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Abstract: The main objectives of this study were to develop and characterize hydrophilic polymeric
membranes impregnated with poly-lactic acid (PLA) nanoparticles (NPs) combined with red propolis
(RP). Ultrasonic-assisted extraction was used to obtain 30% (w/v) red propolis hydroalcoholic extract
(RPE). The NPs (75,000 g mol−1) alone and incorporated with RP (NPRP) were obtained using
the solvent emulsification and diffusion technique. Biopolymeric hydrogel membranes (MNPRP)
were obtained using carboxymethylcellulose (CMC) and NPRP. Their characterization was per-
formed using thermal analysis, Fourier transform infrared (FTIR), total phenols (TPC) and flavonoids
contents (TFC), and antioxidant activity through the radical scavenging assay with 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) and Ferric reducing antioxidant power (FRAP). The identification
and quantification of significant RP markers were performed through UPLC-DAD. The NPs were
evaluated for particle size, polydispersity index, and zeta potential. The TPC for RPE, NPRP, and
MNPRP was 240.3 ± 3.4, 191.7 ± 0.3, and 183.4 ± 2.1 mg EGA g−1, while for TFC, the value was
37.8 ± 0.9, 35 ± 3.9, and 26.8 ± 1.9 mg EQ g−1, respectively. Relevant antioxidant activity was
also observed by FRAP, with 1400.2 (RPE), 1294.2 (NPRP), and 696.2 µmol Fe2+ g−1 (MNPRP). The
primary markers of RP were liquiritigenin, isoliquiritigenin, and formononetin. The particle sizes
were 194.1 (NPs) and 361.2 nm (NPRP), with an encapsulation efficiency of 85.4%. Thermal analysis
revealed high thermal stability for the PLA, nanoparticles, and membranes. The DSC revealed no
interaction between the components. FTIR allowed for characterizing the RPE encapsulation in NPRP
and CMC for the MNPRP. The membrane loaded with NPRP, fully characterized, has antioxidant
capacity and may have application in the treatment of skin wounds.

Keywords: polymeric membranes; biopolymers; phenolic compounds; antioxidant activity; propolis

1. Introduction

In the last twenty years, the development of new biomaterials has been marked
by constant growth, and several research segments corroborate the availability of new
biomaterials. Polymeric biomaterials of natural or synthetic origin are widely used in the
development of several products. Among the products that stand out are those that have
biomedical, pharmaceutical, dental, and industrial applications as well as uses in the food
area, the production of biofilms, and cosmetology [1,2].

Polymers of natural origin have aroused intense technological interest in the develop-
ment of several bioproducts applied to promote wound healing, such as carboxymethylcel-
lulose, derived from cellulose, which is a low-cost and highly abundant natural polymer.
Its main feature is its high liquid absorption capacity. This characteristic is important for the
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manufacture of biomaterials to accelerate the wound healing process [3,4]. Biodegradable
and bioabsorbable synthetic polymeric materials have been extensively investigated, and
they are promising in the development of biomedical devices for application at the heart
of tissue recovery [5]. Among the polymers with these properties, poly-lactic acid (PLA),
poly-glycolic acid (PGA), poly (lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL)
are highly relevant [6].

PLA is an organic acid of natural origin. It is derived from renewable products, such
as sugar cane, potato, and corn starch, through the bacterial fermentation of carbohydrates
or by chemical synthesis. It is a polymer that can be used to produce absorbable and
biodegradable dressings as nanoparticles on the nanometer scale, because as cells grow and
organize, the polymer degrades and is absorbed by the body, leading to a natural replace-
ment of the tissue [7]. Nanotechnology, which encompasses nanoparticles, nanofibers, and
small biomaterials, is used for the topical administration of wound healing medications.

In recent decades, the encapsulation of bioactive natural products has been used to
promote a reduction in wound healing time. Studies in the literature indicate that propolis
is a substance of complex composition. It is formed from a gummy and balsamic material
that is collected by bees from buds, tree exudates, waxes, and other parts of plant tissues. It
is altered in the hive by the addition of a salivary secretion [8]. Its chemical composition
depends on variables such as the flora of the region, seasonality, and locations. In addition,
it depends on the technique used for production and the different genetic characteristics of
the bees. The resinous fraction is rich in phenolic substances, such as phenolic acids, and
there is a predominance of flavonoids [9]. Red propolis is classified as the 13th subtype
of Brazilian propolis; it was found in hives located along the coast and mangroves in the
states of Sergipe, Alagoas, Paraíba, and Bahia [4]. Its botanical origin is mainly due to
the plant Dalbergia ecastophyllum (L.) Taub. (Fabaceae), which has a reddish resin rich in
isoflavones [10].

Propolis is a natural product with high medicinal potential in both human and veteri-
nary medicine. Over the last 100 years, the scientific literature has revealed its pharmacolog-
ical properties, such as antibacterial [4], anti-inflammatory [11], antifungal, antioxidant [12],
and antitumor activity, with its uses for wound healing and tissue repair [13].

Given these perspectives, the present study proposes to develop a hydrophilic poly-
meric membrane impregnated with nanoparticles of red propolis from Alagoas encapsu-
lated with PLA, with possibilities of application for wound healing.

2. Results
2.1. The Yield of Red Propolis Extract

The red propolis hydroalcoholic extract obtained showed organoleptic characteristics
corresponding to crude propolis. It has a reddish color and a balsamic aroma. The recovery
of soluble solids was approximately 25.7%.

2.2. Nanoparticles and the Production of Membranes Loaded with Red Propolis Extract

Table 1 summarizes the components present in the prepared membranes. When
compared to the pure PLA polymer, the NPs and NPRP obtained showed an opaque white
and reddish color, respectively. Furthermore, a decrease in the apparent density of the
products was observed, as shown in Figure 1.

The polymeric membrane MNP (membrane impregnated with PLA nanoparticles)
and MNPRP (membrane impregnated with nanoparticles loaded with red propolis) were
obtained and presented macroscopic characteristics such as uniformity, rigidity, and color
(opaque white for MNP and pink (MNPRP) for the red propolis).
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Table 1. Compositions of the membranes impregnated with nanoparticles.

Composition % (Proportion, w/w)

Component Base M MNP MNPRP

NaCMC 0.9 0.9 0.9
Propylene glycol 1.6 1.6 1.6
Citrus pectin 0.6 0.6 0.6
Distilled water 96.9 96.8 96.8
NPs - 0.1 -
NPRP - - 0.1

NaCMC = sodium carboxymethylcellulose; NPs = nanoparticles without propolis; M = membrane;
NPRP = nanoparticles with red propolis; MNPRP = membrane incorporated with nanoparticles of red propolis.
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Figure 1. PLA and membranes: (A) pure PLA; (B) nanoparticles without propolis (NPs); (C) nanopar-
ticles with propolis (NPRP); (D) membrane impregnated with nanoparticles without propolis (MNP);
(E) membrane impregnated with nanoparticles loaded with propolis (MNPRP).

2.3. Determination of Total Phenols and Total Flavonoids Content

Table 2 presents the content of total phenols, total flavonoids, antioxidant activity
using DPPH quantified in the samples of RPE, NPRP, and MNPRP, and were quantified
respectively 240.3, 191.7, and 183.4 mg EAG g−1 for phenolic compounds and 37.8, 35.8,
and 26.4 mg EQ g−1 for total flavonoids, respectively in RPE, NPRP, and MNRP.

Table 2. The total content of phenols (TPC) and flavonoids (TFC) of RPE, NPRP, and MNPRP by the
Folin–Ciocalteu method, aluminum chloride method, and antioxidant activity by DPPH and FRAP assays.

DPPH•

Sample TPC
(mg GAE g−1) *

TFC
(mg EQ g−1) ** RSA (%) IC50 (µg mL−1) FRAP

(µmol Fe2+ g−1) ***

RPE 240.3 ± 3.4 37.8 ± 0.9 92.8 ± 0.1 13.1 1400.2 ± 2.6
NPRP 191.7 ± 0.3 35.8 ± 3.9 75.8 ± 3.9 16.1 1294.2 ± 0.5
MNPRP 183.4 ± 2.1 26.4 ± 1.9 67.8 ± 1.0 18.4 696 ± 0.8

* Gallic acid equivalents; ** quercetin equivalent; *** ferrous sulfate equivalent antioxidant capacity. Ferric
reducing antioxidant power (FRAP); RSA = radical scavenging antioxidant activity. Values are the mean ± SD.

According to the literature, the red propolis from Alagoas, classified as subtype 13,
has varying levels of phenolic compounds above 90 mg g−1. As observed in some studies,
the phenolic compounds were 95.8 [14], 416.3 [15], and 481.59 mg EAG g−1 [16]. On the
other hand, red propolis has been observed to have a lower percentage of flavonoids
when compared to total phenolic compounds [17]. A study reported by Nascimento [14]
highlights the content of 35.1 mg EAG g−1 of flavonoids. In other studies, the flavonoid
values were 25.0 [10], 32.91 [15], 140.2 [18], and 186.9 mg EAG g−1 [16], showing a wide
range of total flavonoid amounts registered in the literature.

2.4. Antioxidant Activity Using DPPH and FRAP

At the maximum concentration of the extract (25 µg mL−1), RPE showed 92.8%± 0.1%
inhibition of the DPPH radical, and an IC50 of 13.1 µg mL−1. For NPRP, the percentage
inhibition of the DPPH radical was 75.8% ± 3.9 and the IC50 was 16.1 µg mL−1. For
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MNPRP it was 67.8% ± 1.0, and the IC50 was 18.4 µg mL−1. In different studies conducted
by Lopez [19] and Mendonça [20], they observed that red propolis from Alagoas (G13)
showed antioxidant activity with different IC50 values at the concentrations of 8.0 and
5.5 µg mL−1, respectively.

For FRAP, a hydroalcoholic extract (i.e., RPE), obtained by ultrasound, and NPRP
were evaluated, showing high antioxidant capacity.

2.5. Determination of the RPE Chemical Markers

Figure 2 and Table 3 illustrate the chromatographic profile (UPLC-DAD) of red propolis
flavonoids identified in the hydroalcoholic extract and NPRP. The identification of chemical
compounds was performed by direct comparison with analytical standards, and it was
based on the chromatography retention time and the maximum wavelength (λ) in the
UV-DAD spectrum. The results obtained reveal the major compounds that are the main
markers of red propolis, such as liquiritigenin, daidzein, isoliquiritigenin, formononetin,
and Biochanin A, corroborating Gomes et al. [21], who also identified these markers in the
ethanol extract of red propolis.
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Figure 2. Determination of the markers of red propolis extract (RPE) (A) and NPRP (B) us-
ing UPLC-DAD. Chromatogram of the RPE. 1—Liquiritigenin, 2—Daidzein, 3—Isoliquiritigenin,
4—Formononetin, 5—Unk 1, 6—Unk 2, 7—Biochanin A, 8—Unk 3.

Table 3. Identification of red propolis markers by UPLC-DAD.

RPE (400 µg mL−1) NPRP (400 µg mL−1) Recovery

Compounds λ Peak RT (min) Area RT (min) Area (%) *

Liquiritigenin 275 1 12.3 34,750 12.31 28,807 82.9

Daidzein 249 2 12.51 18,096 12.5 16,785 92.8

Isoliquiritigenin 366 3 16.82 71,587 16.81 58,239 81.4

Formononetin 249 4 17.64 120,059 17.63 102,498 85.4

Unk 1 281 5 18.42 79,979 18.41 63,478 79.4

Unk 2 286 6 21.07 109,356 21.06 92,883 84.9

Biochanin A 249 7 23.25 6540 23.21 5239 80.1

Unk 3 281 8 27.83 44,042 27.86 36,366 82.6

λ = wavelength; RT = time retention; Unk = substance present but not identified. * Percentage recovered in the
NPRP compared to the content quantified in the RPE at a concentration of 400 µg mL−1.
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2.6. Encapsulation Efficiency (% EE)

Five chemical markers representing the major flavonoids found in the samples were
used to determine the content and (%) efficiency of encapsulation. It was observed that
Biochanina A showed greater loss (−19.9%) during the process of obtaining the nanoparti-
cles. The encapsulation efficiency obtained in this work was high (80.1–92.8%), highlighting
better recovery for the marker daidzein. In general, considering that formononetin is the
major compound in red propolis extract, we can infer that the encapsulation efficiency was
85.4% (Table 4).

Table 4. Particle size, polydispersion index, zeta potential, and encapsulation efficiency of NPs and NPRP.

Nanoparticles Particle Size (nm) Polydispersion Index (PDI) Zeta Potential (mV) EE ** (%)

NPs 194.1 ± 0.082 * 0.289 ± 0.024 * −11.2 -

NPRP 361.2 ± 2.71 * 0.239 ± 0.019 * −16.4 85.4

* Values are the mean ± SD. ** EE = encapsulation efficiency using formononeti; NPs = nanoparticles without
propolis; NPRP = nanoparticles loaded with red propolis.

This is a higher percentage when compared to the work by Pandey [22], who ob-
tained an encapsulation efficiency of 65% when obtaining PLA nanoparticles loaded with
quercetin. Likewise, in percentage terms, the encapsulation efficiency could be observed in
the findings of the antioxidant evaluation and phenolic compound contents as well as in
the total flavonoid contents, which were similar to that of RPE.

2.7. Particle Size, Polydispersion Index, and Zeta Potential

Table 4 lists the membrane characterization parameters such as particle size, polydis-
persity index, and zeta potential. Different particle sizes are observed in NP (194.1 nm)
and NPRP (361.2 nm) particles (Figure 3). The nanoparticle suspensions obtained without
propolis and with propolis presented, macroscopically, a homogeneous, opaque appearance
with white and reddish colors, respectively. The polydispersion index generates informa-
tion regarding the homogeneous distribution of the particles. The findings of this study
show that the NP and NPRP (Table 4) presented satisfactory indices with values lower
than 0.3, presenting a homogeneous distribution of the particles, which is characteristic of
a monodisperse system.
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A slight improvement in this parameter was observed after the incorporation of red
propolis into the polymeric matrix. The zeta potential obtained for the nanoparticles
showed a negative charge with values of −11.2 and −16.4 for NPs and NPRP, respectively.
The zeta potential of the nanoparticles was negative due to the presence of terminal
carboxylic groups in the polymers, demonstrating a high potential value [23].

2.8. Differential Exploratory Calorimetry

The DSC heating curves are summarized in Figure 4 (nanoparticles) and Figure 5
(membranes). The curve of pure PLA in the form of pellets showed three thermal transitions:
glass transition (Tg), crystallization (Tc), and melting temperature (Tm). Thus, it was
possible to observe temperatures of 64.38 ◦C (Tg), 113.8 ◦C (Tc), and discrete double
melting points of 148.5 ◦C (Tm1) and 159.2 ◦C (Tm2), characterizing the glass transition
and exothermic and endothermic events, respectively. The values obtained were within
the typical ranges reported for PLA, with Tg values between 50 and 80 ◦C and Tm values
between 130 and 180 ◦C; this corroborates with Auras [24]. After exposure of the PLA to
acetone and the addition of PEG and Tween 20, a reduction in the Tg from 64.38 (pure PLA)
to 57.78 ◦C was observed along with the absence of crystallization peaks and a reduction in
the Tm1 to 145.2 ◦C and in the Tm2 to 149.9 ◦C in the NPs. The NPRP showed a greater
reduction in the Tg from 64.3 to 56.5 ◦C and in the Tm1 to 144.2 ◦C and the Tm2 to 149.4 ◦C.
Double melting peaks (i.e., Tm1 and Tm2) were observed in the DSC curve of the NPs and
NPRP with different orientations when compared to the pure PLA. The different orientation
was linked to a decrease in the thermal stability of less-perfect crystals (α’-shaped crystals),
which may have weakened their structural organization after exposure to solvent and
plasticizer [25]. Figure 4 shows the profile of the heating curves comparing PLA (pure),
RPE, NPs, and NPRP, and it highlights the incorporation and miscibility of red propolis in
PLA, when observing the absence of traces of the propolis heating curve, corroborating the
FTIR findings.
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Figure 4. DSC curves of red propolis extract (RPE), PLA, nanoparticles loaded with red propolis
(NPRP), and nanoparticles without red propolis (NPs).

The heating curves of the DSC of the Base M (base membrane) revealed an endothermic
peak of NaCMC due to the fact of its higher percentage in the formulation. When comparing
the three membranes, Base M (no nanoparticles and no propolis), MNP, and MNPRP, a
first-order event characterized by mass loss from water evaporation was observed. This
event was accentuated in membranes containing PLA nanoparticles, suggesting that the
glass transition of PLA nanoparticles occurs in parallel with evaporation. However, there
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was a temperature shift leading to the right glass transition peaks of 78.2 and 81.0 ◦C for
MNP and MNPRP, respectively.
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Figure 5. DSC curves of Base M (base membrane-no nanoparticles and no propolis), membrane with
NPs, and membrane with NPRP.

Characteristic peaks of the melting temperature were identified in both NPs and
NPRP, and they suggest the existence of a similar profile in MNP and MNPRP. The melting
temperature of MNP and MNPRP was 146.0 and 145.4 ◦C, respectively. These are lower
temperatures but similar to those found for the nanoparticles, showing the homogeneous
aspect of the membrane impregnated with PLA nanoparticles loaded with red propolis.

2.9. Thermogravimetric Analysis

In this work, the TGA technique was used to evaluate the stability of RPE, PLA
(pure), NPs, and NPRP. Figure 6 shows the thermogravimetric profile of the samples, and
Table 5 lists the beginning and end of the thermal event with data on the initial and final
temperature of degradation.
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Table 5. Thermogravimetric events of RP, PLA, NP, and NPRP.

Sample Stage(s)
Temperature

∆m (%)
Onset (◦C) * Endset (◦C) **

RPE

I 88.8 118.8 5.98
II 278.0 353.4 62.79
III 427.4 503.6 14.20

I–III 24.0 600.0 82.96

PLA I 343.7 382.7 98.19

NP I 316.3 374.0 97.48

NPRP
I 260.4 312.0 51.55
II 387.8 444.2 47.18

I–II 24.0 600.0 98.73
* Onset = onset of degradation; ** endset = end of degradation; % ∆m = percentage of mass loss.

Pure PLA was the material that showed high thermal stability, showing only one
thermal event starting at 343.7 ◦C and ending at 382.7 ◦C with mass groups of 98.1%,
associated with ester loss by depolymerization, as described in the literature [26,27]. The
thermogravimetric curve of red propolis shows three thermal events.

Event I had an initial event beginning at 88.8 ◦C and ended at a final temperature of
118.8 ◦C. It was characterized by the output of water (5.9%) adsorbed on the hydroalcoholic
extract of propolis. The second event started at 278.0 ◦C and ended at 353.4 ◦C. It may
be related to the degradation of phenolic compounds. Event III was marked by an initial
temperature of 427.4 ◦C and a final temperature of 503.6 ◦C, indicating the emergence of
products generated during the thermodegradation process that need to be subjected to
higher temperatures for mass loss to occur. The thermogravimetric curve obtained in the
NPs’ analysis revealed a profile with high thermal stability, like that found for pure PLA
(Table 5). The nanoparticles loaded with red propolis presented two thermal events. The
first event showed a reduction in the stability of the polymer after the incorporation of
propolis, and the second revealed a loss of mass in the thermodecomposition of PLA and
the major components of red propolis.

The thermogravimetric evaluation of the membranes (i.e., Base M, MNP, and MNPRP)
is described in Figure 7 and Table 6. The polymeric membrane Base M presented three
thermal events. Event I showed an initial and final temperature of 37.43 and 113 ◦C,
respectively. At 73 ◦C, there was a rapid loss of mass (15.9%) coming from the water
adsorbed in the polymer matrix.

The second event was marked by a loss of mass in a short temperature increment
(189.6–206.3 ◦C), indicating the beginning of membrane decomposition, with an unstable
stage allowing for greater degradation between temperatures of 258.9 and 336.8 ◦C, with
a mass loss greater than 50%, indicating oxidation and membrane decomposition. The
residual mass (ash) for this sample represented 23.4%. This was attributed to the sodium
portion of the sodium carboxymethyl cellulose, which has high thermal stability. The mem-
brane impregnated with the PLA nanoparticles presented four thermal events. In Event, I,
the volatilization of water adsorbed in the polymeric matrix of the membrane was noted.
Events II, III, and IV were attributed to the loss of volatile components, decomposition of
NaCMC monomers, and the thermodecomposition of the PLA polymer associated with the
loss of ester groups, respectively. The membrane impregnated with nanoparticles loaded
with red propolis showed four thermal events and characteristics that were similar to MNP.
However, Event III presented greater mass loss, which may be related to an increase in
degradation products from red propolis.
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Table 6. Thermogravimetric events of Base M, MNP, and MNPRP.

Sample Stage(s)
Temperature

∆m (%)
Onset (◦C) * Endset (◦C) **

Base M

I 37.4 113.7 15.94
II 189.6 206.3 7.85
III 258.9 336.8 52.91

I–III 24.0 600.0 76.60

MNP

I 33.7 86.6 9.74
II 206.4 228.9 7.17
III 260.9 271.8 26.38
IV 390.0 414.4 37.18

I–IV 24.0 600.0 80.48

MNPRP

I 40.1 82.5 6.86
II 211.7 235.7 6.80
III 265.9 289.6 43.76
IV 310.1 386.4 22.69

I–IV 24.0 600.0 80,11
* Onset = onset of degradation; ** endset = end of degradation; % ∆m = percentage of mass loss.

2.10. ATR Coupled to Fourier Transform Infrared (ATR-FTIR)

The FTIR spectroscopy technique is a sensitive technique that allows for the evaluation
of molecular interactions. In this study, interactions between PLA, red propolis, and base
membrane (Base M) were compared. Figures 8 and 9 show the spectra obtained for PLA,
RPE, NP, NPRP, Base M, and MNPRP. The PLA regions of interest were the bands at 2950
and 2945 cm−1, which represent the asymmetric stretching vibrations of CH and CH3,
respectively [28]. An intense band was observed at 1747 cm−1. This is a characteristic
peak that represents the vibration of the carbonyl C=O of the ester bonds [29]. The band
observed at 1456 cm−1 can be attributed to methyl/methylene deformation. The bands at
1184 and 1078 cm−1 represent the stretching vibrations of the C-O of the carboxylic groups
and the stretching vibrations of the C-O-C [28].
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Figure 9. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) related to
the Base M and MNPRP.

The bands identified in the RPE showed O-H stretching of the phenolic compounds at
3372 cm−1 (phenolic hydroxyl group), and the band at 2932 cm−1 was related to the alcohol
portion of the phenolic substance. The bands at 1618, 1508, and 1448 cm−1 corresponded to
the C=C stretching of the aromatic ring, and the 1030 cm−1 band was attributed to the C-O
aromatic ether linking stretch (for flavonoids). The band at 836 cm−1 corresponded to the
angular deformation outside the aromatic C-H plane and corroborates the findings in the
literature [9].

The nanoparticles (NPs) and NPRP showed bands with small displacement and lower
intensity when compared to PLA. A characteristic PLA band was detected at 1755 cm−1

(C=O carbonyl stretching vibration of the ester bonds), and the bands at 1359 and 1086 cm−1

represent the C-O stretching vibrations of the carboxylic groups and vibrations of C-O-C
stretching. The membranes were also evaluated by the FTIR technique. Figure 9 shows the
spectrum of bands obtained for the Base M. The main bands identified came from NaCMC
functional groups due to the fact of their greater proportion in the formulation.
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The intense and broadband at 3302 cm−1 refers to O-H axial stretching and the forma-
tion of intramolecular/intermolecular hydrogen bonds. In addition, it may be associated
with a junction of the absorption of this group that is present both in NaCMC as well as in
citrus pectin, which is due to the existence of the galacturonic acid chain.

At 2937 cm−1, C-H axial deformation occurred. The band at 1743 cm−1 refers to the
axial strain of -COOH. At 1597 and 1417 cm−1, important bands involved in the symmetric
deformation of the carboxylate anion (COO-Na+) and asymmetric deformation of the
carboxylate anion (COO-Na+), respectively, were identified. The bands at 1225 cm−1

corresponded to the C-O axial strain. The band at 1018 cm−1 was due to the fact of C-O-C
stretching and the C-C stretch. A band at 895 cm−1, referring to C-H angular deformation,
was also found, corroborating other authors [30,31].

3. Discussion

Currently, the literature reports different types of polymeric dressings to coat and
accelerate tissue regeneration. Among the main ones, there are foam dressings, films, hy-
drogel, hydrogel-based membranes developed with alginate, pectin, CMC, hydrocolloids,
and other types of polymers such as PLA (Table 7) and have advantages and disadvantages
inherent to the type of polymer matrix [32]. Hydrogel-based membranes arouse immense
interest, their high swelling capacity favors the absorption and retention of exudate, control-
ling the amount of fluids under the wound, maintaining adequate wettability and humidity,
supporting the proliferation of fibroblasts, and the migration of keratinocytes [33].

In the last decade, polymeric membranes have attracted much attention due to the fact
of their great potential for application in several areas such as biomedical and pharmaceuti-
cal applications and in the field of biotechnology. The literature reveals that membranes
loaded with bioactive components have shown wound healing potential. In addition, the
association with polymeric, synthetic, biodegradable, and bioabsorbable nanomaterials,
such as PLA, has shown promise for tissue recovery [5]. In this study, a topical membrane
formulation was developed based on NaCMC impregnated with PLA nanoparticles loaded
with Brazilian red propolis, and it was characterized in terms of its physicochemical and
thermal aspects.

The membrane system developed here presents a differential concerning the differ-
ent types described in the literature. We performed the incorporation of nanoparticles
loaded with red propolis from Alagoas to improve the mechanical and thermal stabilities
as a function of the swelling and vapor exchange capacity, as described in the litera-
ture [32]. In addition, the membrane became functional by presenting the release of the
nanoparticles and conferring a significant antioxidant activity based on the RPE. It is sug-
gested that the biological properties of red propolis are also present in the nanoparticles
with RPE. There is no development in the literature on this type of membrane system
(CMC + PLA nanoparticles + RPE). In the second stage of this project, mechanical and
biological tests will be able to confirm these properties. Significantly, PLA nanoparticles,
even in the absence of RPE, could accelerate the healing process. In a comparative study
carried out by Bi et al. [39] using PLA and PLA/PVA/SA electrospun fiber membranes
for wound healing in vitro and in vivo, the authors observed that isolated PLA fibers al-
lowed for the acceleration of wound healing in rats. The developed membrane system
will be able to act synergistically between the hydrophilic membrane (promoting exudate
absorption) [32], PLA (protein deposition) [39], and RPE (antioxidant, anti-inflammatory,
and healing activity) [4]. The analyses described in this work reveal that the developed
membrane has characteristics suitable for its use in in vitro and in vivo biological assays.

The UPLC-DAD analysis of the Brazilian red propolis identified different classes
of flavonoids such as isoflavone (daidzein, formononetin, and Biochanina A) chalcones
(isoliquiritigenin), and flavone (liquiritigenin), and this corroborated the literature [4].
In this study, formononetin was the major flavonoid. The literature reports antinocicep-
tive and anti-inflammatory effects in rodents using Brazilian red propolis extract and
formononetin [41]. Biochanin-A showed antiproliferative and anti-inflammatory activ-
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ity [42], and isoliquiritigenin and liquiritigenin have a potential antimicrobial effect [41].
In a previous study by this group, Brazilian RPE and membranes showed antimicrobial
activity against strains of Staphylococcus aureus and Staphylococcus epidermidis. Interestingly,
RPE showed inhibition of antigen-induced mast cell degranulation, indicating that it has
no allergenic potential [4]. Thus, the red propolis extract from Alagoas presents favorable
characteristics for incorporation into polymeric membranes for therapeutic applications.

Table 7. Polymeric wound dressings: advantages and disadvantages.

Type of Polymeric
Dressings Polymer Matrix Characteristics Advantages Disadvantages Reference

Foam Polyurethane

Flexible
polyurethane foam

and lignine
nanoparticles

enriched with green
propolis

Antibacterial activity
due to propolis
allows for cell
adhesion, is

hydrophilic, and
accelerates healing

Very adherent,
forming an opaque
layer that makes it
difficult to monitor

the wound, not
applicable to dry
wounds and with

low stability

[34]

Film Pectin

Pectin film enriched
with allantoin,

plasticized with
glycerol

Absorbs exudate,
flexible, proper

contact angle, and
accelerates healing

Opaque layer
formation,

intermediate
swelling
ability

[35]

Hydrogel
membrane

Polyvinyl
alcohol (PVA)

PVA membrane
enriched with red

propolis

Antibacterial activity
due to the propolis,
high swelling and
traction capacities

Variable mechanical
and swelling

stability, opaque,
semipermeable to
gases and to water

vapor

[36]

Sodium
carboxymethylcel-

lulose
(NaCMC)

Sodium car-
boxymethylcellulose
membrane enriched

with red propolis

Antibacterial activity
due to propolis, high

swelling capacity,
antiallergic,

low cost

[4]

Alginate
membrane Alginate

Alginate and PVA
membrane enriched

with curcumin
nanoparticles

Antibacterial activity
due to the curcumin,

high swelling
capacity, transparent,

allows for gas
exchange

Swelling, stability,
and variable
mechanics

[37]

Poly(lactic acid)
(PVA) membrane

Poly(lactic acid)
(PLA)

Polylactic acid
membrane enriched

with
babassu oil

Formed by pores, it
maintains moisture

on top of the wound,
is nontoxic,

promotes cell
migration, and has

antimicrobial
activity Low swelling

capacity, formation
of opaque layer

[38]

Poly(lactic acid)
(PLA)/sodium

alginate
(SA)/poly(vinyl
alcohol) (PVA)

PLA/PVA/SA fiber
membranes

Mechanical stability,
biocompatible and

biodegradable,
accelerates wound

healing

[39]

Poly(lactic acid)
PLA membrane

enriched with green
propolis

Mechanical stability,
biocompatible and

biodegradable, with
antimicrobial

activity

[40]
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Variations in the levels of phenolic compounds and total flavonoids in Brazilian red
propolis obtained by UPLC-DAD and colorimetric assays are directly related to its botanical
origin, collection site, seasonality, and extractive method [8]. Due to the great variety of
these compounds in Brazilian propolis, the Ministry of Agriculture, Livestock, and Supply
regulates that the beekeeping product in the form of the extract must present, using identity
and quality fixation, at least 0.25% (m/m) flavonoids and 0.50% (m/m) phenolics [43]. The
samples evaluated in this work were consistent with the standards established by the
legislation regarding these two parameters. Furthermore, there is a similarity between the
levels of total phenols quantified in the RPE and the NPRP as well as the levels of total
flavonoids. We can infer that the process of obtaining the nanoparticles did not change the
phytochemical profile of the RPE.

Due to the fact of its ease and speed, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent
has been widely used as a method to evaluate the antioxidant activity of several com-
pounds [8]. The result obtained in this work confirms the literature on the high antioxidant
capacity of Brazilian red propolis extract (RPE) [9,20]. The evaluated concentration of NPRP
and MNPRP showed a loss of antioxidant activity of 18.3% and 26.9%, respectively, when
compared to RPE. This suggests that these losses were related to the low compatibility
between the reaction solvent ethanol (polar) and the nanoparticles of the PLA (nonpolar)
loaded with red propolis. Similarly, the membrane polymer matrix (NaCMC) was not
solubilized by ethyl alcohol, making it difficult to extract the red propolis contents present
in the nanoparticles, interfering with the results of the analysis. However, the free radi-
cal scavenging power of NPRP incorporated into the membrane matrix was satisfactory,
allowing for its application as an antioxidant product.

Assessing the antioxidant activity of propolis by more than one methodology is im-
portant, since discrepant values are found in the literature. These discrepancies may be
associated with methodological changes and mainly with issues of seasonality, place of
material collection, and the types of flora that surround the swarms of bees. Fe3+ reduction
is often used as an indicator of electron-donating activity, which is an important mechanism
of phenolic antioxidant action. In this work, RPE showed relevant antioxidant activity and
corroborates the findings in the literature with 1472.8 µmol Fe2+ of dry extract [44], indicat-
ing that the red propolis extract was a very strong antioxidant material. Oldoni et al. [45]
found 259.30 ± 9.50 µmol Fe2+ g−1 of dry weight for optimized propolis samples from the
state of Paraná, Brazil. Andrade et al. [46] reported a FRAP value of 633.1 µmol TE g−1 of
dry weight for the Brazilian propolis extract.

Nanoparticles are being used on a large scale as a drug delivery system. They play
an important role in this regard, and their size significantly influences their release profile.
Thus, among the characterization parameters, particle size is significant in the aspects of the
degradation and release, biodistribution, and absorption of nanoparticles [47,48]. Studies
in the literature state that the particle size generally depends on the target tissue; however,
maximum sizes are in the range of 20–400 nm [48]. In this work, it was possible to obtain
satisfactory sizes between 194.1 (NPs) and 361.2 nm (NPRP). This suggested that the larger
size of the NPRP came from the entrapment of red propolis within the polymeric matrix.

The DSC heating curves allowed us to observe the emergence of double melting peaks
that were identified in the pure PLA, a common phenomenon described in the literature.
It is associated with a step in the production of the polymer and is related to changes
in crystal growth. This is due to the existence of polymorphism, with the simultaneous
presence of two populations of crystals that developed with different sizes and stability,
making it possible to reach the melting state at a lower temperature followed by a structural
reorganization of the crystal, resulting in a perfect or a larger crystal stability during the
second fusion event [49–51]. The decrease in the Tg observed in the NPs and NPRP was
directly related to an increase in the mobility of PLA chains, facilitating its folding into a
crystal lattice with the addition of plasticizing agents and other compounds that interfere
with the plasticity of the polymer. Thus, it is suggested that the addition of PEG and Tween
20 to form the nanoparticles was responsible for reducing the glass transition of the PLA.
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In a study on amorphous poly(lactic acid) crystallization induced by acetone vapor to
form a specimen of high crystallinity and transparency, it was observed that the solvent
was essential for the reduction in the Tg and Tms, in addition to its transparency and
opacity [52]. Thus, it was observed in the present study that the reduction in Tg may also
be associated with exposure to acetone.

The thermogravimetric curve obtained in the NPs’ analysis revealed a profile similar
to that found for pure PLA (Table 5), with high thermal stability. However, a lower
stability was observed when compared to pure PLA, since the degradation occurred at a
lower temperature. In addition, this behavior corroborates the findings in the exploratory
scanning calorimetry, which revealed a smaller glass transition, which is a parameter that
confers greater stability and resistance to the polymer. The nanoparticle loaded with red
propolis presented two thermal events, showing the reduced stability of the polymer when
compared to pure PLA. On the other hand, the high thermal stability of PLA provides
greater stability to propolis, favoring the preservation of its constituents. The second event
stands out, showing a loss of mass in the thermodecomposition of PLA and the major
components of red propolis.

The membrane impregnated with the PLA nanoparticles showed four thermal events.
In the first event, it is possible to observe a mass loss associated with the volatilization of
water adsorbed in the polymeric matrix of the membrane, with a lower mass loss (9.7%)
when compared to the Base M. Events II, III, and IV were attributed to nonstable multistage
mass loss involving the decomposition of volatile components and the decomposition of
NaCMC monomers. Event IV was traced by a thermodecomposition of the PLA polymer
associated with the loss of ester groups by decompacting depolymerization, which is widely
described in the literature [26,27,53]. MNP also showed residual mass from sodium mineral
salt however in a lower proportion (20%) when compared to Base M. The thermal profile
and residual percentage of MNPRP were similar to MNP.

The FTIR spectroscopy technique allowed for the identification of the amorphous
and crystalline phases of the pure PLA, with the absorption bands at 871 and 754 cm−1,
respectively, and this corroborates the literature [54]. The nanoparticles loaded with red
propolis (NPNALRP) showed a high similarity to the NPs. In this way, the bands from red
propolis were suppressed, contributing to the DSC data and confirming the encapsulation
of propolis by the polymer. MNPRP FTIR analysis revealed a similarity to the MNP, with
small shifts and lower transmittance intensity. However, the band at 1743 cm−1 showed
higher intensity. Possibly, this band was more expressive due to the stretching vibration of
the carbonyl C=O of the ester bonds of the nanoparticles and NaCMC-Na, allowing us to
infer the homogeneity of the MNPRP obtained.

4. Materials and Methods
4.1. Materials

Sodium carboxymethylcellulose (NaCMC) 3000 (Denver Especialidades Químicas,
São Paulo, Brazil), citrus pectin (Êxodo Científica, São Paulo, Brazil), and propylene
glycol (Synth, São Paulo, Brazil) were used in the production of the membranes. The
polylactic acid (PLA) Mw 75,000 was acquired from Biomater (São Paulo, Brazil); the
acetone, polyoxyethylene 20 sorbitan monolaurate, and polyethylene glycol 6000 were
acquired from Synth (São Paulo, Brazil). The Folin–Ciocalteu reagent (Êxodo Científica, São
Paulo, Brazil), 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), gallic acid, quercetin, and
2,4,6-tris(2-76 pyridyl)-s-triazine were purchased from Sigma Aldrich (Steinheim, Ger-
many). The flavonoids, namely, daidzein, formononetin, and biochanin A, were acquired
from Sigma-Aldrich (St. Louis, MO, USA). Liquiritigenin and isoliquiritigenin were ac-
quired from Extrasynthese® (Lyon Nord, France) and were used as the analytical standards.
High-performance liquid chromatography (HPLC) grade methanol was purchased from
J.T. Baker (Mallinckrodt, Mexico), acetonitrile was purchased from Fisher Scientific (Leices-
tershire, UK), and the Milli-Q grade water was produced in a lab. Sodium carbonate was
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supplied by Vetec Quíımica Fina (Rio de Janeiro, Brazil). Anhydrous monobasic sodium
phosphate (Neon Commercial, São Paulo, Brazil) was used in the phenol release test.

4.2. Red Propolis Extract (RPE)

The red propolis (RP) was obtained from the apiary located in the mangrove region of the
municipality of Marechal Deodoro-Alagoas, Brazil (S9◦42′10.2924′′ and W35◦54′21.5316′′). The
crude propolis (50.0 g) was transferred to a 250 mL volumetric flask, and a volume of 166.7 mL
of 80% ethyl alcohol was added. Then, the mixture was taken to the sonicator (UltraCleaner
750-Unique) with a constant frequency of 25 kHz and power of 100 W for 30 min. The extract
was filtered through filter paper and placed in an amber glass bottle until analysis.

4.3. Preparation of the PLA Nanoparticles Loaded with Red Propolis (NPRP) and Membrane
4.3.1. Preparation of the PLA Nanoparticles Loaded with Red Propolis (NPRP)

Obtaining the nanoparticles occurred by emulsification and diffusion of the solvent.
Approximately 300 mg of PLA polymer was dissolved in 15 mL of acetone in a closed
bottle and taken to a water bath at 70 ◦C for 40 min. At room temperature, the PLA
solution was vigorously stirred on a mechanical stirrer at 1000 rpm, followed by the addition
of polyoxyethylene 20 sorbitan monolaurate (136 µL), stirred for 60 s. After this step,
21 mg of RPE was incorporated into the PLA solution until the solution was homogenized.
Then, 10 mL of an aqueous solution of Polyethylene Glycol 6000 (PEG 1% w/v) was added
dropwise to form a suspension of nanoparticles by precipitation and diffusion of the solvent.
The suspension remained under continuous agitation in an oven with a temperature of 30 ◦C
and circulation of renewed air for 18 h hours for residual removal of the organic solvent. The
obtained nanoparticle was frozen for 10 min in liquid nitrogen and dried by lyophilization
for 24 h (Terroni LS 3000 freeze dryer, São Carlos, São Paulo, Brazil). The dried nanoparticles
were stored in a desiccator protected from light until further studies. The same protocol was
also followed for the synthesis of the nanoparticle without propolis (NPs).

4.3.2. Development of the Polymeric Membrane Loaded with NPRP

For the preparation of the polymeric membrane, the components of the formulation,
sodium carboxymethyl cellulose, citrus pectin, and propylene glycol 400, were weighed
on an analytical balance (Table 1). In a beaker previously containing 70 mL of distilled
water, the formulation components were added. The mixture was stirred in a mechanical
shaker at 1700 RPM until homogenization and then distilled water was added up to 100 mL.
Then, 100 mg of PLA nanoparticles loaded with red propolis and without propolis were
incorporated into 10 mL of the base. The homogenized content was placed in glass plates
(inhouse manufacture) and placed in an oven at 37 ◦C for 48 h.

4.4. Size, Polydispersity Index, and Zeta Potential of the Nanoparticles

The average particle diameter and the polydispersion index were determined using
the dynamic light scattering technique. Individually, a suspension of the nanoparticle with
and without propolis was prepared at a concentration of 400 µg/mL in Milli-Q water. From
this suspension, a 5-fold dilution was made in Milli-Q water and analyzed in triplicates
of 64 scans of Zetasizer apparatus model Nano-ZS from Malvern (Worcestershire, UK).
The zeta potential was obtained using the electrophoretic mobility method in a Zetasizer
apparatus and the triplicate result was expressed in millivolts (mV).

4.5. Rupture of the Nanoparticles Loaded with Red Propolis (NPRP)

To quantify the contents of flavonoids (TFC) and total phenols (TPC) as well as to
evaluate the antioxidant activity by the method of DPPH, it was necessary to dissolve
the nanoparticles in chloroform, obtaining a clear solution of 1 mg mL−1. After that, the
solution was stored in an amber flask until analysis.
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4.6. Extraction of the Red Propolis Impregnated as Nanoparticles in the Polymeric Membrane

The polymeric membrane impregnated with the nanoparticles loaded with red propo-
lis was weighed whole on an analytical balance (corresponding to 7 mg of RP) and was
ground in a mortar and solubilized in 10 mL of 50% alcohol in an ultrasonic bath for
1 h. Obtaining a theoretical concentration of 0.7 mg mL−1 was used to evaluate phenols,
flavonoids, and antioxidant activity.

4.7. Total Phenol Content (TPC)

The total phenol content was quantified according to the colorimetric method using
Folin–Ciocalteu Reagent (FCR) described by Xavier [55], with modifications. From the
stock solution of RPE (4 mg mL−1), suspension of 1 mg mL−1 of NPRP, and 0.7 mg mL−1

of MNPRP, quantification was performed as follows: It was diluted into vials of 5 mL with
concentrations of 20 µg mL−1. An aliquot of the samples was added to a 5 mL volumetric
flask, containing 3 mL of deionized water, 0.4 mL of RFC, and 0.6 mL of saturated 20%
sodium carbonate solution. It was filled with water until the final volume and stirred
for another 15 s. The reaction took place in the dark for 20 min in a thermostatic bath
at 40 ◦C. The absorbance was measured using a Shimadzu U-VIS spectrophotometer at
a wavelength of 760 nm against a blank consisting of FCR solution, sodium carbonate,
and deionized water. A calibration curve was constructed from the analysis of different
concentrations of gallic acid, varying from 2.0 to 9.0 µg mL−1, and its data on absorbances
based on calibration equation: y = 0.1226x + (−0.0176) and r2 = 0.9971. The results are
expressed in terms of milligrams of gallic acid equivalent (GAE) per g propolis.

4.8. Determination of the Total Flavonoid Content (TFC)

The total flavonoid content was quantified according to the colorimetric method using
aluminum chloride described by XAVIER [55], with modifications. From the stock solution
of RPE (4 mg mL−1), suspension of 1 mg/mL of NPRP, and 0.7 mg mL−1 of MNPRP,
quantification was performed as follows: It was diluted to 5 mL flasks with concentrations
of 200 µg mL−1. An aliquot of the sample was added to a 5 mL volumetric flask, containing
3 mL of methanol and 0.1 mL of aluminum chloride solution (5%). It was completed with
methanol to the final volume and stirred for 15 s. The reaction took place in the dark for
30 min. The absorbance was measured in a Shimadzu Uv-VIS spectrophotometer at a
wavelength of 425 nm against a blank containing only methanol and aluminum chloride.
A calibration curve was constructed from the analysis of the different concentrations of
quercetin, varying from 2.0 to 14 µg mL−1, and its data on absorbances based on calibration
equation: y = 0.0615x + (0.011) and R2 = 0.9975. The results are expressed in terms of
milligrams of quercetin equivalent (QE) per g propolis.

4.9. Antioxidant Activity Assay
4.9.1. Evaluation of the Antioxidant Activity by the DPPH Method

The radical scavenging antioxidant activity (RSA) of the RPE, NPRP, and MNPRP was
determined using the DPPH assay according to the methods described in the literature [55,56]
with a few modifications. A 0.1 mmol L−1 solution of DPPH radical (Sigma Aldrich) in
ethanol was prepared and stored in amber glass. From this solution, 2 mL was added to
5 mL amber volumetric flasks, and then RPE, NPRP, or MNPRP aliquots in concentrations
of 1.0, 5.0, 10.0, and 25.0 µg mL−1 were added, respectively. The volume was completed
and left to wait for the reaction in the dark for 30 min. After the reaction, readings of the
samples were made in triplicate in a UV-Vis spectrophotometer, model Shimadzu 1240, at a
wavelength of 517 nm to measure the sequestering capacity of the DPPH radical. A blank
containing ethanol and DPPH were used to calculate the percentage of DPPH radical remain-
ing, followed by the formula (% of DPPH remaining = ((AS−AE)/(AD−AE))× 100), where
AS = reaction absorbance the DPPH radical and the sample; AE = absorbance of ethanol;
AD = absorbance of DPPH radical diluted in ethanol to a volume of 5 mL. After determining
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the remaining DPPH radical, the percentage of inhibition of the DPPH radical was determined
using the following formula: (% inhibition of the DPPH radical = 100−% DPPH Remaining).

4.9.2. FRAP Assay

The ferric reducing ability (FRAP) was performed according to the method described
in the literature [55]. In 5 mL flasks, 90 µL aliquots containing 25 µg mL−1 of the RPE,
NPRP, and MNPRP samples; 270 µL of distilled water; 2.7 mL of FRAP reagent (prepared
from 25 mL of 0.3 M acetate buffer, 2.5 mL of 10 mM TPTZ (2,4,6-tris(2-pyridyl)-s-triazine)
solution, and 2.5 mL of 20 mm). The solutions were homogenized in a tube shaker and kept
in a water bath at 37 ◦C for 30 min. After the reaction time, readings were performed in a
UV-Vis spectrophotometer, model 1240 Shimadzu, at a wavelength of 595 nm. The analyses
were performed in triplicate, and the results are expressed in µM of ferrous sulfate/g of
red propolis.

4.10. Identification of RPE Markers Using the UPLC-DAD Method

The identification of the flavonoids contained in the RPE and NPRP was performed
using the high-performance liquid chromatography technique coupled with a diode array
detector (UPLC-DAD) (model: Shimadzu), described by Mendonça [20]. From a stock
solution of 4 mg/mL of RPE, a dilution in chloroform was prepared, using 5 mL volu-
metric flasks to obtain concentrations of 400 µg mL−1, followed by filtration through a
0.22 µm unit filter, and (2 µL) then the sample was injected into the UPLC-DAD to identify
flavonoids. For the identification of NPRP flavonoids, a solution in chloroform at an initial
concentration of 4 mg mL−1 was prepared. Then, to obtain complete solubilization, the
sample was left in an ultrasonic bath for 5 min. Next, the solution was filtered through a
paper filter, and from there, a dilution was made, taking 1 mL aliquot of the stock solution
into a volumetric flask of 10 mL to obtain a concentration of 400 µg mL−1. This solution
was filtered through a 0.22 µm unit filter, and (2 µL) then injected into the UPLC-DAD.

The UPLC used consisted of the following modules: a high-pressure pump (model:
LC-20ADXR), degasser (model: DGU-20A3R), auto-injector (model: SIL-20AXR), chromato-
graphic column oven, diode array detectors (model: EPDM-20A) and fluorescence detector
(model: RF-20A), a controller (model: CBM-20A), and Shimadzu Labsolution software.
The flavonoids were separated using a reverse-phase column (C 18, 150 × 4.6 mm; 5 µm),
a mobile phase consisting of solvent A (Milli-Q water) and solvent B (acetonitrile), pumped
at a flow rate of 0.3 mL min−1. The initial elution gradient consisted of water (70%) and
acetonitrile (30%) with a variation of the percentage of B to 100% in 40 min, maintaining an
isocratic condition of solvent B (100%) up to 53 min and returning to condition at 54 min,
followed by conditions of isocratic B (30%) up to 60 min. Analytical standards of the
flavonoids described as markers (i.e., daidzein, liquiritigenin, pinobanskin, isoliquiriti-
genin, formononetin, pinocembrin, and biochanin A) were used to identify the flavonoids
of RPE and NPRP by comparing the ultraviolet spectra obtained by an array detector
photodiodes at different wavelengths (λ: 249, 281, 286, 275, and 366 nm) and the retention
times obtained for standards and samples.

4.11. Encapsulation Efficiency (%)

The encapsulation efficiency (EE) of NPRP was assessed using UPLC-DAD, considering
the quantitative content of formononetin identified in the extract. Initially, 57.143 mg of a
solid mass of NPRP was weighed, which theoretically contains 7% of the incorporated red
propolis. Then, in a volumetric flask with a capacity of 10 mL, the NPRPs were solubilized
in chloroform, obtaining a working solution in the final concentration of 400 µg mL−1. To
quantify the markers, the same procedure was performed for identification and quantification
in the RPE. The encapsulation efficiency (%) was calculated using Equation (1):

EE (%) = [QFTN/QFTE] × 100 (1)
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where EE = encapsulation Efficiency; QFTN = quantity of formononetin determined in the
NPRP; QFTE = quantity of formononetin determined in the RPE.

4.12. Thermal Analyses (DSC and TG)

The thermal properties of nanoparticles and membrane were determined using dif-
ferential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) [4]. The DSC
curves were performed on a Shimadzu (model: DSC-60), using an aluminum crucible under a
nitrogen atmosphere with a flow rate of 50 mL min−1 in the temperature range of 25–200 ◦C,
at a heating rate of 10 ◦C min−1, using 2 mg ± 10% of hermetically sealed samples. The
equipment was previously calibrated with an Indian standard supplied by Shimadzu.

The thermogravimetric curves of the samples were obtained on Shimadzu equipment
(model: TGA-50), using a platinum crucible, under a nitrogen atmosphere with a flow rate
of 50 mL min−1, between the temperature bands of 25 and 600 ◦C, with heating rates of
10 ◦C min−1. The initial mass of the analyzed samples was approximately 5 mg ± 10%. The
standard used for calibrating the equipment was calcium oxalate recommended by Shimadzu.

4.13. ATR- FTIR Spectroscopy

The absorption spectra in the infrared region for the RPE, NPRP, and MNPRP samples
in the 4000 to 700 cm−1 range were obtained in Nicolet iS 10 spectrometers from Thermo
Fisher Scientific in the attenuated total reflectance (ATR) mode, with 4 resolution cm−1

and 64 sweeps. The spectra were obtained at room temperature (≈20 ◦C) with the direct
addition of nanoparticles with and without propolis and membrane (in film form) in the
device, without previous treatment.

5. Conclusions

Nanoparticles loaded with red propolis are presented as an important biodegradable
and bioabsorbable product that is rich in phenolic compounds. Their antioxidant activity
was proven by colorimetric methods such as DPPH and FRAP. In addition, nanoparticles
with adequate sizes were obtained so that they could be used as a substance release system.
The characterization of the nanoparticles allowed us to infer that there was encapsulation of
the red propolis extract, reflecting satisfactory aspects regarding the quality and quantity of
the phenolic and total flavonoid contents. In addition, the thermal and chemical profile of
the nanoparticles demonstrated a similarity to the pure PLA polymer, suggesting the thermal
and chemical stability of the polymer. Hydrophilic polymeric membranes impregnated
with PLA nanoparticles were successfully obtained and showed antioxidant activity. The
chemical, thermal, and morphological characterization allowed us to affirm that there was an
increased membrane thermal stability. In this scenario, the characteristics of the developed
membrane present its strong potential as a new biomaterial for application in the healing of
skin wounds. However, complementary tests, such as biocompatibility, biodegradation, and
toxicity, must be performed to confirm the development of a new biomaterial.

Author Contributions: Conceptualization, V.d.C.S., I.F.B.D. and N.L.O.N.M.; Data curation, I.F.B.D. and
J.d.S.; Formal analysis, V.d.C.S., T.G.d.N., J.D.F. and C.B.D.; Investigation, V.d.C.S., N.L.O.N.M., J.d.S. and
L.C.G.d.B.; Methodology, V.d.C.S., T.G.d.N. and A.C.A.S. Project administration, I.D.B.J.; Supervision,
I.D.B.J.; Validation, M.O.F.G.; Visualization, J.X.d.A.J., I.F.B.D. and L.C.G.d.B.; Writing—original draft,
V.d.C.S. and I.D.B.J.; Writing—review and editing, T.G.d.N., M.O.F.G. and I.D.B.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Fundação de Amparo à Pesquisa do Estado de Alagoas (Fel-
lowship to V.d.C.S.FAPEAL/CAPES 88887/159636/2017-00), CAPES/PROAP/RENORBIO
(88881.647234/2021-01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study will be available upon request.



Molecules 2022, 27, 6959 19 of 21

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Pugliese, R.; Beltrami, B.; Regondi, S.; Lunetta, C. Polymeric Biomaterials for 3D Printing in Medicine: An Overview. J. 3D Print

Med. 2021, 2, 3–10. [CrossRef]
2. Banik, B.L.; Brown, J.L. Polymeric Biomaterials in Nanomedicine. In Natural and Synthetic Biomedical Polymers, 1st ed.; Sangamesh,

G.K., Cato, T.L., Meng, D., Eds.; Elsevier Inc.: San Diego, CA, USA, 2014; Volume 1, pp. 387–395.
3. Ibrahim, H.M.; Reda, M.M.; Klingner, A. Preparation and Characterization of Green Carboxymethylchitosan (CMCS)—Polyvinyl

Alcohol (PVA) Electrospun Nanofibers Containing Gold Nanoparticles (AuNPs) and Its Potential Use as Biomaterials. Int. J. Biol.
Macromol. 2020, 151, 821–829. [CrossRef]

4. Silva, V.C.; Silva, A.M.G.S.; Basílio, J.A.D.; Xavier, J.A.; do Nascimento, T.G.; Naal, R.M.Z.G.; del Lama, M.P.; Leonelo, L.A.D.;
Mergulhão, N.L.O.N.; Maranhão, F.C.A.; et al. New Insights for Red Propolis of Alagoas-Chemical Constituents, Topical
Membrane Formulations and Their Physicochemical and Biological Properties. Molecules 2020, 25, 5811. [CrossRef] [PubMed]

5. Rajendran, N.K.; Kumar, S.S.D.; Houreld, N.N.; Abrahamse, H. A Review on Nanoparticle Based Treatment for Wound Healing.
J. Drug Deliv. Sci. Technol. 2018, 44, 421–430. [CrossRef]

6. Berthet, M.; Gauthier, Y.; Lacroix, C.; Verrier, B.; Monge, C. Nanoparticle-Based Dressing: The Future of Wound Treatment? Trends
Biotechnol. 2017, 35, 770–784. [CrossRef]

7. Lasprilla, A.J.R.; Martinez, G.A.R.; Lunelli, B.H.; Jardini, A.L.; Filho, R.M. Poly-Lactic Acid Synthesis for Application in Biomedical
Devices—A Review. Biotechnol. Adv. 2012, 30, 321–328. [CrossRef]

8. Rufatto, L.C.; dos Santos, D.A.; Marinho, F.; Henriques, J.A.P.; Ely, M.R.; Moura, S. Red Propolis: Chemical Composition and
Pharmacological Activity. Asian Pac. J. Trop. Biomed. 2017, 7, 591–598. [CrossRef]

9. Azevedo, L.F.; da Fonseca Silva, P.; Brandão, M.P.; da Rocha, L.G.; Aragão, C.F.S.; da Silva, S.A.S.; Porto, I.C.C.M.; Basílio-Júnior,
I.D.; da Silva Fonseca, E.J.; de Moura, M.A.B.F.; et al. Sistemas de Polímeros de Nanopartículas Cargados Con Extracto de
Propóleo Rojo: Un Estudio Comparativo de Sistemas de Encapsulamiento, PCL-Pluronic versus Eudragit®E100-Pluronic. J. Apic.
Res. 2018, 57, 255–270. [CrossRef]

10. Daugsch, A.; Moraes, C.S.; Fort, P.; Park, Y.K. Brazilian Red Propolis—Chemical Composition and Botanical Origin. Evid. Based
Complement. Altern. Med. 2008, 5, 435–441. [CrossRef]

11. Batista, C.M.; Alves, A.V.F.; Queiroz, L.A.; Lima, B.S.; Filho, R.N.P.; Araújo, A.A.S.; de Albuquerque Júnior, R.L.C.; Cardoso, J.C.
The Photoprotective and Anti-Inflammatory Activity of Red Propolis Extract in Rats. J. Photochem. Photobiol. B 2018, 180, 198–207.
[CrossRef]

12. Freires, I.A.; de Alencar, S.M.; Rosalen, P.L. A Pharmacological Perspective on the Use of Brazilian Red Propolis and Its Isolated
Compounds against Human Diseases. Eur. J. Med. Chem. 2016, 110, 267–279. [CrossRef]

13. Corrêa, F.R.S.; Schanuel, F.S.; Moura-Nunes, N.; Monte-Alto-Costa, A.; Daleprane, J.B. Brazilian Red Propolis Improves Cutaneous
Wound Healing Suppressing Inflammation-Associated Transcription Factor NFκB. Biomed. Pharmacothe. 2017, 86, 162–171.
[CrossRef]

14. Nascimento, T.G.; Redondo, G.D.P.; Araújo, A.C.T.; Silva, V.C.; Lira, G.M.; Meireles, G.L.A.; Conceição, M.M.; Freitas, J.D.;
Souza, J.S.; Júnior, J.X.A. Modified Release Microcapsules Loaded with Red Propolis Extract Obtained by Spray-Dryer Technique:
Phytochemical, Thermal and Physicochemical Characterizations. J. Therm. Anal. Calorim. 2019, 138, 3559–3569. [CrossRef]

15. Righi, A.A.; Alves, T.R.; Negri, G.; Marques, L.M.; Breyer, H.; Salatino, A. Brazilian Red Propolis: Unreported Substances,
Antioxidant and Antimicrobial Activities. J. Sci. Food Agric. 2011, 91, 2363–2370. [CrossRef] [PubMed]

16. Devequi-Nunes, D.; Machado, B.A.S.; de Abreu Barreto, G.; Silva, J.R.; da Silva, D.F.; da Rocha, J.L.C.; Brandão, H.N.; Borges, V.M.;
Umsza-Guez, M.A. Chemical Characterization and Biological Activity of Six Different Extracts of Propolis through Conventional
Methods and Supercritical Extraction. PLoS ONE 2018, 13, e0207676. [CrossRef]

17. Marcucci, M.C.; Ferreres, F.; García-Viguera, C.; Bankova, V.S.; de Castro, S.L.; Dantas, A.P.; Valente, P.H.M.; Paulino, N. Phenolic
Compounds from Brazilian Propolis with Pharmacological Activities. J. Ethnopharmacol. 2001, 74, 105–112. [CrossRef]

18. Hatano, A.; NonaKa, T.; Yoshino, M.; Ahn, M.-R.; Tazawa, S.; Araki, Y.; Kumazawa, S. Antioxidant Activity and Phenolic
Constituents of Red Propolis from Shandong, China. Food Sci. Technol. Res. 2012, 18, 577–584. [CrossRef]

19. Lopez, G.C. Analysis of the Composition of Samples of Red Brazilian Propolis by Mass Spectrometry with Electrospray
Ionization and Ultra High Performance Liquid Chromatography (UPLC-ESI-MS) and Evaluation of the Antioxidant and
Antimicrobial Activity. Master’s Thesis, Universidade Estadual de Campinas, Campinas, Brazil. Available online: https:
//repositorioslatinoamericanos.uchile.cl/handle/2250/1349845 (accessed on 8 September 2022).

20. de Mendonça, I.C.G.; de Moraes Porto, I.C.C.; do Nascimento, T.G.; de Souza, N.S.; dos Santos Oliveira, J.M.; Arruda, R.E.d.S.;
Mousinho, K.C.; dos Santos, A.F.; Basílio-Júnior, I.D.; Parolia, A.; et al. Brazilian Red Propolis: Phytochemical Screening,
Antioxidant Activity and Effect against Cancer Cells. BMC Complement. Altern. Med. 2015, 15, 357. [CrossRef] [PubMed]

21. Gomes, N.T.; Fonseca, S.P.; Farias, A.L.; Guerra, R.L.; Cristina, C.M.P.I.; Flávio, A.L.M.T.; Diniz, B.J.I.; Aparecido, M.G.L.; Braga,
D.C.; Jorge, S.F.E. Polymeric Nanoparticles of Brazilian Red Propolis Extract: Preparation, Characterization, Antioxidant and
Leishmanicidal Activity. Nanoscale Res. Lett. 2016, 11, 301. [CrossRef]

http://doi.org/10.1016/j.stlm.2021.100011
http://doi.org/10.1016/j.ijbiomac.2020.02.174
http://doi.org/10.3390/molecules25245811
http://www.ncbi.nlm.nih.gov/pubmed/33317120
http://doi.org/10.1016/j.jddst.2018.01.009
http://doi.org/10.1016/j.tibtech.2017.05.005
http://doi.org/10.1016/j.biotechadv.2011.06.019
http://doi.org/10.1016/j.apjtb.2017.06.009
http://doi.org/10.1080/00218839.2017.1412878
http://doi.org/10.1093/ecam/nem057
http://doi.org/10.1016/j.jphotobiol.2018.01.028
http://doi.org/10.1016/j.ejmech.2016.01.033
http://doi.org/10.1016/j.biopha.2016.12.018
http://doi.org/10.1007/s10973-019-08287-5
http://doi.org/10.1002/jsfa.4468
http://www.ncbi.nlm.nih.gov/pubmed/21590778
http://doi.org/10.1371/journal.pone.0207676
http://doi.org/10.1016/S0378-8741(00)00326-3
http://doi.org/10.3136/fstr.18.577
https://repositorioslatinoamericanos.uchile.cl/handle/2250/1349845
https://repositorioslatinoamericanos.uchile.cl/handle/2250/1349845
http://doi.org/10.1186/s12906-015-0888-9
http://www.ncbi.nlm.nih.gov/pubmed/26467757
http://doi.org/10.1186/s11671-016-1517-3


Molecules 2022, 27, 6959 20 of 21

22. Pandey, S.K.; Patel, D.K.; Thakur, R.; Mishra, D.P.; Maiti, P.; Haldar, C. Anti-Cancer Evaluation of Quercetin Embedded PLA
Nanoparticles Synthesized by Emulsified Nanoprecipitation. Int. J. Biol. Macromol. 2015, 75, 521–529. [CrossRef] [PubMed]

23. Musumeci, T.; Ventura, C.A.; Giannone, I.; Ruozi, B.; Montenegro, L.; Pignatello, R.; Puglisi, G. PLA/PLGA Nanoparticles for
Sustained Release of Docetaxel. Int. J. Pharm. 2006, 325, 172–179. [CrossRef]

24. Auras, R.; Harte, B.; Selke, S. An Overview of Polylactides as Packaging Materials. Macromol. Biosci. 2004, 4, 835–864. [CrossRef]
[PubMed]

25. Correia, C.A. Obtainment and Characterization of Nanocellulose-Reinforced PLA. Master’s Thesis, University of São Paulo, São
Paulo, Brazil, 15 April 2015. [CrossRef]

26. Nalbandi, A. Kinetics of Thermal Degradation of Polylactic Acid Under N2 Atmosphere. Iran. Polym. J. 2001, 10, 371–376.
27. Restrepo, I.; Medina, C.; Meruane, V.; Akbari-Fakhrabadi, A.; Flores, P.; Rodríguez-Llamazares, S. The Effect of Molecular Weight

and Hydrolysis Degree of Poly(Vinyl Alcohol)(PVA) on the Thermal and Mechanical Properties of Poly(Lactic Acid)/PVA Blends.
Polímeros 2018, 28, 169–177. [CrossRef]

28. Choksi, N.; Desai, H. Synthesis of Biodegradable Polylactic Acid Polymer By Using Lactic Acid Monomer. Int. J. Appl. Chem 2017,
13, 377–384.

29. Giita, S.V.S.; Ibrahim, N.A.; Zainuddin, N.; Yunus, W.M.Z.W.; Hassan, H.A. Mechanical, Thermal and Morphological Properties
of Poly(Lactic Acid)/Epoxidized Palm Olein Blend. Molecules 2012, 17, 11729–11747. [CrossRef]

30. Cukrowicz, S.; Grabowska, B.; Kaczmarska, K.; Bobrowski, A.; Sitarz, M.; Tyliszczak, B. Structural Studies (FTIR, XRD) of Sodium
Carboxymethyl Cellulose Modified Bentonite. Arch. Foundry Eng. 2020, 20, 119–125. [CrossRef]

31. Cuadro, P.; Belt, T.; Kontturi, K.S.; Reza, M.; Kontturi, E.; Vuorinen, T.; Hughes, M. Cross-Linking of Cellulose and Poly(Ethylene
Glycol) with Citric Acid. React. Funct. Polym. 2015, 90, 21–24. [CrossRef]

32. Kamoun, E.A.; Kenawy, E.R.S.; Chen, X. A Review on Polymeric Hydrogel Membranes for Wound Dressing Applications:
PVA-Based Hydrogel Dressings. J. Adv. Res. 2017, 8, 217–233. [CrossRef]

33. Yazdi, M.K.; Vatanpour, V.; Taghizadeh, A.; Taghizadeh, M.; Ganjali, M.R.; Munir, M.T.; Habibzadeh, S.; Saeb, M.R.; Ghaedi, M.
Hydrogel Membranes: A Review. Mater. Sci. Eng. C 2020, 114, 111023. [CrossRef]

34. Pahlevanneshan, Z.; Deypour, M.; Kefayat, A.; Rafienia, M.; Sajkiewicz, P.; Neisiany, R.E.; Enayati, M.S. Polyurethane-Nanolignin
Composite Foam Coated with Propolis as a Platform for Wound Dressing: Synthesis and Characterization. Polymers 2021, 13, 3191.
[CrossRef]

35. Valle, K.Z.M.; Acuña, R.A.S.; Arana, J.V.R.; Lobo, N.; Rodriguez, C.; Cuevas-Gonzalez, J.C.; Tovar-Carrillo, K.L. Natural Film Based
on Pectin and Allantoin for Wound Healing: Obtaining, Characterization, and Rat Model. Biomed. Res. Int. 2020, 2020, 6897497.
[CrossRef]

36. Oliveira, R.N.; McGuinness, G.B.; Rouze, R.; Quilty, B.; Cahill, P.; Soares, G.D.A.; Thiré, R.M.S.M. PVA Hydrogels Loaded with a
Brazilian Propolis for Burn Wound Healing Applications. J. Appl. Polym. Sci. 2015, 132, 1–12. [CrossRef]

37. Guadarrama-Acevedo, M.C.; Mendoza-Flores, R.A.; del Prado-Audelo, M.L.; Urbán-Morlán, Z.; Giraldo-Gomez, D.M.; Magaña,
J.J.; González-Torres, M.; Reyes-Hernández, O.D.; Figueroa-González, G.; Caballero-Florán, I.H.; et al. Development and Evalua-
tion of Alginate Membranes with Curcumin-Loaded Nanoparticles for Potential Wound-Healing Applications. Pharmaceutics
2019, 11, 389. [CrossRef]

38. Fernandes, D.M.; Barbosa, W.S.; Rangel, W.S.P.; Valle, I.M.M.; dos S. Matos, A.P.; Melgaço, F.G.; Dias, M.L.; Júnior, E.R.; da Silva,
L.C.P.; de Abreu, L.C.L.; et al. Polymeric Membrane Based on Polyactic Acid and Babassu Oil for Wound Healing. Mater. Today
Commun. 2021, 26, 102173. [CrossRef]

39. Bi, H.; Feng, T.; Li, B.; Han, Y. In Vitro and In Vivo Comparison Study of Electrospun PLA and PLA/PVA/SA Fiber Membranes
for Wound Healing. Polymers 2020, 12, 839. [CrossRef] [PubMed]

40. Ulloa, P.A.; Vidal, J.; de Dicastillo, C.L.; Rodriguez, F.; Guarda, A.; Cruz, R.M.S.; Galotto, M.J. Development of Poly(Lactic Acid)
Films with Propolis as a Source of Active Compounds: Biodegradability, Physical, and Functional Properties. J. Appl. Polym. Sci.
2019, 136, 47090. [CrossRef]

41. Lima, C.R.; Souza, S.J.; Belo, N.R.; Oliveira, P.A.; Valéria, O.J.; Divino, A.E.; Berretta, S.A.A.; Maria, T.S.; Cordeiro, C.J.;
Zanardo, G.M. Antinociceptive and Anti-Inflammatory Effects of Brazilian Red Propolis Extract and Formononetin in Rodents. J.
Ethnopharmacol. 2015, 173, 127–133. [CrossRef] [PubMed]

42. Kole, L.; Giri, B.; Manna, S.K.; Pal, B.; Ghosh, S. Biochanin-A, an Isoflavon, Showed Anti-Proliferative and Anti-Inflammatory
Activities through the Inhibition of INOS Expression, P38-MAPK and ATF-2 Phosphorylation and Blocking NFκB Nuclear
Translocation. Eur. J. Pharmacol. 2011, 653, 8–15. [CrossRef]

43. Nascimento, T.G.; Silva, A.S.; Lessa, C.P.B.; Silva, S.A.S.; Fidelis, M.M.A.B.; Almeida, C.P.; Silva, V.C.; Wanderley, A.B.; Basílio,
J.I.D.; Escodro, P.B. Examen de Las Actividades Fitoquímica, Antioxidante y Antibacteriana de Extractos Comerciales de Propóleos.
J. Apic. Res. 2018, 57, 246–254. [CrossRef]

44. Morais, D.V.; Rosalen, P.L.; Ikegaki, M.; de Souza Silva, A.P.; Massarioli, A.P.; de Alencar, S.M. Active Antioxidant Phenolics from
Brazilian Red Propolis: An Optimization Study for Their Recovery and Identification by Lc-Esi-Qtof-Ms/Ms. Antioxidants 2021,
10, 297. [CrossRef]

45. Oldoni, T.L.C.; Oliveira, S.C.; Andolfatto, S.; Karling, M.; Calegari, M.A.; Sado, R.Y.; Maia, F.M.C.; Alencar, S.M.; Lima, V.A.
Chemical Characterization and Optimization of the Extraction Process of Bioactive Compounds from Propolis Produced by
Selected Bees Apis Mellifera. J. Braz. Chem. Soc. 2015, 26, 2054–2062. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25701491
http://doi.org/10.1016/j.ijpharm.2006.06.023
http://doi.org/10.1002/mabi.200400043
http://www.ncbi.nlm.nih.gov/pubmed/15468294
http://doi.org/10.11606/D.3.2016.tde-22062016-082528
http://doi.org/10.1590/0104-1428.03117
http://doi.org/10.3390/molecules171011729
http://doi.org/10.24425/afe.2020.133340
http://doi.org/10.1016/j.reactfunctpolym.2015.03.007
http://doi.org/10.1016/j.jare.2017.01.005
http://doi.org/10.1016/j.msec.2020.111023
http://doi.org/10.3390/polym13183191
http://doi.org/10.1155/2020/6897497
http://doi.org/10.1002/app.42129
http://doi.org/10.3390/pharmaceutics11080389
http://doi.org/10.1016/j.mtcomm.2021.102173
http://doi.org/10.3390/polym12040839
http://www.ncbi.nlm.nih.gov/pubmed/32268612
http://doi.org/10.1002/app.47090
http://doi.org/10.1016/j.jep.2015.07.022
http://www.ncbi.nlm.nih.gov/pubmed/26192808
http://doi.org/10.1016/j.ejphar.2010.11.026
http://doi.org/10.1080/00218839.2017.1412563
http://doi.org/10.3390/antiox10020297
http://doi.org/10.5935/0103-5053.20150186


Molecules 2022, 27, 6959 21 of 21

46. Andrade, J.K.S.; Denadai, M.; de Oliveira, C.S.; Nunes, M.L.; Narain, N. Evaluation of Bioactive Compounds Potential and
Antioxidant Activity of Brown, Green and Red Propolis from Brazilian Northeast Region. Int. Food Res. J. 2017, 101, 129–138.
[CrossRef] [PubMed]

47. Gaumet, M.; Vargas, A.; Gurny, R.; Delie, F. Nanoparticles for Drug Delivery: The Need for Precision in Reporting Particle Size
Parameters. Eur. J. Pharm. Biophar. 2008, 69, 1–9. [CrossRef] [PubMed]

48. Roussaki, M.; Gaitanarou, A.; Diamanti, P.C.; Vouyiouka, S.; Papaspyrides, C.; Kefalas, P.; Detsi, A. Encapsulation of the Natural
Antioxidant Aureusidin in Biodegradable PLA Nanoparticles. Polym. Degrad. Stab. 2014, 108, 182–187. [CrossRef]

49. Sarasua, J.-R.; Prud’homme, R.E.; Wisniewski, M.; le Borgne, A.; Spassky, N. Crystallization and Melting Behavior of Polylactides.
Macromolecules 1998, 31, 3895–3905. [CrossRef]

50. Raquez, J.M.; Murena, Y.; Goffin, A.L.; Habibi, Y.; Ruelle, B.; DeBuyl, F.; Dubois, P. Surface-Modification of Cellulose Nanowhiskers
and Their Use as Nanoreinforcers into Polylactide: A Sustainably-Integrated Approach. Compos. Sci. Technol. 2012, 72, 544–549.
[CrossRef]

51. Alam, A.K.M.M.; Beg, M.D.H.; Mina, M.F.; Mamun, A.A.; Bledzki, A.K. Degradation and Stability of Green Composites Fabricated
from Oil Palm Empty Fruit Bunch Fiber and Polylactic Acid: Effect of Fiber Length. J. Compos. Mater. 2015, 49, 3103–3114.
[CrossRef]

52. Naga, N.; Yoshida, Y.; Noguchi, K.; Murase, S. Crystallization of Amorphous Poly(Lactic Acid) Induced by Vapor of Acetone to
Form High Crystallinity and Transparency Specimen. Open J. Polym. Chem. 2013, 03, 29–33. [CrossRef]

53. Ding, J.; Chen, S.C.; Wang, X.L.; Wang, Y.Z. Synthesis and Properties of Thermoplastic Poly(Vinyl Alcohol)-Graft-Lactic Acid
Copolymers. Ind. Eng. Chem. Res. 2009, 48, 788–793. [CrossRef]

54. Singh, S.K.; Anthony, P.; Chowdhury, A. High Molecular Weight Poly(Lactic Acid) Synthesized with Apposite Catalytic Combina-
tion and Longer Time. Orient. J. Chem. 2018, 34, 1984–1990. [CrossRef]

55. Xavier, J.A.; Valentim, I.B.; Camatari, F.O.S.; de Almeida, A.M.M.; Goulart, H.F.; de Souza Ferro, J.N.; de Oliveira Barreto, E.;
Cavalcanti, B.C.; Bottoli, C.B.G.; Goulart, M.O.F. Polyphenol Profile by Uhplc-Ms/Ms, Anti-Glycation, Antioxidant and Cytotoxic
Activities of Several Samples of Propolis from the Northeastern Semi-Arid Region of Brazil. Pharm. Biol. 2017, 55, 1884–1893.
[CrossRef]

56. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

http://doi.org/10.1016/j.foodres.2017.08.066
http://www.ncbi.nlm.nih.gov/pubmed/28941675
http://doi.org/10.1016/j.ejpb.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17826969
http://doi.org/10.1016/j.polymdegradstab.2014.08.004
http://doi.org/10.1021/ma971545p
http://doi.org/10.1016/j.compscitech.2011.11.017
http://doi.org/10.1177/0021998314560219
http://doi.org/10.4236/ojpchem.2013.32006
http://doi.org/10.1021/ie8013428
http://doi.org/10.13005/ojc/3404036
http://doi.org/10.1080/13880209.2017.1340962
http://doi.org/10.1016/S0023-6438(95)80008-5

	Introduction 
	Results 
	The Yield of Red Propolis Extract 
	Nanoparticles and the Production of Membranes Loaded with Red Propolis Extract 
	Determination of Total Phenols and Total Flavonoids Content 
	Antioxidant Activity Using DPPH and FRAP 
	Determination of the RPE Chemical Markers 
	Encapsulation Efficiency (% EE) 
	Particle Size, Polydispersion Index, and Zeta Potential 
	Differential Exploratory Calorimetry 
	Thermogravimetric Analysis 
	ATR Coupled to Fourier Transform Infrared (ATR-FTIR) 

	Discussion 
	Materials and Methods 
	Materials 
	Red Propolis Extract (RPE) 
	Preparation of the PLA Nanoparticles Loaded with Red Propolis (NPRP) and Membrane 
	Preparation of the PLA Nanoparticles Loaded with Red Propolis (NPRP) 
	Development of the Polymeric Membrane Loaded with NPRP 

	Size, Polydispersity Index, and Zeta Potential of the Nanoparticles 
	Rupture of the Nanoparticles Loaded with Red Propolis (NPRP) 
	Extraction of the Red Propolis Impregnated as Nanoparticles in the Polymeric Membrane 
	Total Phenol Content (TPC) 
	Determination of the Total Flavonoid Content (TFC) 
	Antioxidant Activity Assay 
	Evaluation of the Antioxidant Activity by the DPPH Method 
	FRAP Assay 

	Identification of RPE Markers Using the UPLC-DAD Method 
	Encapsulation Efficiency (%) 
	Thermal Analyses (DSC and TG) 
	ATR- FTIR Spectroscopy 

	Conclusions 
	References

