propolis ethanolic
extracts into PLA membranes, using the electrospinning,
technique reported that when the propolis concentration was
than 6% (w/v), the fibers changed from ductile to brittle and
crunchy.”’

3.3.4. PLA-Propolis Membranes Thermal Properties. The
PLA electrospun membranes presented a glass transition (T})
around 62 °C, and melting temperature (T,,) at 156.7 °C,
while when the raw propolis was added to the samples, a
decrease in T, and T, was observed (Table 3). Which,
together with a reduction in the melting enthalpy (AH,)
suggests that the propolis probably increases the amorphous
regions of the PLA (Figure 4A).

Table 3. Thermal Properties for the PLA and PLA-Propolis
Electrospun Membranes

Sample T,°C Tc°C T,°C AH,( g ) Tpear °C
PLA 62.0 84 156.7 31.6 356
(PLAjgsropais) 585 866 1523 29.5 384
(PLAgpais) 585 934 1532 296 372

Ulloa et al.*® also observed a decrease in the Tg and T, and
they suggested that this behavior was a product of the wax and
essential oils in propolis. The thermal degradation of PLA and
PLA-propolis membranes showed a similar trend, presenting a
single degradation step at temperatures above 300 °C. It was
noticed that the electrospun samples containing raw propolis
exhibited a high residue content after the polymer was fully
thermally degraded (Figure 4B), probably due to the
impurities present in the starting material. It is possible to
see that this result was more evident in the membrane with
25% propolis, which obtained a behavior closer to that of raw
propolis. This characteristic highlights that the incorporation
of propolis into PLA change its structure. In this study, raw
propolis was used acquired from a local apicultural farm
without further extraction, and it was clearly detectable during
the processing of the electrospun membranes the presence of
unsoluble solid debris in the PLA-propolis solution, which
were electrospun altogether with the PLA.

3.3.5. TPC and Antioxidant Activity. The yellow propolis
utilized contains a diverse array of compounds (as seen in
Table 1), including flavonoids (such as naringin, pinobanksin,
quercetin, chrysin, and galangin) and phenolic acids (including
caffeic acid, p-coumaric acid, and ferulic acid). These

compounds are recognized for their contributions to propolis’
antioxidant properties. Therefore, the Folin-Ciocalteu method
(Figure S3, Supporting Information) was used to evaluate the
TPC present in propolis membranes to confirm its presence.

The membrane with 25% propolis in PLA (PLAZS%meOhS)
demonstrated a higher concentration of total phenolics than
the PLA membrane with 10% propolis (PLAxpropolis)-
Notably, although the PLAjsypopois membrane contains 2.5
times more propolis than the PLA 4y, opoliv the number of total
phenolics is more than 10 times greater. This result can be
explained by the possible loss of the propolis content
incorporated into the membrane during the electrospinning
technique or by the greater ease with which propolis detaches
from PLA when present in higher quantities.

Despite this difference, TPC analyses demonstrated the
propolis-based membranes’ capability to present propolis
phenolic composition even after electrospinning. It suggests
that the antioxidant activities associated with the phenolic
compounds of yellow propolis are likely to persist upon
incorporation of the phenolic compounds into the membrane,
showcasing the potential for sustained bioactive effects in
biological applications. To accomplish this, the antioxidant
activity of the membranes was assessed using the ABTS assay,
with the results depicted in Figure 5.
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Figure S. % Inhibition of the ABTS radical of the different solutions
produced by extraction of the membranes in PBS solution (phosphate
buffer saline) at 37 °C from 15 to 300 min. The absorbance was
measured using an UV—Vis spectrophotometer at 734 nm.
PLA gg¢propolis in red (w/w) and PLA,s5¢propolis i green.
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Figure 4. Thermal properties of PLA and PLA-propolis membranes. (A) DSC thermograms for the PLA samples with different contents of raw
propolis; (B) TG thermograms record for the PLA and PLA with 10, with 25 wt % propolis and raw propolis.
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Figure 6. Influence of the propolis concentration on bioadhesive properties of the membranes. (A) Bioadhesion (n); (B) distance to separation
(mm). The symbol show significantly different statistical results compared to the control (ANOVA, p-value <0.05).

The antioxidant results demonstrate that both concen-
trations (10% and 25% w/w) of propolis present antioxidant
activity. After 300 min, the PLA;ssp opoiis membrane inhibited
90.66% of ABTS, while PLAgypropoiis inhibited 49.97%, which
is justified by the highest amount of propolis incorporated in
the PLA,gyopois membrane (Figure 5). Ulloa et al.*® also
showed a positive correlation between the antioxidant activity
of the films and the concentration of phenolic compounds
incorporated. This study added 13% of raw propolis into the
PLA membrane with maximum ABTS radical scavenging
values of 80% until 1600 min. This antioxidant action of the
membrane is attributed to the phenolic compounds present in
propolis, which can neutralize free radicals in the skin.*

As observed in the phenolic characterization of yellow
propolis by UHPLC—PDA—MS/MS, the compounds with the
highest intensity were chrysin, pinocembrin, galangin, and
pinobanksin 3-acetate. All these compounds belong to the class
of phenolics, and literature reports confirm their antioxidant
activities.”’ > These data are significant as they confirm that
the antioxidant activity observed in the membrane is directly
attributed to the incorporation of propolis components. This
correlation reinforces the effectiveness of the developed
material and highlights the role of phenolics in the biological
function of propolis.

It is important to highlight that the membrane control (PLA
only) does not present antioxidant activity, confirming that the
observed antioxidant properties are solely due to the
compounds present in the propolis. The membrane containing
25% of propolis can be a promising tool for biological
applications where the action of antioxidant agents is essential,
such as in skin wound healing and skin care.*>" In these
applications, the phenolic compounds present in propolis
contribute to eliminating free radicals and stimulating collagen
production in fibroblasts. These characteristics suggest that the
antioxidant capacity of the propolis membrane may help
accelerate the wound healing process and protect against
photoaging induced by exposure to UV radiation.***"

3.3.6. Bioadhesion. Bioadhesion studies were conducted to
evaluate whether the membrane has the potential for various
applications, including skin-related uses. Figure 6 shows the
bioadhesive strength of all of the electrospun samples
developed. It was observed that the increase of the propolis
content in the membrane led to a rise in the bioadhesion force
(Figure 6A) and in the distance to separation between the
sample and the epithelial cells (Figure 6B). The PLA g%propolis
membrane did not significantly affect the bioadhesive proper-
ties of the membranes. It is possible to hypothesize that the

PLA)5ypropolis membrane had more propolis at the surface of
the fibers, leading to an increase in the separation distance
between the porcine skin and the membrane.

An important factor that justifies the increase in bioadhesion
with a higher amount of propolis is its waxy composition.
Approximately 50% of propolis consists of resins and 30% of
waxes.’”** The waxes and resins are known for their strong
adhesion to a wide range of substrates, from glass to PTFE
(polytetrafluoroethylene), and are commonly used in various
adhesives due to their unique properties. For example,
adhesives in medical applications often require high tack,
moisture resistance, durability, and biocompatibility. Addition-
ally, waxes are excellent materials for protective coatings
against air and moisture due to their high resistance.”* So,
when a higher concentration of waxes is available to interact
with the porcine skin, enhancing interaction and possibly the
bioadhesion. Based on these results, it can be concluded that
the PLA;gy,opoiis Membrane shows promise for skin care
treatments, particularly when antioxidant action is desired.

4. CONCLUSIONS

This work developed and improved the processing of
polymeric membranes supplied with yellow propolis and
evaluated their potential for future biological applications. In
this study, we have successfully produced PLA polymer
membranes by adding crude propolis by electrospinning.
This technique allowed it to incorporate 10% and 25% (w/w)
of propolis into the membrane without needing a prior
extraction step, meaning that all the chemical compounds
present in the biomass was added in the PLE membranes. The
mentioned results seem quite promising and suggest that the
membrane containing crude propolis may have great potential
for antioxidant applications, like wound healing and antiaging.
We are confident that our preliminary findings will act as a
catalyst for future research, enabling researchers to explore new
possibilities for the development of innovative biomaterials.
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