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ABSTRACT: PVA hydrogels offer many suitable characteristics for burn wound dressings. However, unmodified PVA gels do not act
against infection. Propolis is a natural antimicrobial agent suitable for incorporation into PVA gels. PVA—propolis gels were produced
by freeze—thawing method, and their microstructure, mechanical, and swelling properties (in standard PBS and a PBS-based solution
with pH 4.0) were characterized. The propolis release profiles and the gel’s antibacterial and cytotoxicity properties were also investi-
gated. The presence of propolis in the gels interfered with the PVA crystallization profile and with the mechanical properties. All sam-
ples swelled at least 400% in both media. The propolis was mostly released to the media in the first day of immersion. PVA—propolis
gels with concentrations of 15% propolis or more were active against the gram-positive bacterium Staphylococcus aureus, which is
associated with initial colonization of the wound. All PVA—propolis samples acted as barriers to microbial penetration. © 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42129.
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INTRODUCTION

Burns are considered as being the cause of death of approxi-
mately 265,000 people per year globally." Infection is the main
cause of deaths related to burns.” Typically, burns are colonized
by microorganisms (fungi, e.g. Candida albicans, and bacteria).
They are initially colonized by gram-positive bacteria, e.g.,
Staphylococcus aureus, and, after a week, these may be replaced
by gram-negative organisms, e.g., Escherichia coli.*

The treatment of partial-thickness burns requires the use of
dressings.” The ideal burn dressing should maintain a moistur-
ized environment, be transparent, absorb excess exudates, elimi-
nate empty space, be pain-free, promote thermal insulation, be
a barrier to microorganisms, be conformable, elastic, sterile,
nontoxic, and exhibit water vapor transmissibility.®™

Hydrogels are 3D networks, based on cross-linked hydrophilic
polymers that swell in contact with aqueous solutions keeping
their structural integrity.® Polyvinyl alcohol (PVA) hydrogels are

© 2015 Wiley Periodicals, Inc.
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transparent, malleable, bio-inert, and biocompatible. They pres-
ent many characteristics of the ideal dressing. They have shown
potential for biomedical applications such as contact lens, artifi-
cial hearts, drug release systems, articular cartilage, catheters,
dialysis membranes, burn dressings, and temporary skin
substitutes.”’

PVA hydrogels can be cross-linked via chemical or physical
routes. Chemical routes include irradiation processes and proc-
esses that use cross-linking agents, e.g. glutaraldehyde and form-
aldehyde. These react with PVA chains connecting them via
covalent bonds.” However, residual chemicals remaining within
the matrix may be potentially hazardous."' PVA can be physi-
cally cross-linked by freeze—thawing, where adjacent PVA chains
form crystallites that act as physical cross-links. PVA cryogels
are non-toxic, and present high mechanical strength and high
swelling capacity in aqueous solutions.'>"?

However, PVA hydrogels do not possess any intrinsic antimicro-
bial property. To overcome this limitation, PVA hydrogels have
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Table I. Samples Named According to the Amount of Propolis in Each Sample/in Each Petri Dish Regarding Their Total Weight

Samples weight per dish

Solution volume per dish (¢140 mm)

Samples 10% (w/v) aqueous 12% (w/v) solution of Total volume
(w/w) (%) PVA (g) Propolis (g) Total (g) solution of PVA (mL) propolis in alcohol (mL) (mL)

PVA 2.00 0.00 2.00 20.00 0.00 20.00

8 2.00 0.18 2.18 20.00 1.50 21.50

15 2.00 0.36 2.36 20.00 3.00 23.00

35 2.00 1.08 3.08 20.00 9.00 29.00

52 2.00 2.16 416 20.00 18.00 38.00

been combined with antimicrobial agents, with examples
including PVA/dextran hydrogels loaded with gentamicin'* and
PVA hydrogels loaded with Ag nanoparticles.'>'® One of the
advantages of silver nanoparticles being embedded in polymeric
matrices is that they can have an antimicrobial effect without
being cytotoxic to fibroblasts.'” However, Ag nanoparticles sta-
bilized by PVA for biosensors have been observed to accumulate
in the brains of rats.'® To overcome this issue, natural antimi-
crobial agents could be an alternative.

Propolis is a resinous substance produced by bees with antibac-
terial, antifungal, antiviral, and anti-inflammatory activities.'*
There are more than 300 compounds in propolis. The charac-
teristics and properties of propolis are related to its geographical
origin and to the local flora.”"** Propolis antibacterial activity
is bacteriostatic and, in high concentration, bactericidal.'” Prop-
olis has antimicrobial activity against gram-positive bacteria,
e.g., S. aureus, but limited action against gram-negative bacteria
and also against some fungi, e.g., C. albicans.*>**

Some membranes incorporating propolis have been developed
recently for woundcare. Biocellulose membranes loaded with
propolis were effective against Staphylococcus species and also
promoted a better tissue repair in the early periods of skin heal-
ing** Latex membranes loaded with propolis inhibited the
growth of C. albicans colonies.”> Collagen films loaded with
green and red propolis decreased the severity of inflammation

at the burn site and improved the epithelialization rates.*

PVA hydrogels loaded with propolis have not been reported in
the literature. Compared to the other propolis-loaded matrix
materials (latex, collagen, and biocellulose), PVA hydrogels pres-
ent some possible advantages. As well as the required biocom-
patibility, they present low or no skin cell adhesion and they
have the mechanical strength and resilience characteristics nec-
essary for wound dressing applications.”'®*® The goal of the
present work was to develop PVA—propolis gels and to analyze
their behavior in simulated body conditions. Microstructure,
thermal, and mechanical properties after immersion in simu-
lated body fluids (PBS and a PBS-based solution with pH 4.0)
and other in vitro properties were investigated.

EXPERIMENTAL

Poly(vinyl alcohol) (PVA), Mw 85.000-124.000 g mol™! and
degree of hydrolysis >99%, was purchased from Sigma-Aldrich
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and used without further purification. Green propolis extract
(Extrato de Prépolis Makrovit), 12% propolis/alcohol, was pro-
duced by W. Wenzel Ind. e Com. de Produtos Apicolas Ltda,
Sao Paulo, Brazil.

Preparation of Hydrogels

Ten percent w/v PVA aqueous solutions were prepared (90°C
for 6 h, under mechanical stirring) and the solutions remained
under stirring until they reached environmental temperature.
For the PVA—propolis samples, when the PVA solution reached
room temperature, specific amounts of propolis extract were
added to the PVA aqueous solution under mechanical stirring.
The volume of solution in each petri dish (¢140 mm) was fixed
at 20 mL of PVA solution plus the added volume of propolis
per dish. The samples were prepared according to Table I. The
samples were then freeze—thawed for 16 h at —18°C followed by
5 cycles of 30 min at room temperature and 1 h at —18°C. The
samples were dried in room conditions and then they were
exposed to 30 min of UVB radiation to sterilize them.

Microstructural Analysis

Microstructural analysis of the samples was performed by X-ray
diffraction (XRD) using the XRD 6000 Shimadzu Diffractome-
ter with Cuxoa at 30 kV and 30 mA and step length of 0.02°
with step time of 1 s. The diffraction angle was set between 5°
and 50°. Fourier-Transform Infrared Spectroscopy (FTIR) was
carried out using the NICOLET 6700 Spectrometer with 64

scans per sample in the region of 550-4000 cm ™.

The samples were also analyzed via differential scanning calo-
rimetry (DSC) using the Perkin Elmer, DSC 8000. Approxi-
mately 10 mg of each sample was submitted to a heating rate of
10°C min~' from room temperature to 250°C. To overcome the
thermal history of the samples, the second heating cycle was
used to obtain the gels properties: glass temperature (T,) and
melting temperature (7},,). The degree of crystallinity (X,) was
calculated according to eq. (1), where AH is the melting
enthalpy, ¢ is the weight fraction of the filler, and the AHqgo
is the melting enthalpy of 100% crystalline PVA,*” 138.6 J g~ .

Xc=100 (%) (1)

(I_Q)AHloo%

Swelling/Weight Loss Tests and Propolis Release
The swelling/weight loss tests were performed when triplicates
of each samples composition (~2 cm? weight normalized) were
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immersed in 2 mL of different fluids at 37°C for each time
interval studied (1, 2, 4, 24, and 96 h). Two different media
were used in accordance with the ISO 10993-9 standard. The
first media was Phosphate Buffered Saline (PBS, Sigma Aldrich),
intended to mimic the inorganic phase of human plasma. The
other media was PBS with a reduced pH which was intended to
simulate the local inflammatory environment of the wounds.
This is termed Solution pH 4.0. The pH was lowered using Lac-
tic Acid (Sigma Aldrich). The fluid absorption of each sample
was calculated according to eq. (2) to obtain their swelling
degree (SD). Wy is the weight of the sample at each time inter-
val (swollen weight) and Wp, is the dry weight before swelling.*®
After 4 days of immersion, the samples were dried and weighed
in order to calculate their weight loss (WL) [eq. (3)], where Wp,
and Wpg are the weight of the dried samples before and after
swelling tests, respectively.

Ws—W,
SD=100 ———L (%) (2)
D
Wp—W
WL = 100 —2 D5 () (3)
Wp

To analyze the propolis release, the swelling media was analyzed
after 1, 2, 24, and 96 h of immersion via UV-Vis spectrometer,
from 300 to 800 nm, using polystyrene cuvettes. For quantifica-
tion of the amount of propolis released, a standard curve was
created by diluting the original propolis in isopropanol resulting
in several aliquots of known concentration, which were then
analyzed in the same wavelength range. The area of the peak of
these aliquots (of known concentration of propolis) was calcu-
lated and used to compare with those of the propolis released
by the samples.

Mechanical Properties

For the tensile tests, at least 10 samples of each composition (in
accordance with ASTM D882-00 standard) after 1 day of swel-
ling in one of the two different media at room temperature,
were cut into dog-bone shapes (length of (26 =2) mm, width
of (3.1 £0.2) mm, and thickness of (0.4 = 0.5) mm). Three
measurements of the cross-section area of each sample were
made. The samples were then attached to the grips (Zwick Z005
Tensile Test Machine) with the help of sand paper. The tests
were performed using a 5 kN load cell, and a cross-head rate of
10 mm/min until failure at room temperature. The fracture
strength values (gf) and the Secant modulus values at a strain
of 50% (E) were calculated.

In Vitro Analysis

Antimicrobial activity of the PVA and of PVA—propolis hydro-
gels (swollen in PBS) against E. coli (ATCC 25992), S. aureus
(ATCC 6538), and C. albicans (ATCC 10231) were evaluated
using the disc diffusion method.?* Overnight grown cultures of
E. coli, S. aureus, and C. albicans were individually diluted and
plated on Mueller-Hinton agar inoculated with approximately
10® colony forming units mL~". The hydrogels were cut (circu-
lar, ¢1.80 cm), kept in 5 mL of PBS overnight, and then placed
on the plates. The plates were incubated at 37°C for 18 h and
the zones of inhibition were measured. For the antimicrobial
penetration test, autoclaved test tubes with 10 mL of nutrient
broth were covered with the hydrogels, a sealed tube was used
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as the negative control, and an open tube was used as the posi-
tive control. The turbidity of the media was observed for up to
1 month.

The cytotoxicity test was performed according to the Alamar
Blue Assay,’® to evaluate the cell viability. The Alamar Blue
Assay incorporates a fluorometric/colorimetric growth indicator
based on detection of metabolic activity. Specifically, the system
incorporates an oxidation-reduction (REDOX) indicator that
both fluoresces and changes color in response to chemical
reduction of growth medium resulting from cell growth.
Human keratinocytes, HACAT cells, were obtained from the cell
bank of Dublin City University (DCU), Dublin, Ireland. The
cells were seeded in a sterile 48-well plate at a density of 5 X
10* cells mL™' of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
1% penicillin/streptomycin and grown in a humidified atmos-
phere of 5% CO, for 24 h at 37°C until they reached 70% con-
fluency. The media was then removed and 1 mL of the sample’s
extract fluid (from the swelling media after 1 day of immersion)
was added to a corresponding well. The negative controls were
wells in which 1 mL of DMEM had been added, and the posi-
tive controls were empty wells. Sample extracts were prepared
after immersion of 2 cm” of each sample (triplicates) in 2 mL
of DMEM for 24 h at 37°C in incubator. The HACAT cells
remained in contact with 1 mL of each samples’ extract in a
humidified 5% CO, atmosphere for 24 h at 37°C. After incuba-
tion, 1 mL of solution 10% Alamar Blue in DMEM was added
to each well and the plate remained for 5 h in the incubator.
Two hundred microliters of each media in each well was placed
in the wells of a 96-well plate (no centrifugation) and they were
analyzed in a UV-Vis spectrometer (Nanoquant Infinite m200,
Tecan). Absorbance was measured at 570 and 600 nm to evalu-
ate the cell viability. Cell growth maintains a reduced environ-
ment (red color), while inhibition is associated with an oxidized
environment (blue color). A material is considered nontoxic if
at least 70% of the cells survived (ISO 10993-5).

Statistical Analysis

ANOVA two-way analysis, « = 0.05, was used to analyze the sig-
nificance of two factors: (i) type of media, with two levels: PBS
and Solution pH 4.0, and (ii) amount of propolis, with five lev-
els: 0 (PVA), 8, 15, 35, and 52% of propolis, on the gels’ swel-
ling capacity, drug release, weight loss, and mechanical
properties, using the Origin Pro 8° program. ANOVA one-way
analysis, o =0.05, was used to analyze the significance of the
amount of propolis on the gels’ antimicrobial activity, with five
levels: 0 (PVA), 8, 15, 35, and 52% of propolis, and on the gels
cytotoxicity, where the levels of the factor amount of propolis
were the same as the previous levels but also included the nega-
tive control (-) and the positive control (+).

RESULTS AND DISCUSSION

Microstructural Analysis

The XRD profiles of the PVA—propolis samples can be observed
in Figure 1(a). PVA hydrogel is an amorphous material with a
narrow diffraction peak’ around 20=20° and a shoulder
between 20 = 20-25°. According to Drapak and collaborators,’>
propolis presents a narrow peak around 260 =22°. For high
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Figure 1. Microstructural analysis of the PVA and of the PVA—propolis hydrogels: (a) XRD pattern of the original samples; (b) FTIR spectra of the origi-

nal samples and of the propolis itself.

propolis concentrations, the PVA peak’s intensity is considerably
lower, suggesting that propolis could be a physical barrier to
PVA chains packing. The FTIR bands of the samples and the
propolis bands are displayed in Figure 1(b). PVA'"»*7% and
propolis®»****%” characteristic bands and vibration modes from
the literature are displayed in Table II.

Considering FTIR spectra [Figure 1(b)], all PVA bands can be
found in all samples, although some of them present lower
intensity with the presence of increased amounts of propolis.
No band related only to propolis was encountered in the sample
with 8% propolis, although some PVA bands in these samples
could overlap some of the propolis bands. Samples with 15% of
propolis or more presented both PVA and propolis bands. In
some cases, some shift of the PVA bands towards the propolis
bands’ position could mean that PVA and propolis bands
overlap.

Figure 2 shows the spectra of the dried samples after swelling in
both media for 4 days. The main bands of PVA were present in
all pure PVA samples. Nonetheless, the band at 1564 cm™',
related to nonhydrolyzed acetate groups, was absent after swel-
ling in all media, probably indicating some interaction of these
groups with the media which could inhibit their vibration. In
addition, after swelling in Solution pH 4.0, a band at
1713 cm™' emerged. This band was related to stretching of
C=0 of lactic acid, indicating that the acid used to prepare the
Solution pH 4.0 interacted with the PVA chains.”®*’

Samples with 8% propolis, before and after swelling in both
media, presented similar FTIR spectra to those of pure PVA.
Samples with 15% of propolis or more were the ones in which
the bands of PVA and the bands of propolis could be distin-
guished. In the 15% samples, the band at 1564 cm ™' (nonhy-
drolyzed acetate groups) was again absent after swelling. The
PVA band at 2909 cm ™', that overlapped the propolis band at
2928 cm™ !, was shifted toward the propolis band wavenumber
after immersion of the 15% samples in Solution pH 4.0. Some
bands related to propolis only were also present in the 15%
samples spectra after immersion in Solution pH 4.0: between
1602 and 1456 cm™', related to aromatic ring vibration, and
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the band between 1276 and 1270 cm ™, related to the vibration
of C-O groups of polyols, e.g., hydroxyflavonoids. For 15%
samples swollen in PBS, there was a band between 1276 and
1270 cm ™!, but the other bands, related to aromatic ring vibra-
tion, were absent after immersion. This fact could be related to
the release of these compounds to the media since propolis
release was higher in PBS.*°

Besides the PVA bands in the spectra of 35% propolis samples
after swelling, it can be noticed that there were some bands
related to the propolis itself, the bands between 1602 and
1425 cm™ ', between 1330 and 1272 cmfl, a band at
~990 cm ', bands between 1030 and 1042 cm ! and between
890 and 833 cm™'. Some of these bands could be observed only
after swelling, possibly due to reorganization of PVA chains that
enabled these groups’ vibrations. It is worth noting that the
original (preswelling) spectra of the 35% propolis samples pre-
sented the PVA bands with low intensity and the propolis bands
seemed to be poorly defined or dislocated, which could have
suggested some chemical interactions between the propolis and
the PVA. Since the propolis bands vibration modes were
enabled after swelling, it can be deduced that this was not a
covalent interaction between the PVA and propolis. The effect
was likely due to a physical impairment to some vibration
modes prior to the swelling or due to the breaking of electro-
static interactions when gels were immersed in media, enabling
the vibration of some propolis groups after swelling.”**” In
addition, some propolis compounds were absent after immer-
sion of the 35% samples, indicating possible release of these
compounds to the media.

In the 52% propolis samples, after swelling, the main bands of
the PVA and the propolis can be distinguished. Some of the
original PVA bands that could potentially overlap the propolis
ones were shifted toward the propolis bands.

The glass transition temperature (T,), the melting temperature
(T,,), and the degree of crystallinity (X,) of the samples, before
and after 4 days of swelling, are displayed in Table III. Regard-
ing the original (preswelling) samples, there was a decrease in
the T, with the increase of propolis for amount of propolis up

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42129


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

w
o
z
w
o
@

)
£

Applied Poly

WILEYONLINELIBRARY.COM/APP

ARTICLE

“Jap|noys ‘(s)
LES LT8 - 9€8 Ges (0-0)4e|npuad ‘Buiyore.ng 9e8
uolje.qIA Bull diewoly 088 /88 - - - - -
616 126 816 616 LT6 (H-0) [eueld jo 1no Buipuaq] ‘Buiyoieng LT6
TN 686 ¥86 166 - -

V0T €e0T Y¥0T Sv0T - - -
sdno.b Jeise Jo (0-0) Buiyorens /80T 260T 60T L80T 680T (H-0) Buipuaq ‘(0-0) Bulyrens 880T
TETT 82TT - - - - -

pueq aAl}Isuss aul||e1sAd
6STT YTT EVTT rTT rTT (0-0) Buiyosess ‘(9-0-0) buiyoiens rTT
TN LLTT 6LTT - - - - -
- - 6E2T 9ezT 8€2T 9ezT (-°HO-J1sim1 pue uey ‘(D-0) Buiyoleng 9ezT
splouoAe|jAxolpAy “B8 ‘sjoAjod jo sdnoib 0-O 0/2T 92T 082T 9/2T - - -
02eT 8TET 0EET L2ET 92eT (-°HO-J3sim1 pue uey ‘(HO + HO)Bulpueg 62T
8LET 7LET 08ET 8LET 8/ET (H-O)BuiBBem (H-p)eueld ui Jo Buljdno) 8LET

(H-O)eue(d ul ‘sdnoub sjeieoe pazA|

-0JpAyun Jo (D-0-D) Buiyoles {(sdnolb
TN GEVT YEVT 6IVT LTVT LTIVT CHD Ul H-0) aueld Ul ‘BuiBbem ‘Buipusg STVT
2SvT TSP T - - - - -
- SOYT - - - - -
vIGT ¥IGT 9TGT 9TGT - - -
- - - G9GT €967 (0=0) Buyorang 79GT
spueq Bull oi3ewWolyY 2097 2097 = 209T = = =

spueq Buli onewoly (D=7) Bulyolens (OD=D) Bulyoless ‘sdnoub eey
'seAneALIsp S1I pue 3dyD Jo (0=D) Buiyoleng ov9T €97 2voT S¥9T 25971 -89 pazAjoipAyun jo (0=D) Buiyoreng GGoT
sdno.b _>xootmu JO mc_couwbm 69T 6389T - - - - -
- - LE9C 21te (S)STLT - - -
(sjogge 7582 (s)yG8e (s)yg8e (slegse (sjogge
(slesge - (s)erez  (s)so6C 1162 6062
spunodwoo diewole Jo spueq H-O 8262 TE62 €v62 6E62 6€62 sdno.6 |Axe - (H-0) Buiyoiens 2v6e

m_UCDOQEOU onewl
-0Je Jo spueq H-J ‘(HD) Buiydlels oneydily €162 - - - - - -
sdnoub (HO) Bul
-Ud3843s ‘spunoduwiod dljouayd jo (Ho) Buibbep €6ee 9cee ¥82¢ 8/2€ 08z2¢e (H-0) Buiyoieng 6G2¢E
sspow uoneiqia sdnolb sijodoid sijodoud %25 %GE %GT (p_wo) sepow uonelqin sdnolb yYAd (;_Wo) YAd
%8

spdureg euwrduQ yoeq ur Jussaid sdnoin [euoneiqip pue spueq JIId ‘II S[qeL

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42129

42129 (5 of 12)

s WWW.MATERIALSVIEWS.COM
w'}

\

X

Ma


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
SCIENCE
VA 8% Propolis
3 3
s s
8 8
g pH4 s o4
E i
2 PBS 2 PBS
g g
= =
Or. Or.
dO‘OO 3500 3000 2;00 ’ 2000 ‘ 1500 1000 ) 500 4060 3500 3000 25‘00 ’ 25‘00 ' 15‘00 ’ 10.30 500
Wavenumber (cm") Wavenumber (cm")
15% Propolis 35% Propolis
;:' ;‘ M »
< pHA < P
g g
2 g PBS
E €
5 H
& PBS &
[ =
Or. Or.
4000 3500 3060 2500 2000 1500 1000 500 4000 3500 3000 25‘00 2000 1500 1000 500
Wavenumber (cm™") Wavenumber (cm™")

52% Propolis
3
L pH4
@
=3
c
5] PBS
E
@
c
o
=
Or.
4000 3500 3000 2560 2000 1500 1000 500

Wavenumber (cm’)

Or. = original samples
PBS = samples after swelling in PBS
pH4 = samples after swelling in solution pH 4

Figure 2. FTIR spectra of PVA—propolis original samples (Or.) and FTIR spectra of PVA—propolis samples after 4 days of immersion in PBS (PBS) and

in Solution pH 4.0 (pH 4).

to and including 15%. Thirty five percent of propolis samples
exhibited a T, rise and no T, was identified for the 52% propo-
lis samples. These data indicate that the presence of more prop-
olis diminished the mobility of the chains in the PVA
amorphous phase, probably due to electrostatic interactions
between the propolis and the PVA, as visualized in FTIR
spectra.

Regarding the PVA crystalline phase, the melting temperature
(T,,) and the degree of crystallinity (X)) decreased with the
increase of the propolis amount in the original samples. The
propolis could impair the PVA chains’ movement, so increased
amounts of propolis in the samples could hinder the chains
packing and inhibit crystals growth, diminishing X. and T,
respectively. The presence of loaded substances/drugs can alter
the polymeric matrix’s characteristics. For example, PVA/PAA
hydrogels presented lower T, and T,, when loaded with aspi-
" and PVA hydrogels presented no T, when loaded with
liposomes.*?

.4
rin,

The PVA—propolis samples were also analyzed after the swelling
test. After immersion in PBS, the 8 and 15% propolis samples
presented higher T,, and lower X, compared to the original 8
and 15% propolis samples. Nonetheless, the 35 and 52% propo-
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lis samples after immersion presented higher T,, and higher X,
compared to the corresponding original samples. After immer-
sion in Solution pH 4.0, it was observed that there was a
decrease in the T,, and X, for the 8% propolis samples. After
immersion, there were no considerable changes in the T,, and
X, of 15% propolis samples. For 35% propolis samples after
swelling, the T,, was lower and the X, was higher compared to
the 35% propolis original samples. In addition, the 52% propo-
lis samples after immersion presented higher T, and higher X,
compared to the original samples.

The X, values of the samples 35 and 52% after immersion were
higher than the ones of the respective original samples, indicat-
ing some crystallization after immersion in both media. These
samples had considerable amounts of propolis in the network
and released the highest amounts of propolis to the PBS. The
propolis release as well as the effect of the media on the PVA
chains mobility could lead to late crystallization. After swelling
in Solution pH 4.0, an increase in the X, of the 35 and 52%
propolis samples was observed and also an increase in the T, of
the 52% propolis samples (suggesting that the crystals were well
formed). Some crystallization of the samples with high amounts
of propolis after immersion in both media was observed, where
the chains mobility could lead to chains packing.*>**

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42129
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Table III. Thermal Analysis (DSC) Results of the Original Samples and T,,, and X, of the Dried Samples After Swelling for 4 Days in the Different Media

(PBS and Solution pH 4.0)

Pre-swelling samples

After swelling in
After swelling in PBS

Sample solution pH 4.0

Tq (°C) Tm (°C) Xc (%) Tm (°C) Xc (%) Tm (°C) Xc (%)
PVA 71 222 36 = = = =
8% 69 218 32 223 29 210 21
15% 63 215 30 222 27 215 31
35% 74 208 14 218 23 202 16
52% - 201 2 214 17 205 13

Ty, glass transition temperature; T, melting temperature; X., degree of crystallinity.

Swelling Tests and Propolis Release

The swelling tests in PBS and in Solution pH 4.0 for 4 days
revealed that when reaching the equilibrium swelling degree
(ESD), all samples swelled to ~400% (Figure 3). Based on the
ESD values, the gels can be considered as superabsorbent.”” A
peak of media uptake was observed at the beginning of all
curves, and after 1 day of swelling there was a plateau—the
ESD. The ESD occurs when the hydration forces (the network
stretching by the initial fluid uptake) and the elastic force of the
cross-linkages reach the equilibrium.*>*’

The ANOVA analysis, o = 0.05, on the ESD revealed that neither
the amount of propolis nor the composition of the media was
significant to the ESD (for all factors analyzed and for their
interaction, p value > 0.30). The fluid uptake by all samples in
the different media was approximately the same.

The samples weight loss (WL) was higher for samples with
more propolis (Table IV). The amount of propolis was signifi-

3
@
o
[=)]
()
©
()]
£
7 2004 —m—PVA
—0—8%
—o— 15%
100 - —0—35%
—A— F70
52% @)
0 ) T T ' T M“ i’ 1
0 10 20 90 100
Time (h)

cant to the samples weight loss (p value =2 X 107°), and there
was a significant difference between the 15% propolis samples
and the others: WL]S‘% >WLPVA, 8% and WL]S% <WL35%’ 520

The samples weight loss was higher for the samples with more
propolis. However, the weight loss cannot be fully accounted
for by propolis release and must also involve loss of polymer.
As discussed before, high amounts of propolis led to low degree
of crystallinity and low percentage of crystalline phase. When
the samples swell, the amorphous chains could have more free-
dom to move and, if they were not cross-linked (or in a crystal-
lite), with the help of the media, they could detach from the
network to the media, increasing the weight loss.**

The amount of propolis release in swelling media was analyzed
after 1, 2, 24, and 96 h of immersion (Figure 4). The propolis
release by polymeric systems usually occurs in two steps: the
release of certain amounts of propolis in the first day of swel-
ling as well as a prolonged release in some cases.*” A trend

700 !
Bl 3 .
600 | | { | n—e—i=t
500 o
;; Time (h)
(=]
L]
© | A e .
o 300 L o
£
2
& 200 L —m— PVA
—O0— 8%
—eo—15%
100
—0—35%
0 T T T T ﬁ’ d 1
0 10 20 90 100
Time (h)

Figure 3. Swelling degree (SD) results of PVA and of PVA—propolis samples, after regular time intervals (1, 2, 4, 24, 96 h), when immersed in (a) PBS

and (b) Solution pH 4.0 for 4 days.
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increase in solution pH.>* The low propolis delivery to acid pH

Weight loss (%)

Samples

PBS Solution pH 4.0
PVA 11.5+41 11526
8% 18.7+6.7 7.7+25
15% 18.5+13.4 21.1+102
35% 33.8=x43 26.2+0.3
52% 31.0+26 279+1.8

could be observed in all curves after 4 days of immersion: there
was a high propolis release in the initial hours and the cumula-
tive release reached constant values up to 1 day of immersion.
No prolonged release was observed. Layered hydrogels, in which
PVA layers with different concentrations of propolis are pro-
duced, could be an alternative in order to control/sustain the
propolis delivery for longer periods of time.*® In addition, the
trend was for higher amounts of propolis in the samples to
result in higher release.

The ANOVA analysis on the total propolis released by the sam-
ples (for all factors analyzed and for their interaction, p val-
ue< 1 X 107°) revealed that the type of media and the amount
of propolis in the original samples, as well as their interaction,
were significant to the release. The higher the propolis amount
in the samples, the higher was the release in both media. None-
theless, the samples released more propolis to PBS than to Solu-
tion pH 4.0, probably indicating that the propolis release can be
influenced by the media pH.

Brazilian propolis types are rich in phenolic compounds.®' Phe-
nolic compounds’ solubility varies with the solution pH. The
ionization and solubility of phenols increase in response to

0,20
1@

0,18 -
5
g /§
)
a —u—8%
3 —0—15%
% —o— 35%
> —0—52%
kS
£
3 &
o
2
2
o 0.044
o ]

0,02 _F/E §

0'00 I T T T T T T T 1

0 20 40 60 80 100

Time (h)

could be related to the low solubility of the phenolic com-
pounds compared to their solubility in neutral pH (PBS).

Mechanical Properties

The tensile curves of 10 samples of each condition were used to
plot average stress versus strain curves (Figure 5). The secant
modulus (E) was calculated (at strain of 50%) and the fracture
strength (o5) was also obtained.

Both the type of media and the amount of propolis and their
interaction were significant to the E values (p values<3 X
1077). It can be observed that in PBS, the secant modulus (E)
values increased with the content of propolis up to 35% of
propolis, after which there was a considerable decrease (Table
V). In Solution pH 4.0, the E value decreased with the content
of propolis from 15% propolis upward.

The samples’ secant modulus (E) varied according to the sam-
ples composition in the different media, and the secant modu-
lus values ranged from ~0.03 to ~1.17 MPa, which are
considered adequate for woundcare applications.>

In PBS, the of values increased with the content of propolis
until a maximum at 35% of propolis, after which there was a
considerable decrease. In Solution pH 4.0, higher amounts of
propolis lead to lower fracture strengths (op). In both media,
the lowest fracture strength was that of the 52% propolis sam-
ples. The ANOVA analysis, o= 0.05, on the fracture strength
revealed that the type of media was not significant (p val-
ue = 0.33). Nonetheless the amount of propolis was significant
to the fracture strength as well as the interaction between media
and amount of propolis (p value <2 x 107°).

The mechanical properties (E and of) of the samples immersed
for 1 day in PBS increased with the content of propolis up to
the 35% sample. Since the propolis release to PBS was quite
high, less propolis remained in the PVA network after 1 day.

020 ;) —m—8%
T —0—15%
0,18 -1 _._ 35[]/0
] —0— 529
— 0,16 A
[=2]
‘_E’ B
o 014+
[2]
8 ]
< 012
4 ]
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2 008
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Figure 4. Propolis cumulative release profile of PVA—propolis samples. The PVA—propolis samples were immersed in (a) PBS and (b) Solution pH 4.0

and the propolis delivered was quantified after regular intervals of time for 4 days.
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Figure 5. Tensile tests of all swollen samples, PVA, and PVA—propolis samples, after 1 day of immersion in (a) PBS and (b) Solution pH 4.0.

Less propolis could mean less impairment to the PVA chains
interactions, increasing the mechanical properties values. The
gelsC mechanical properties after 1 day of immersion in solu-
tion pH 4.0 decreased with the increase of the amount of prop-
olis in the samples. Since the propolis release to solution pH
4.0 was low, more propolis could remain in the PVA network
and more impairment to the chains approach could be present.

The presence of an additive to PVA hydrogels usually alters the
PVA gels mechanical properties. If the added components bind
to PVA chains or act as physical barriers to crystallite formation,
the cross-linking/chain packing are hampered and the mechani-
cal properties deteriorate.®® The thermal analysis of the samples
after immersion revealed that PVA amorphous chains gain
movement when in media and the gels can crystallize after swel-
ling/propolis release.** In addition, under tensile strain, the
chains could pack, leading to high modulus and fracture
strength.”® In Solution pH 4.0, less propolis was released (com-
pared to PBS), and more propolis remained in the network
diminishing the possibility of crystallization during tensile tests.

The samples with 52% propolis presented the lowest values of
the mechanical tests, independent of the media. Nonetheless,
the amount of propolis in these samples was so high that, even
releasing propolis, a considerable amount of propolis could still
remain trapped in the network, as can be observed in the FTIR
spectra of the samples after swelling, Figure 2, and be responsi-

ble for the poor mechanical properties. Nonetheless, the PVA
hydrogels loaded with propolis in the swollen state would have
enough mechanical strength to be used as dressings.>

In Vitro Analysis

The antimicrobial tests revealed that the samples with amounts
of propolis equal or superior to 15% of propolis presented anti-
microbial activity against S. aureus, one of the most common
gram-positive bacteria in burn wounds.”” The gram-positive
bacteria are responsible for the initial colonization of infected
burns and, after a week, these may be replaced by gram-
negative organisms.>”® According to different reports, the main
substances present in propolis related to its anti-inflamatory/
antimicrobial activity are flavonoids, phenolic substances, and
cinnamic acid derivatives.**™®' Propolis is well known to have
antibacterial activity against gram-positive bacteria and to have
limited activity against gram-negative ones.®””** Most of the
samples with propolis were effective againt gram-positive bacte-
ria (S. aureus), as seen in Figure 6, but no activity was observed
against gram-negative bacteria (E. coli) or against fungi
(C. albicans).

The amount of propolis was significant to the S. aureus inhibi-
tion (p value=1 X 10~ ""). Neither PVA nor 8% propolis were
active against S. aureus. The other samples were active against
S. aureus, where the 52% propolis samples presented the highest
inhibition zone. Higher amount of propolis led to higher

Table V. Mechanical Properties of the PVA and of the PVA—Propolis Samples After 1 Day of Immersion in PBS and in Solution pH 4.0

Samples PVA 8% 15% 35% 52%

PBS E (MPa) 0.19+0.06 0.43+0.08 0.50+0.11 1.17+0.49 0.03+0.03
Failure strength (MPa) 1.85+1.45 6.69+3.42 575+3.04 8.42+5.23 0.41+0.65

pH4 E (MPa) 041+0.21 0.43+0.11 0.37+0.10 0.24+0.26 0.03+0.03
Failure strength (MPa) 7.21+557 577+1.44 4.71+2.79 210+2.32 0.37+0.63
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Figure 6. Antimicrobial activity of the PVA—propolis samples against S.

aureus.

inhibition of S. aureus. The inhibition zones of the membranes
of the present work (>300 mm?) can be considered effective to
be used as bactericide dressings.**

The microbial penetration test revealed that all samples were
barriers to the penetration of organisms. After 1 month of
exposure to the environment, the nutrient broth in the test
tubes covered by the samples showed no change in turbidity
indicating the absence of any growth of microorganisms while
the nutrient broth in the control tube exposed to the environ-
ment was turbid indicating contamination from the atmos-
phere. All the samples (PVA and PVA—propolis samples) were
barrier to microorganisms’ growth (Figure 7) and the gel net-
works were responsible for acting as a physical barrier to
microorganisms.”

In the cytotoxicity test, the viability of the HACAT cells in con-
tact with the samples extracts was ~78% for PVA samples,

(d)

Figure 7. Antimicrobial test results of (a) positive control, showing the

media turbidity (b) negative control, (c) PVA sample covering the tube,
and (d) PVA-8%propolis sample covering the tube, the last ones with no
media turbidity.
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~5% for 8% samples, and 0% for the other samples (not
shown). The cell viability was lower than 70% for PVA—propolis
samples, indicating that these samples were cytotoxic for human
keratinocytes. According to Funari and collaborators,”® propolis
can be antimicrobial, but also toxic to fibroblasts. Nonetheless,
burns treated with propolis can present accelerated tissue repair
and decreased local inflammation.®® Even cytotoxical levels of
propolis could still stimulate the reepithalization, which could
improve healing.

Among the PVA—propolis samples studied, the ones with 15
and 35% propolis present the most effective properties for the
woundcare application.

CONCLUSIONS

The PVA—propolis gels presented high fluid uptake (~400% in
all media); the propolis was all released to the media in the first
day, which would be suitable for dressings that are changed
daily. No chemical interaction between the propolis and the
PVA was observed. However, propolis impairs the PVA chain
packing, inhibiting the polymer crystallization, and alters the
gels’ mechanical properties. The gels with high amounts of
propolis (> 35%) presented higher crystallinity after immersion
in all media (late crystallization), indicating that the propolis
release coupled with the presence of media (which facilitates the
amorphous chains movement) led to increased PVA chain pack-
ing. All swollen PVA—propolis gels presented mechanical proper-
ties (in all media) considered to be adequate for the
application. The PVA—propolis samples (those with an amount
of propolis > 15%) were active against the gram-positive bacte-
ria S. aureus, which are the first to colonize the wound. The
PVA and PVA-propolis samples also acted as barriers to the
penetration of microorganisms, although the samples were cyto-
toxic to human keratinocytes.
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