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Abstract: Problems associated with microbial resistance to antibiotics are growing due to their over-
use. In this scenario, plant extracts such as the propolis extract (PE) have been considered as poten-
tial alternatives to antibiotics in the treatment of infected wounds, due to its antimicrobial properties
and ability to induce tissue regeneration. To improve the long-term effectiveness of PE in wound
healing, polymeric films composed of biodegradable and biocompatible polymers are being engi-
neered as delivery vehicles. Here, sodium alginate/gelatin (SA/GN) films containing PE were pre-
pared via a simple, green process of solvent casting/phase inversion technique, followed by cross-
linking with calcium chloride (CaClz) solutions. The minimum inhibitory concentration (MIC) of PE
was established as 0.338 mg/mL for Staphylococcus aureus and 1.353 mg/mL for Pseudomonas aeru-
ginosa, the most prevalent bacteria in infected wounds. The PE was incorporated within the poly-
meric films before (blended with the polymeric solution) and after (immobilization via physisorp-
tion) their production. Flexible, highly hydrated SA/GN/PE films were obtained, and their antibac-
terial activity was assessed via agar diffusion and killing time kinetics examinations. Data confirmed
the modified films effectiveness to fight bacterial infections caused by S. aureus and P. aeruginosa
and their ability to be applied in the treatment of infected wounds.

Keywords: antibacterial activity; plant extracts; propolis; localized drug release; bactericidal effects;

infection control

1. Introduction

The problems associated with antimicrobial resistance against conventional antibiot-
ics are growing due to overuse of these antimicrobial agents. Thus, several efforts have
been made in order to minimize the pace of resistance by analyzing emergent microor-
ganisms and resistance mechanisms, as well as newer potential antimicrobial agents [1]
such as biomolecules, which can present inhibition behavior against the most common
bacteria found in infected wounds. In this scenario, some plant extracts have been consid-
ered as potential alternatives to antibiotics or to be used in synergy with them, once they
can present promising properties (e.g., antimicrobial, antifungal, antiviral, and regenera-
tive properties) [2,3].

Propolis, also known as “bee glue”, is a natural resinous multifunctional substance
collected and used by bees to preserve and protect their hives against bacterial and fungal
attacks [4,5]. It is characterized as a complex mixture of chemical constituents such as res-
ins, waxes, pollen, essential oils, and organic compounds, with a high polyphenol content
[6]. The propolis extract (PE) has been used for centuries in folk medicine due to its great
biological properties, ascribed to the presence of flavonoids, that include antimicrobial,
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antioxidant, and anti-inflammatory activities as well as the ability to induce tissue regen-
eration [7]. Concerning its antibacterial activity, two mechanisms can be considered. First,
it acts directly on the microorganism, subsequently stimulating the immune system which
results in the activation of natural defenses of the organism, consequently fighting infec-
tion [8]. Besides, several studies state that propolis has no toxicity and no side effects in
animal models or humans, which enables it to be used in biomedical applications such as
wound healing scaffolds [9].

Although PE can be considered as a potential alternative to antibiotics, in order to
improve stability and long-term effectiveness of PE in wound healing treatments, poly-
meric films composed of biodegradable and biocompatible polymers can be engineered
to be used as a 2 in 1 solution: the film would act as a protective barrier while a controlled
release of the propolis extract would allow the wound to receive an antibacterial treatment
without the need of antibiotics presence [10]. In this scenario, the polymers choice plays a
key role in the final efficiency of the films, once they must be biocompatible and non-toxic,
but still retain some characteristics such as good thermal and mechanical resistance [11].
Thus, natural-based polymers, such as sodium alginate and gelatin, have been explored
in this aim.

Sodium alginate (SA) is a natural linear polysaccharide obtained from brown sea-
weeds, composed of 1,4-linked-f3-D-mannuronic (M) and a-L-guluronic (G) monomers
[12]. SA is water soluble, non-toxic, biodegradable, and biocompatible, as well as capable
of holding large amounts of water, and thus it can be used on the production of hydrogels
for biomedical applications. Additionally, SA films can be easily produced by the phase
inversion technique, once that it interacts almost instantaneously with divalent cations
(such as Ca*, from CaClz aqueous solutions) in an irreversible manner, forming hydrogel-
like films. However, SA films alone do not present interesting long-term applicability, as
they are mechanically weak in wet conditions. Thus, other biopolymers such as gelatin
are commonly used concomitantly with SA, as they can interact electrostatically and form
a polyelectrolyte complex with enhanced performance [13]. Gelatin (GN) is a biodegrada-
ble protein derived from the controlled structural and chemical degradation of collagen,
and contains many functional groups and cell binding sites in its structure, which increase
its cell binging ability, making it desirable for tissue engineering applications [11].

In this context, the aim of this study was to evaluate the feasibility of the production
of SA/GN films via solvent casting/phase inversion technique, and their modification with
PE, in order to engineer hydrogel-like films to be used as delivery platforms for PE con-
trolled release. The incorporation of PE was achieved by two different methods: blending
of PE at the polymeric solutions before films casting and immersion of SA/GN films (im-
mobilization via phisysorption) within PE solutions. The differences on surface chemistry
and chemical composition of the produced films were evaluated, as well as their antibac-
terial activity against Pseudomonas aeruginosa and Staphyloccocus aureus, which are among
the most common bacteria found in infected wounds.

2. Experiments
2.1. Materials

Hydroalcoholic propolis extract was purchased from Drasanvi (Vila Nova de Gaia,
Portugal), and the alcohol content within the extract was left to evaporate before use. Gel-
atin (~300 Bloom, Type A, from porcine skin) and sodium alginate (alginic acid sodium
salt, from brown algae, 22000 cP) applied on the films production were purchased from
Sigma-Aldrich (Merck, Darmstadt, Germany). Calcium chloride (CaCl: anhydrous,
Chem-Lab, Zedelgem, Belgium) 2 wt% solution was employed as coagulation bath.
Growth media trypticase soy broth (TSB), trypticase soy agar (TSA), nutrient broth (NB),
and nutrient agar (NA) were purchased from VWR (the first for the Gram-positive bacte-
ria and the second for the Gram-negative), while Mueller Hinton broth (MHB) was ob-
tained from CondalLab. Gram-negative Pseudomonas aeruginosa (P. aeruginosa, ATCC
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25853) and Gram-positive Staphylococcus aureus (S. aureus, ATCC 6538) bacteria were sup-
plied from American Type Culture Collection (ATCC).

2.2. MICs

Minimum inhibitory concentrations (MICs) of PE for P. aeruginosa and S. aureus bac-
teria were assessed via broth microdilution method [14]. Initially, 100 pL of PE was added
to the first column of a 96-well plate. Subsequently, serial dilutions (1:2) were performed
by adding MHB in the next wells, reaching a final volume of 50 L. Then, 50 uL of bacteria
suspensions previously prepared in MHB (1 x 107 CFUs/mL) was added to these wells.
Additionally, free bacteria and MHB suspensions were used as control. Subsequently, the
absorbance at 600 nm of the plate (zero time, ton) was measured in an EZ READ 2000 Mi-
croplate Reader (Biochrom, Cambridge, UK). The plate was then left under incubation at
120 rpm and 37 °C for 24 h, and the absorbance after this period was also recorded (24 h
time, t2sn). MIC was established as the concentration of PE in which the growth of bacteria
was not seen anymore, visually and by comparing the absorbance of samples at ton and
ten. Finally, aliquots of the wells in which the MIC was observed, and also in the before
and after wells (concentration higher and lower than MIC value), were diluted in PBS and
cultured in NA and TSA at 37 °C for 24 h, to count the resulting colonies.

2.3. Polymeric Films Production

The polymeric films were produced via solvent casting/phase inversion technique.
Initially, SA solutions (2% w/v) were prepared by dissolving SA in dH20 under stirring
for 3 h at 50 °C. Meanwhile, GN solutions (~1% w/v) were also prepared, using dH20 as
solvent, to be later mixed with SA solutions in a polymer ratio of 70:30 v/v (SA/GN films).
This blend was left under low stirring for 1 h, until a homogeneous solution was obtained.
For the SA/GN/PED films (in which “b” means before casting, i.e., the PE was incorporated
during blending) production, a PE solution at a concentration proportional to the P. aeru-
ginosa MIC value (1.6% v/v) was prepared, by mixing PE with dH20 for 30 min and pos-
teriorly adding this solution to the SA/GN blend previously prepared. In order to produce
the SA/GN and SA/GN/PED films, the respective solutions were then poured into glass
Petri dishes and left at 4 °C for 24 h to remove air bubbles. After this period, the films were
dried at RT for 6 days and subsequently dipped for 1 h in the coagulation bath (CaCl2 2
wt% solution). The prepared films were taken out from the Petri dishes, washed three
times with dH20 (150 rpm, 5 min each washing cycle), and finally stored for further use.
For SA/GN/PEa films (in which “a” means after casting, i.e., immobilization via phy-
sisorption) production, the SA/GN films were cut in circular (disk) samples of 6 mm di-
ameter and then immersed in PE solutions for 96 h.

2.4. Films Characterization via ATR-FTIR

The differences in surface chemistry and chemical composition of the films were an-
alyzed by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR). The equipment used was an IRAffinity-1S (Shimadzu, Kyoto, Japan), coupled with
a HATR 10 accessory with a diamond crystal. The spectra were obtained in a wavenumber
range of 400 to 4000 cm™, and for each film a total of 200 scans were performed at a spectral
resolution of 2 cm™.

2.5. Water Absorption and Retention Capacity of SA/GN Films

The water absorption and retention capacity of the SA/GN films unloaded and
loaded with PE were assessed [10]. Hydrated 6 mm diameter samples of each film were
wiped with delicate task wipes to remove excess of surface water, weighed (noted as Ww)
and measured to evaluate their thickness. The samples were dried at 45 °C for 72 h, and
then weighed again (noted as Wu). The water absorption rate was calculated according to
Equation (1) [15]:
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Ww Wd
Water content = W X 100% (1)
d

Each sample was measured in triplicate.

2.6. Agar Disk Diffusion Tests

The films antibacterial activity was initially assessed visually against P. aeruginosa
and S. aureus via the Kirby-Bauer method, as previously described [2]. Inoculums for both
bacteria were prepared in TSB and incubated overnight at 37 °C and 120 rpm. The inocu-
lums concentrations were adjusted to 1.0 x 107 colony-forming units (CFUs)/mL. Aliquots
of 100 uL of each bacteria solution were collected and spread along the respective agar
media, casted within 90 mm diameter Petri dishes. After bacteria solution absorption, disk
samples of all films produced (11 mm diameter) were placed in the bacteria-containing
agar plates center and incubated for 24 h at 37 °C. After this period, zones of inhibition
(Zol) were observed and measured (mm) to verify the films antibacterial efficiency.

2.7. Killing Time Kinetics

To evaluate the efficiency of PE incorporated films throughout time, P. aeruginosa and
S. aureus NB and TSB suspensions, respectively, adjusted to a concentration of 1 x 105
CFUs/mL were prepared. Then, to these suspensions, circular samples of all films pro-
duced (6 mm diameter) were added. Unloaded films (SA/GN) were used as control. These
bacteria-containing suspensions were incubated at 37 °C and 120 rpm, and at predeter-
mined time points, 0, 1, 2, 6, and 24 h, aliquots were collected. These aliquots were then
serially diluted in PBS, plated in NA/TSA, and incubated for more 24 h at 37 °C. The re-
sulting colonies were counted and results were expressed in total number of bacteria col-
onies per time period or in log reduction relating the loaded samples with the unloaded.
All measurements were performed in triplicate, and the results were processed at
GraphPad Prism 7.0 software.

3. Results and Discussion
3.1. MICs

Prior to the production and loading of films, the MICs of PE against the Gram-posi-
tive S. aureus and the Gram-negative P. aeruginosa were established as 0.338 mg/mL and
1.353 mg/mL, respectively. These results are in agreement with other findings which state
that that Gram-positive bacteria are sensitive to low propolis concentrations, while Gram-
negative bacteria only can be inhibited with higher propolis doses, due to their structural
differences [8]. It is also reported that the bioactivity of propolis is not directly related to
the concentration of the biological active substances (e.g., phenolic acid esters and flavo-
noids), but to the synergistic activity between them [16]. The MICs assessment was essential
in this study, once that the further loading of SA/GN with PE was performed at a concen-
tration expected to be effective against both bacteria, based on the obtained MIC values.

3.2. Films Characterization via ATR-FTIR

The SA/GN- and PE-loaded samples were analyzed via ATR-FTIR, and the spectra
collected are presented at Figure 1. As can be observed, a very assorted amount of peaks
and absorption bands can be identified. First, the broad band at 3330 cm™ observed for all
samples can be attributed to the O-H stretching vibration of the hydroxyl and/or phenolic
groups. The presence of SA can be confirmed by the peaks at 1626 and 1445 cm, which
can be attributed to asymmetric and symmetric stretching vibration of COO- groups. Fur-
thermore, GN associated peaks can be observed at 1152 and 1043 cm™, being attributed to
C-O stretching of carboxylic acid and C-N stretching of amines, respectively [15,17]. Be-
sides, several peaks associated to PE (highlighted at Figure 1) can be observed. For in-
stance, the peak at 1736 cm™, associated to the carbonyl group (C=O) stretching vibrations
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of the ester bond, is not observed in SA/GN or SA/GN/PEa, while for the SA/GN/PED it
appears with a very pronounced intensity. This happens also with the peaks at 1464, 1187,
and 1045 cm™', which are attributed to the presence of flavonoids (C-H deformations and
aromatic stretching), aromatic C-H deformation, and CH: rocking of hydrocarbons origi-
nating from beeswax, respectively. Furthermore, the changing of a single peak into a dou-
blet at 1645 and 1649 cm™ (assigned to aromatic ring C=C stretching) indicates the pres-
ence of phenolic groups associated with PE [18,19]. These differences between SA/GN/PEa
and SA/GN/PEb samples can indicate that the incorporation of PE during SA/GN films
production was more effective in maintaining a proper amount of propolis available for
antimicrobial action.
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Figure 1. ATR-FTIR spectra of the SA/GN films unloaded and loaded with PE.

3.3. Water Absorption and Retention Properties of SA/GN Films

Water absorption of SA/GN and PE loaded films was evaluated and is presented at
Table 1. As can be observed, the SA/GN and the SA/GN/PEa films presented higher water
retention rates than the SA/GN/PEb sample. This can be explained by the fact that the
SA/GN/PEb sample already possesses PE in its composition at the casting time, while the
incorporation time of PE in the SA/GN/PEa film may not be enough to retain PE at the
films after the washing period, and thus both samples SA/GN and SA/GN/PEa present
similar water retention behavior. Furthermore, propolis is considered as a small molecule
when compared to polymers, thus being easily located between huge polymer molecules,
limiting the interactions between polymer chains and water molecules, affecting its water
retention capacity [20].

Table 1. Water retention and average thickness of SA/GN-loaded and unloaded films.

Sample Water Retention (%) Thickness (mm)

SA/GN 2704.82 1.908
SA/GN/PEb 1776.33 1.095
SA/GN/PEa 2954.54 0.605

3.4. Agar Disk Diffusion Tests

Unloaded and propolis-loaded films were examined for their ability to diffuse the
antimicrobial agent within agar containing Gram-positive and Gram-negative microbial
cells. Figure 2 reports the observations made. In most samples, bacteria were seen to
grown around the film regardless of impregnation method or tested bacteria; thus, sug-
gesting the inability of the propolis biomolecule to diffuse along the solid agar and kill
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bacteria. Still, upon closer observation, diffusion of propolis can be perceived, even if at a
very small scale (slight discoloration), on the agar plates containing the SA/GN/PEb. This
is of particular interest as it would be expected the films loaded after production to have
the biomolecule more readily available to fight bacteria. Data suggest that more propolis
was impregnated on the blended films and that it is able to diffuse from the sample to the
solid exterior in a very small and slow manner.

SA/GN SA/GN/PEa SA/GN/PEb

S. aureus

P. aeruginosa

Figure 2. Propolis diffusion examinations from the loaded SA/GN films against S. aureus and P.
aeruginosa bacteria cultured on solid media (agar).

3.5. Killing Time Kinetics

The antibacterial efficacy of propolis-loaded films was examined against the Gram-
positive bacteria S. aureus and the Gram-negative bacteria P. aeruginosa for a period of 24 h
(Figure 3).
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Figure 3. Time kill kinetics of the SA/GN, SA/GN/Pea, and SA/GN/PED films, incubated from 1 h to
24 h, in contact with (a) S. aureus and (c) P. aeruginosa bacteria. Relative log reduction rates of the
propolis-loaded films compared to the control samples (SA/GN) against the (b) S. aureus and (d) P.
aeruginosa.
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Data reported the loaded films to have an active, quick effect against the bacteria,
and that this effect was more pronounced against P. aeruginosa in the first moments of
interaction. Indeed, in the first hour S. aureus was seen to grow when placed in contact
with the SA/GN/PEa film. This suggests that, even though with time S. aureus becomes
more susceptible to the action of propolis than P. aeruginosa, its effectiveness is only sensed
later, namely, after the second hour of contact. Propolis acts by affecting the permeability
of the cell membrane of the bacteria, disrupting their structure or decreasing the bacteria
mobility. Moreover, as mentioned before, reports state that the antimicrobial activity of
propolis is higher against Gram-positive than Gram-negative bacteria due to the species-spe-
cific structure of the cell outer membrane of the latter and its production of hydrolytic en-
zymes, which break down the active ingredients of propolis, inactivating them [8,9,16]. These
reports are consistent with the observation from Figure 3 as well as the MIC assessments.

According to the results, the modification of the films by means of the blending
method is considered the most effective to retain the biomolecule antimicrobial action. It
is likely that most of the physisorbed propolis on the SA/GN/PEa films to be lost during
washing processes, compromising the film capacity to fight microorganisms. Generally,
data reported the successful action of the loaded films and confirmed the initial observa-
tions made from the film diffusion tests (Figure 2).

4. Conclusions

SA/GN films were successfully produced via solvent casting/phase inversion
method. PE incorporation within SA/GN/PEb films was confirmed by FTIR. The
SA/GN/PEa films showed higher water retention abilities and inferior antibacterial per-
formance when compared to SA/GN/PED films, thus leading to a conclusion that the in-
corporation of PE at blending solutions was more efficient. The SA/GN/PED films were
able to inhibit the growth of S. aureus and P. aeruginosa in a more pronounced and sus-
tained manner than SA/GN films, demonstrating that PE incorporation was beneficial for
antibacterial purposes. These results suggest that SA/GN/PE films could be used as alter-
natives to conventional treatments applied to infected wounds, for their improved bacte-
rial inhibition. Further studies aiming at evaluating the loading capacity and release be-
havior of PE from SA/GN/PE films in physiological media are ongoing.
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