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Abstract
This study aims to prepare novel cross-linked antimicrobial membranes composed of PVA-Aloe vera hydrogels using novel
physically cross-linkedmethod via transforming PVA to high crystalline structure using propanol. Curcuminwas incorporated
to improve the membrane biological properties; while gentamycin improved sharply antimicrobial properties. PVA-Aloe vera
hydrogel membranes were analyzed by FTIR, SEM, XRD and TGA measurements for characterizing resultant cross-linked
membranes. Physicochemical measurements, e.g., swelling and mechanical stability were assessed for further studying the
dressings. Antibacterial activity of cross-linked PVA-Aloe vera-curcumin membranes was tested using five bacterial strains.
Results showed that high Aloe vera content in cross-linked membranes has insignificant impact on the release of gentamicin.
Adult Wister Albino rats were used to test membrane’s ability for improving the wound healing rate in vivo. In vivo findings
showed that PVA/Aloe vera/curcumin membranes dramatically reduced the size of mouse full-thickness wounds, as indicated
by a decrease in the wound size. Furthermore, histological tests of wounds dressed with membranes revealed a significant
re-epithelialization; compared to wounds treated with cotton gauze and PVA/Aloe vera dressings without curcumin, showing
curcumin’s efficacy. These results refer to PVA-Aloe vera-curcumin membrane has exceptional wound healing and skin
regeneration capacity.
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1 Introduction

Healing of wound is a reaction to injured tissue leading to
the restoration of tissue integrity. Hydrogels are a clear gel
at body temperature, fill the wound spaces and protect the
wound area from bacterial infection. Thus, hydrogels were
well employed as wound dressing materials with high flex-
ibility, mechanical stability, and good penetrability to water
vapor and metabolites, which entirely protect the wound
[1]. Basically, hydrogels absorb and retain famous wound
exudates, which stimulate fibroblast proliferation and ker-
atinocyte migration. The last two processes are very essential
for continuing the epithelialization and accelerating healing
rate of the wound [2]. As well, the compacted mesh size of
hydrogels structure hinders the wound core from any bac-
terial invasion. However, hydrogels can easily transfer the
bioactive molecules, e.g., antibiotics and pharmaceuticals to
wound zone [3]. Poly (vinyl alcohol) (PVA) stands out among
synthetic polymers because of its excellent biocompatibility
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and protection [4, 5]. PVA was well known as the proper
candidate that was used for releasing biological and medical
matters in a sustained release behavior [6]. In addition, PVA
possesses exclusive properties, such as chemical resistance,
average thermal stability, and high biocompatible/nontoxic
biomaterial [7]. Also, PVA was studied intensively, owing to
its easy film-forming and feature physicochemical proper-
ties [7]. Meanwhile, PVA has been chemically cross-linked
with several chemical cross-linkers including glutaralde-
hyde, acetyl aldehyde, or formaldehyde [8, 9]. Herein, we
sought to escape from using traditional chemical cross-
linkers in order to mitigate the introduction of reactive
species, that could somewhat restrict the biocompatibility
of prepared membranes. Methods were known that produce
physically cross-linked hydrogels of PVA via the partial
crystallization, in particular, the alternate freeze-thawing
technique applied to PVA solutions [10]. However, an appar-
ently new and simple entanglement method to physically
cross-linked PVA was reported to obtain 100% hydrolyzed
PVA fibers using lower alcohols such as methanol, instead
of traditional chemical cross-linking [11].

Aloe vera was recognized as the oldest therapeutic herb,
and it could easily accelerate the rate of wound healing and
treat burned area on the optical skin. Aloe vera consists of
two main ingredients: one in the outer layer is vascular bun-
dle and in the other in the inner layer is colorless parenchyma
containing Aloe vera gel. Aloe vera contains three composi-
tions that embrace structural, chemical and polysaccharides;
where polysaccharides play the key role in enhancing the
wound healing ability. Polysaccharides contain salicylic acid
together with other complexes such as proteins, lipids, amino
acids, vitamins, enzymes, inorganic compounds and small
organic compounds [12–14]. Acemannan is a kind of active
polysaccharide present in Aloe vera that strongly inhibits
the bacterial growth and stimulate macrophage activity [15].
Moreover, the anti-inflammatory and antioxidant properties
of Aloe vera were previously discussed and investigated [16,
17]. Thus, Aloe vera was chosen as a typical model for accel-
erating the rate of wound healing process.

A number of assumptions were proposed for the effect of
Aloe vera gel on wound healing parameters, which include
keeping the wound moist, increase epithelial cell migra-
tion, more rapid maturation of collagen and reduction in
inflammation [12]. Curcumin is a polyphenol resultant from
the turmeric (Curcima longa) roots. Curcumin was studied
intensively in particular as very active ingredient due to its
anti-inflammatory, antioxidant, and anti-proliferative proper-
ties.Many research works have reported that curcumin usage
has a very quick action by increasing collagen, fibroblast,
and vascular density during wound healing. Also, curcumin
acts as a proangiogenic agent in healing process by ini-
tiating transforming growth factor beta (TGF-β) [18, 19],
whereas similar studies exposed the optimistic responses

toward wound healing in different regions of body with tar-
geted curcumin application [18, 20–25].

In this research, we developed novel physically cross-
linked curcumin-loaded PVA/Aloe vera hydrogel mem-
branes using traces of propanol for fully hydrolyzed
PVA, avoiding the toxicity of traditional chemical cross-
linkers. Physicochemical properties and its characterization
of obtained hydrogel membranes were measured and dis-
cussed in detail. In addition, bioevaluation tests both in vitro
and in vivo of obtained cross-linked PVA/Aloe vera hydro-
gel membranes were assessed in detail, particularly in terms
of ability of tested biomaterials for accelerating the wound
healing.

2 Materials andMethods

2.1 Materials

Polyvinyl alcohol (PVA,Mwt. 75KD, 99.0%hydrolysis)was
obtained from Sigma-Aldrich, Germany. Aloe vera gel was
freshly extracted from local garden from Tanta, Egypt. Cur-
cumin (Mwt. 368.38) was gotten from BIO-BASIC INC.,
Canada. Propanol (purity 99.0%) was obtained from Alfa-
AesarChinaLimited.RPMI-1640medium,MTTandDMSO
were purchased from (Sigma-Aldrich, St. Louis, USA). Fetal
bovine serum (FBS) was obtained from (GIBCO, UK). Dox-
orubicin was obtained from (Sigma-Aldrich, Germany) that
was used as a standard anticancer drug. Human lung fibrob-
last cell line (WI38) and mouse connective tissue fibroblast
cell line (L929) were commercially obtained fromATCC via
Holding Co. for Biological Products and Vaccines (VAC-
SERA), Cairo, Egypt.

2.2 Extraction of Aloe vera Gel from Leaves

Aloe vera leaves were gathered from a local garden located
in Tanta City, Gharbeya, Egypt, where Aloe vera leaves were
collected freshly on the same day of experiment. Aloe vera
leaves mean diameters were between 30 and 50 cm long
when freshly picked, indicating its three-year-old plant. To
extract and purify soil from leaves, the leaves were washed
in distilled water carefully at room temperature. Then, leaves
were clipped transversely into pieces after spikes along the
margin were removed, and the dense epidermis was care-
fully separated from the parenchyma by a sharp blade, as
described elsewhere [26, 27]. Before being homogenized in
a blender, the parenchyma was thoroughly washed gently
again with distilled water at ambient conditions to extract
surface exudates. To extract fibers, the homogenized gel was
centrifuged at 3000 rpm for 30 min. The supernatant was
obtained by vacuum-filtered over a filter paper (Whatman,
Germany) to get fresh Aloe vera gel. The obtained Aloe vera
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Table 1 Sample codes and membranes composition for different
curcumin-/gentamicin-loaded PVA/Aloe vera/curcumin cross-linked
membranes

Composition of
samples

10 (wt%) PVA
content (ml)

Aloe vera content
(ml)

100% PVA/0% Aloe
vera

25 0

80% PVA/20% Aloe
vera

20 5

60% PVA/40% Aloe
vera

15 10

40% PVA/60% Aloe
vera

10 15

20% PVA/80% Aloe
vera

20 5

gel was directly used and incorporated into hydrogel prepa-
ration to avoid its color change.

2.3 Preparation of Physically Cross-linked
Curcumin-Loaded PVA/Aloe vera Hydrogel
Membranes

10 (wt.%) of PVA is dissolved in distilled water at ambi-
ent conditions, and then Aloe vera extract was mixed to
PVA solution in different ratios and coded as shown in
Table 1, where PVA/Aloe vera mixture solution was kept
under stirring at 50 °C for 2 h. Then, curcumin solution
is added to the PVA/Aloe vera mixtures to reach final con-
centration 20 μg/ml; furthermore, gentamicin was added in
concentration of 1.5 mg/ml to PVA/Aloe vera solution at
room temperature, using traditional casting-solution method
in petri dishes (9 cm diameter). Curcumin-loaded PVA/Aloe
vera/gentamicin physical cross-linked hydrogel membranes
is obtained and formed after membranes were soaked in
propyl alcohol for 6 h [28].

2.4 Characterization of Hydrogel Membranes

Curcumin-loaded PVA/Aloe vera/gentamicin hydrogel
membranes were instrumentally characterized to verify the
entanglement reaction via chemical structure analysis by
FTIR-ATR and XRD. While surface morphological inves-
tigation, thermal and mechanical stability of hydrogel mem-
branes were analyzed by SEM, TGA and universal tensile
testing machine; respectively. The sample preparation and
each measurement or analysis were discussed in details in
(supplementary information).

Physicochemical Measurements of Curcumin-Loaded
PVA/Aloe vera Hydrogel Membranes.

Physicochemical properties of obtained hydrogel mem-
branes, e.g., gel fraction (GF%), swelling ratio (%), wet-
tability index and in vitro release profile were studied and
discussed, where all measurements procedures were adapted
from our previous published research works (supplementary
information) [28–31].

2.5 Bioevaluation Tests

2.5.1 In Vitro Assessments

Hemocompatibility Assay Hemolysis experiment was per-
formed topically on the obtained curcumin-loaded PVA/Aloe
vera membranes, as previously studied [32, 33]. Membranes
were soaked in saline solution (NaCl, 0.9 w/v at 37 °C for
24 h). In this test, anti-coagulated blood is required, which
was obtained by mixing one ml of anti-coagulated acid cit-
rate dextrose solution (ACD) with 9 ml of fresh human blood
from adult donor (male with 30 years old, 86 kg). The equi-
librated curcumin-loaded PVA/Aloe vera hydrogel films (8
cm2) were moved into PP test tubes and incubated for 72 h
with 7 ml of phosphate buffer saline (PBS, pH 7.4). The PBS
in the last test tubes was removed, and 1 ml of ACD solution
was applied to each sample, which was then incubated for 3 h
at 37 °C. The positive and negative controls were made by
mixing the same volume of ACDwith 7mL of distilled water
and PBS. The tube was incubated and gently inverted twice
every 30 min to ensure that hydrogel films and ACD blood
were in constant contact. The fluids were then moved to a
proper tube and centrifuged again for 20 min at 3000 rpm.
Calculation of hemoglobin is produced by hemolysis using
optical densities (OD) of the supernatant. The absorbance of
supernatant was monitored at 540 nm using aby spectropho-
tometer (Ultrospec 2000, Germany). The hemolysis (%) was
determined by the given formula as follows:

(1)

Haemolysis (%)

�
(
A ODsample − A ODnegative control

)

(
A ODpositive control − A ODnegative control

)

× 100.

where A is spectrophotometric absorbance value. A (sample
of membrane) is absorbance value of tested membrane, A(−
ve) control is absorbance of tube without membrane sam-
ple, which contains ACD solution and 7 ml PBS, and A(+
ve) control is absorbance of tube without membrane sample
which contains ACD solution and 7 ml distilled water.

Antibacterial Activity Assay

• Agar Diffusion Method
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The antimicrobial of testedmembraneswas tested by disk-
diffusion method, as previously described elsewhere [34].
The sterile nutrient agar plates were prepared, where the
bacterial test organisms, e.g., Staphylococcus aureus, Kleb-
siella pneumonia, Escherichia coli and Acinetobacter were
extended over the nutrient agar plates by single sterile cotton
buds. After the microbial lawn preparation, five unlike ratios
of films disk were placed on the organisms. All bacterial
plates were incubated at 37 °C for 24 h. The inhibition zone
was measured in millimeter, while each sample was seeded
and carried out triplicated for calculating the average.

• Broth Spectrophotometric Method

Bioassay methods, e.g., broth or agar dilution, well-
diffusion and disk-diffusion were utilized for antibacte-
rial mode screening [35]. Here, antibacterial activity of
curcumin-loaded PVA/Aloe vera/gentamicin membranes
was measured as previously discussed and reported [36].
Typically, the refreshed bacteria suspensions were diluted up
to 100 times with 1% LB broth medium.100 μL of diluted
suspension was cultured in a 10 mL of tryptone medium
containing 0.1 g of tested sample, followed by sterilization
at 120 °C for 20 min. Thereafter, the mixture was left under
shaking for 18 h at 37 °C, and the growth inhibition percent-
age of bacteria was detected by estimation of the absorbance
of the culture medium at 600 nm using visible spectroscopy.
The inhibition (%) is calculated by the following equation:

Inhibition(%) � [(Aa−Ab)/Aa] × 100. (2)

where Ab and Aa are the absorbance of bacterial culture in
absence and in presence of tested sample, respectively.

Biodegradability Test Curcumin- and gentamicin-loaded
cross-linked PVA/Aloe vera membranes were dried under
vacuum-oven at 40°C for 24 h. Weighted (15 × 8 mm)
dried membrane samples were soaked in 3 ml PBS (0.1 M).
The samples were taken at predetermined intervals and then
gently dried with soft tissue paper. The samples were then
re-dried under the same drying conditions as before and then
weighed. All of the experiments were carried out twice [29].

• Cytotoxicity Test by MTT Assay

Two different cell lines WI38 and L929 were cultured
to determine the inhibitory effects of tested materials on cell
growth byMTT assay [37, 38]. Cells were cultured in RPMI-
1640mediumwith 10% fetal bovine serum. Antibiotics were
added with 100 unit/ml of penicillin and 100 μg/ml of strep-
tomycin at 37°C in a 5% CO2 incubator. Cells were seeded
in a 96-well plate at a density of 1.0 × 104 cells/well at
37 °C for 48 h under 5% CO2. After incubation, the cells

were treated with tested membranes and incubated for 24 h.
After 24 h of drug treatment, 20 μl of MTT solution at
5 mg/ml was added and incubated for further 4 h. 100 μl
of DMSO is added into each well to dissolve the purple
formazan formed. The colorimetric assay is measured and
recorded at absorbance of 570 nm using a plate-reader (EXL
800, USA). The relative cell viability in percentage is calcu-
lated as given equation:

Cell viability(%) � (
Atreated samples/Auntreated sample

) × 100.
(3)

2.5.2 In Vivo Assessments

All in vivo tests were performed considering institutional
ethical protocols approved by (Tanta University research
committee, Egypt). These guidelines comprise appropriate
methods for feeding, locating, and sacrificing rats in the
in vivo experiments. In each group, rats number was initially
equal to n � 5.

Wound Closure (%) Measurement All animal experiments
were done based on “Guide for the care and use of lab-
oratory animals.” Male Wister Albino rats (8 weeks old,
200–250 g) were selected as animal model for testing wound
healing parameters in vivo. After anesthetizing the rats via
injection of xylazine (5 mg/kg body weight) and ketamine
hydrochloride (100 mg/kg body weight), their dorsal hair
was shaved gently. After the wound area was pre-prepared,
Wister rats were randomly divided into four groups. Rats
in the first group were treated with sterilized cross-linked
PVA/Aloe vera hydrogel membranes, which were chosen
based on in vitro results, while rats in the second group
were treated with cross-linked curcumin-loaded PVA/Aloe
vera hydrogel membranes. Similarly, rats in the third group
were treated with cross-linked curcumin-loaded PVA/Aloe
vera/gentamicin hydrogel membranes. Lastly, wounds of the
fourth group were protected with a sterile layer of cotton
gauze, as the negative control (NC).

All applied treatments were fixed with sterile gauze and
medical fixation tape. While all scaffolds and the control
dressings were replaced by new ones on the day of 3rd,
7th, 10th and 14th operation [39, 40], likely dressings were
removed to assess wounds and analyze the percentage of
wound closure. The wound reduction percentage is calcu-
lated using the given equation [39].

(4)

%wound contraction � 1 − wound area at the given day

wound area at day zero

× 100.
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Histological Study Skin tissues with wound sites were
excised and immediately fixed in 10% neutral buffered for-
malin (pH ~ 7.2) for 48 h. After embed in paraffin and
biopsies were sectioned to a 5 μm thickness, where sections
were stained with hematoxylin–eosin (H&E). In histomor-
phometric study, epithelialization, inflammation, granulation
tissue forming and collagen deposition were evaluated in
different comparative groups. Also, these criteria were bioe-
valuated via semi-quantitatively on 5-point scale as follows:
0 (absent), 1 (25%), 2 (50%), 3 (75%), and 4 (100%). Results
were validated by a comparative analysis of one-independent
observer blinded to the treatment groups.

2.5.3 Statistical Analysis

Digital histological analysis, stained slides were scanned at
209 magnification using an Aperio CS bright field scan-
ner (Leica Biosystems). Digital slides were then analyzed
by Image Scope program (Aperio, Leica Biosystems). All
scores were compared by Kruskal–Wallis analysis followed
by Dunn’s test to compare all means. Statistical analysis was
accomplished using Prism (GraphPad software).

3 Results and discussion

3.1 Preparation of PVA Hydrogel Membranes

Herein, we sought to avoid the chemical cross-linking
method of PVA, so as to aid andmitigate the addition of reac-
tive species that could comprise biocompatibility. Physically
cross-linked PVA over partial crystallization, particularly the
alternative freeze-thawing technique, was offered previously
[28]. However, a new and simple treatment to physically
cross-linked electrospun PVA nanofibers using lower alco-
hols; such as methanol that preserves the integrity of the
nano-mate as was reported by Yao et al. [11]. In the cur-
rent work, it was proposed a new cross-linked PVA hydrogel
membrane via traditional casting-solution method for fully
hydrolyzing PVA, using low amounts of propanol which
forms arranged/uniform morphological cross-linked mem-
brane (Fig. S1, Supplementary materials) and Scheme 1.
The proposed reaction mechanism that explains the fully
hydrolyzing of PVA by addition of alcohol has been pre-
viously stated [41, 42].

H–H bonds between water molecules and hydrogen
bonds in PVA molecules were fragmented after addition of
propanol; while new hydrogen bonds are formed between
water and propanol molecules (Scheme 1). However, free
energy when new hydrogen bonds form is almost compen-
sating for needed energy to fragment the original interac-
tions. Also, the system disorder increases with increasing
entropy. Thus, the hydrocarbon chains are enforced between

water molecules and breaking hydrogen bonds among water
molecules, whereas -OH ends of propanol molecules can
form new hydrogen bonds with water molecules; however,
the hydrocarbon “tail” does not form hydrogen bonds. This
implies that several original hydrogen bonds being broken
are never substituted by new ones [41].

Figure S1 represents a photograph of the formed fully
hydrolyzed PVA films that were formed after casting in petri
dishes then drying for 24 h at 36 °C, followed by soaking
in propanol for 8 h, the films show increasing in mechan-
ical strength as propanol-treated membranes which aids to
increase the crystallinity degree and hence the cross-linking
degree of PVA films increases. This might happen by elim-
ination of residual water inside hydrogel membrane meshes
by propanol permitting PVA-water hydrogen bonding to be
substituted by H–H bonding intermolecular PVA. This is
resulting in additional crystallization, which was further evi-
denced previously by Yao et al. [11].

3.2 Physicochemical Characterization of Hydrogel
Membranes

• Gel Fraction (%)

Figure 2 represents the gel fraction of cross-linked PVA-
/Aloe vera-incorporated curcumin and gentamicin mem-
branes. It is clear that the highest PVA content in membranes
showed the highest obtained gel fraction (%) values due to the
highest cross-linking degree occurring (Fig. 1a). However,
incorporation of Aloe vera in high contents in membranes
decreased gel fraction significantly which verifies that the
PVA is cross-linked after soaking in propanol. This is owing
to increasing the content of fully hydrolyzed PVA in mem-
branes allowing forming more hydrogen bonding to be
replaced by additional crystallization resulting in more sta-
bilization and higher gel fraction forming of the membrane
[11].

• Swelling Ratio (%)

Figure 2b presents the water uptake of curcumin- and
gentamicin-loaded PVA/Aloe vera cross-linked membranes.
As seen, PVA hydrogel membrane containing curcumin and
gentamicin displayed the leastwater uptake,while incorpora-
tion of Aloe vera into PVA/curcumin/gentamicinmembranes
increases dramatically the swelling degree. Notably, increas-
ing the content of Aloe vera strongly increases the water
absorbability of prepared membranes, and this might be due
to the highly hydrophilic nature of Aloe vera and increases
randomly the distribution of amorphous pours Aloe vera gels
in the arranged crystalized PVA hydrogel membranes [11].
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Scheme 1 Proposed reactionmechanism representing physically cross-linked and fully hydrolyzing PVAhydrogelmembranes via propanol addition

• Wettability Index (Contact Angel Results)

Curcumin-/gentamicin-loaded PVA hydrogel membranes
showed the highest contact angel value ranged to 78.2°,
which dramatically decreased to reach 27.7° with incorporat-
ing the Aloe vera to 80% in hydrogel membranes (Fig. 1c).
The results of wettability index through contact angel test
(Fig. 1c, and Fig. S2, Supplementary materials) are con-
sistent with swelling measurements in Fig. 1a, where the
hydrophilicity of hydrogel membranes increased markedly
with high contents ofAloe vera in the formedmembranes and
decreasing PVA crystallized via hydrogen bonding through
using propanol alcohol [11].

3.3 Instrumental Characterization of Hydrogel
Membranes

• FTIR Analysis

Figure 2a displays IR spectra of native PVA, uncross-
linked PVA membrane, entangled PVA membrane treated
with propanol and PVA/Aloe vera membrane treated with
propanol. Also, Fig. S2a (Supplementary data) shows IR

spectra of uncross-linked PVA, cross-linked PVA, and cross-
linked PVA/Aloe vera membranes. For native PVA and
uncross-linked PVA membrane; the band at ν 3253 cm−1

is pointed to –OH stretching peak; while the peak at ν

1425 cm−1 is allocated to -OH groups [43]. Also, the vibra-
tional band at ν 2925 cm−1 relates to asymmetric CH2

group stretching peak. The peak at ν 1633–1561 cm−1 is
attributed to C � C stretching vibration of PVA. Meanwhile,
the peaks corresponding to C–O stretching occur at ca. ν

1081.4 cm−1, while the band at ν 837.1 cm−1 is ascribed to
C–C stretching vibration of PVA [44–46]. For cross-linked
PVA/Aloe vera membranes; the typical –OH group bands of
free unreacted alcohol (non-bonded –OH stretching band at ν
3650–3590 cm−1) and hydrogen bonded bands (bonded –OH
stretching bands at ν 3600–3200 cm−1) are detected clearly.
The hydrogen bonding between –OH groups can be detected
among PVA chains, owing to formation of high hydrophilic
forces [47].

• XRD Analysis

Figure 2b showsXRDpatterns of nativePVA, cross-linked
PVA and PVA/Aloe vera cross-linked hydrogel membranes,
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Fig. 1 Gel fraction (%) (a) and swelling ratio (%) (b) and wettability
index via contact angel results (c) of PVA/Aloe vera hydrogel mem-
branes incorporated curcumin and gentamicin cross-linked membranes

while Fig. S2b (Supplementary data) shows in detail separate
XRD patterns of uncross-linked PVA, cross-linked PVA, and
cross-linkedPVA/Aloe veramembranes.All patterns showed
the key diffraction peak of PVA at 2º ~ 18–19° [48]. This
result is completely consistent with the hypothesis that non-
cross-linked PVA was a partly crystalline substance which
shows two peaks at 2º ~ 19.7° and 40.57° where the lat-
ter pattern sometimes overlaps with other patterns [42, 43].
While cross-linked PVA is amore crystalline than non-cross-
linked which is presenting more peak area, the overlapped
four patterns are detected at 2º ~ 19.7, 20.39, 23.6° and
41.24°. According to Scherer’s equation [49], the total crys-
tallization of entangled PVA by isopropanol increased by

Fig. 2 ATR-FTIR spectra (a) and XRD patterns (b) of native PVA and
PVA/Aloe vera hydrogel membranes with/without propanol treating

77%, as the value of total crystallization of PVA non-cross-
linked was found almost 0.93% that become 1.65% after
treatment with isopropanol.

So, PVA crosslinking might be occurred physically via
crystallization as the converting of intramolecular hydrogen
bonding to be intermolecular hydrogen bonding increases
the diffraction peaks. Notably, XRD results revealed that
PVA and Aloe vera molecules in membranes were fully
compatible, where PVA represents reflections from (d101)
a monoclinic unit cell, as shown by the strong crystalline
reflection at 2º ~ 19.7 [50].

• TGA Measurement

TGA thermographs of various ratios of PVA-/Aloe vera-
based stabilized hydrogel membranes formed containing
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Fig. 3 TGA thermographs results (a) and mechanical measurements parameters (b) of curcumin-/gentamicin-loaded PVA/Aloe vera cross-linked
membranes

Table 2 TGA results of curcumin-/gentamicin-loaded PVA/Aloe vera
cross-linked membranes, the 25, 50 and 75% of weight loss (%) of
initial weight of membranes were measured

PVA: Aloe vera ratio T50 T25 T75

20 PVA/80 Aloe vera 329.5 312 351.5

40 PVA/60 Aloe vera 318.2 301 337.5

60 PVA/40 Aloe vera 310 297 325

80 PVA/20 Aloe vera 295.5 283.5 316.8

100 PVA/0 Aloe vera 298.5 281 343.5

curcumin and gentamicin are displayed in Fig. 3a, show-
ing alterations in thermal decomposition behavior as mass
loss percentages. The thermal decomposition temperatures
at weigh loss 25, 50, and 75% of the initial weight of sam-
ples were expressed as (T25, T50 and T75), respectively, and
briefly listed in Table 2.

The first thermal degradation stage at 50–150 °C could
be assigned to the elimination of remained traces of humid-
ity or solvent. The second thermal decomposition stage was
monitored at 250–500 °C which results in the maximum
residual weight loss %. This is owing to the thermal decom-
position and volatilization of organic pieces of polymer. The
third thermal decomposition stagewas detected after approx-
imately 550–800 °C, the whole thermographs turn into flat
andmost organic residues are completely volatilized forming
ash. It is clear that, the temperature at which the membrane

samples loss 50% increased with increasing the content of
Aloe vera, as illustrated in Table 2, this indicates that addi-
tion of Aloe vera enhanced the thermal stability of PVA/Aloe
veramembranes. This is because the hydroxyl groups ofAloe
vera perhaps formed H–H bonding with those of PVA; and
the higher thermal stability over native Aloe vera. Summa-
rized TGA data in Table 2 are mostly consistent with the
published data by Kenawy et al. [28], who offered that the
adding of HES to PVA enriched thermal stability of PVA-
HES hydrogel membranes.

• Mechanical Properties

Generally, an increase in the mechanical properties was
mainly achieved by bonding the hydroxyl groups along
PVA chains with propanol forming hydrogen bonds, where
the resultant cross-linked PVA membranes are insoluble in
common polar and nonpolar solvents. It was found that,
increasing the crosslinking degree might depend on amount
of PVA inmembranewhich is responsible for forming hydro-
gen bonds with propanol, resulting in increasing the applied
force in mechanical strength measurement as listed in Table
3.

Table 3 illustrates the mechanical measurements param-
eters of fabricated cross-linked membranes with different
ratios of PVA and Aloe vera. From Table 3 and Fig. 3b; it
is obvious that there is a progressive increase in the applied
force required for cutting the membranes, in addition to a
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Table 3 Mechanical stability
measurement parameters of
curcumin-/gentamicin-loaded
PVA/Aloe vera cross-linked
membranes

PVA: Aloe vera ratio Thickness (mm) Force (N) Tensile stress (MPa) Extension (mm)

100 PVA/0 Aloe vera 0.39 157.01149 26.83957 135

80 PVA/20 Aloe vera 0.27 109.80336 24.3129 85

60 PVA/40 Aloe vera 0.19 81.54831 20.01624 76

40 PVA/60 Aloe vera 0.17 50.99785 15.46836 60

20 PVA/80 Aloe vera 0.13 26.80592 13.74663 40

clear increase in the extinction of membranes in case of
increasing the PVA content. Unlike, a decrease in the con-
tent of Aloe vera resulted in a strong physically cross-linked
formed network of PVA molecules via forming intermolec-
ular hydrogen bonding.

• SEM Investigation

SEM micrographs in Fig. 4 present the surface and
cross section morphological alternation due to differing
the ratio of PVA: Aloe vera in cross-linked membranes,
where the high Aloe vera content members showed more
destroyed, amorphous and irregular surface of membranes,
while cross section exhibited filamentous shape structure.
However, the PVA content membranes exhibited arranged
and regular surface shape structure and some vertical stacks
tubes/channels-like shape in the cross section investigation
mode, as shown in Fig. 4.

These observations are due to the high formed crystals
resulting in intermolecular hydrogen bonding, forming tight
and compressed structure [11]. However, the highest Aloe
vera content membranes showed a porous surface struc-
ture, that serves to increase the hydrophilicity evidencing
our results of contact angel and swelling ratio in Fig. 1.

• Gentamicin Release Profile

The calibration curve of gentamicin at 255 nm is repre-
sented in Fig. S4 (supplementary information). The cumu-
lative released gentamicin from PVA/Aloe vera hydrogel
membranes, as function of different ratios of (PVA: Aloe
vera) in phosphate buffer (pH 7, at 37 °C), is shown in Fig. 5a.
The initial release rate of gentamicin from PVA/Aloe vera
hydrogels was rapid and ranged between 40 and 92%,mostly
after the first 15 min of release profile. This initial “burst
release” perhaps is owing to fast release or distribution of
gentamicin, that was loaded closely to the surface-layer of
membrane, and owing to the de-swelling of the gentamicin-
loaded hydrogel in the buffer solution. However, it reaches to
the leveling-off and maximum released gentamicin from 100
PVA/zero Aloe vera, 80 PVA/20 Aloe vera, 60 PVA/40 Aloe
vera, 40 PVA/60 Aloe vera and 20 PVA/80 Aloe vera was
obtained after 4 h, 3 h, 2 h, 30 min and 10 min, respectively.

Furthermore, released gentamicin was markedly increased
with increasing Aloe vera contents in PVA/Aloe vera mem-
branes. These findings are consistent with previous results
obtained by El-Lakany et al. [51], where they demonstrated
that incorporation of additional amount of membranes com-
position beside zein protein nanofibers could increase the
release profile of loaded α-Bisabolol drug. Similarly, the
released ketoprofen from electrospun PVAmats significantly
increased with the low concentrations of cross-linked PVA
in nanofibrous mats [6].

The increase in released gentamicin as Aloe vera con-
tent rises could be recognized to the development of spongy
and porous interior structure of PVA/Aloe vera hydro-
gels containing high Aloe vera contents, as was verified
by SEM micrographs (Fig. 4). Moreover, high Aloe vera
content in membranes facilitates the diffusion of loaded
gentamicin, due to high water uptake probability as afore-
mentioned verified in (Fig. 1b). This implies that the released
gentamicin from PVA/Aloe vera membranes is regarded
for most controlled-diffusion during high swellability and
porous structure of carrier hydrogelmembranes. The increase
in crystallinity in the polymer consequently resulted in a
decrease in diffusivity of PVA hydrogel and slowed down
drug release rate [30, 39].

• Hydrolytic Degradation

Figure 5b shows the weight loss (%) of hydrogel mem-
branes as function of time, where 100% PVA hydrogel
membrane lost ~ 6–8% after 48 h. However, the weight
loss (%) of PVA/Aloe vera hydrogel membranes dramati-
cally increased to 10–27% after 48 h, with increasing Aloe
vera content inmembranes. Thismight be due to cross-linked
PVA resulting from soaking in propanol that allows to form
more hydrogen bonding which might be replaced by addi-
tional crystallization resulting in more stabilization and less
biodegradable hydrogel membrane [11].
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Fig. 4 SEM micrographs on the surface and cross section investigations of PVA and PVA/Aloe vera hydrogel membranes, (surface: original
magnification × 350 and scale 50 μm) and (cross section: original magnification × 200 and scale 100 μm) at 25 kV

Fig. 5 Cumulative released gentamicin (%) from PVA and PVA/Aloe vera stabilized hydrogel membranes with different ratios of (PVA:Aloe vera)
(a) and hydrolytic degradation profile of PVA/Aloe vera incorporated curcumin and gentamicin stabilized hydrogel membranes (b)

3.4 In Vitro Bioevalution Tests

3.4.1 Hemocompatibility

As seen, all tested samples of PVA/Aloe vera/curcumin
hydrogel membrane possess accepted hemolytic values less

than 2, that verifying all prepared membranes are non-
hemolytic according to ASTM [29] and have good blood
compatibility (Fig. 6). This attempt illustrates the blood tubes
after centrifuged at 3000 rpm for 20 min containing positive
and negative control tubes.
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Fig. 6 Picture represents the blood tubes with blood compatible hydrogel membrane compositions (up) and hemolysis test results of tested PVA
and PVA/Aloe vera hydrogel membranes (down)

3.4.2 Antibacterial Activity

PVA-/Aloe vera-incorporated curcumin hydrogel mem-
branes showed slight effect of different constituent formed
membranes against five different bacterial strains, three
Gram negative (1S, Klebsiella pneumonia), (2S, Pseu-
domonas aeruginosa), (3S, Escherichia coli) and two Gram
positive (4S, staphylococcus aureus) (5S acinetobacter) by
agar disk-diffusion method using LB spectrophotometric
method as represented in Fig. 7.

Therefore, this limitation of antibacterial activity of the
preparedmembranes derived us to support themwith external
antibiotics; such as gentamicin for improving their activity.
However, the strong activity might prevent the wound infec-
tion virulence bacteria and accelerate the healing process
during its application in vivo. Locally applied gentamicin
is chosen for these reasons [52]: (1) It does not damage
renal function; (2) limited risk of resistant pathogens and
(3) killing bacteria by synthesis of inhibiting protein [53]. It
can destabilize the lipid-bilayer membranes of bacteria [54,
55]. Systemically administered gentamicin might be toxic
although, when locally managed even at very high concen-
trations, the serum concentrations are remaining well under
toxic levels [56].

As presented in Fig. 7 and Table 4, gentamicin is effective
against Staphylococcus aureus which is the most common
bacterial infection in wounds and by using locally applied
gentamicin. The defensive of in situ used gentamicin against
wound infections in ‘dirty and infected wounds’ was previ-
ously reported [57].

Figure 7 and Table 4 represent the results of antibacterial
activity of prepared membranes after loading the antibiotic.
It is clear that the antibacterial inhibition percent increased
from 74% for 50 PVA membranes to reach 96% for 10 PVA
samples againstKlebsiella strains, and from 89% for 50 PVA
to 98% against E-Coli and increased from 93% for 50 PVA
to 99% for 100% PVA against Staphylococcus aureus com-
paring with that of gram negative bacteria. Here, PVA was
not previously reported as self-antibacterial effect, whereas
curcumin offers a small antibacterial activity against a wide
spectrum range that included both Gram negative and posi-
tive bacteria. These results are consistent with the reported
results of Hussien et al. [58]; they reported that incorporation
of curcumin into PVA/CNCs hydrogel membranes exhib-
ited an antibacterial effect against wide spectrum of human
pathogens of bacteria. The microbial inhibition of prepared
samples might be owing to basically the effect of the antibi-
otic but the increasing effect, due to change in membrane
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Fig. 7 Antimicrobial inhibition zone percent of PVA/Aloe vera cross-linked membranes incorporated curcumin and gentamicin (left). Pictures of
antibacterial inhibition zone of PVA/Aloe vera incorporated gentamicin stabilized hydrogel membranes against four bacterial pathogens (right)

Table 4 Inhibition zone in (mm)
of stabilized PVA/Aloe vera
incorporated gentamicin
hydrogel membranes against four
bacterial pathogens

Hydrogel membranes (PVA: Aloevera) Inhibition zone (mm)

Klebsiella E-Coli Pseudomonas Acintobacter

20:80 20 18 12 18

40:60 18 17 11 17

60:40 17 15 10 16

80:20 15 13 9 14

100:0 14 11 8 12

composition resulting from increase in Aloe vera content
from zero to 80% in the membranes. Furthermore, the cross-
linking degree significantly reduced with the increase in the
Aloe vera content in membranes; despite the cross-linking
degree is mainly depending on the amount of PVA in mem-
branes.

3.4.3 Cytotoxicity Test

Wound dressing candidate’s cytotoxicity assay is a definitive
method of determining if the materials under investigation
should be further investigated in vitro and in vivo. Since the
wound dressing agents will come into direct contact with
fibroblast, keratinocyte, and epithelial cells through wound
healing, thus this phase is critical [59]. Accordingly, in the
presence of fabricated membranes, the cellular response was
assessed using fibroblasts as pertinent cells at the wound bed,

which are responsible for tissue granulation through the con-
nective tissues regeneration accompanyingwith initiating the
skin regeneration. The cytotoxicity of membranes was tested
byMTT assay and showed nontoxic effect toward fibroblasts
normal cell line.

Table 5 represents cytotoxicity results of PVA hydrogel
membranes with different contents of Aloe vera incorporated
curcumin. The results revealed that a significant decrease in
cytotoxicity almost 51% for membrane contains 0% Aloe
vera, that considered as a weak cytotoxic biomaterial [37,
38, 60] for W138 cell line to reach more than 100% viable
cells with the highest Aloe vera content. Furthermore, L929
cell lines showed better cell viabilitywith zeroAloe vera con-
tent that reached to 71% to be completely nontoxic with the
highest Aloe vera content. This improvement of cell viability
behavior might be due to the nature origin of Aloe vera.
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Fig. 8 Wound closure (%) of PVA/Aloe vera hydrogel membranes (left) and photographic image examination of the wounds size reduction and
healing process after incorporation of Aloe vera with different ratios in membranes, after operation 0, 3, 7, 10, and 14 days (right)

Fig. 9 Wound closure (%) of PVA/Aloe vera/curcumin hydrogel membranes (left) and photographic image examination of thewounds size reduction
and healing process after incorporation of curcumin with different ratios in membranes, after operation 0, 3, 7, 10, and 14 days (right)
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Table 5 Cytotoxicity results for PVA/Aloe vera/curcumin hydrogel
membranes

No Comp In vitro cytotoxicity IC50 (μg)

WI38 L929

• • DOX 6.72 ± 0.5 5.18 ± 0.2

1 10 100 < 100 <

2 20 91.26 ± 4.8 95.02 ± 3.7

3 30 79.05 ± 3.9 88.34 ± 3.3

4 40 65.14 ± 3.5 75.60 ± 3.0

5 50 51.39 ± 3.2 70.81 ± 2.8

IC50 (μg): 1–10 (very strong); 11–20 (strong); 21–50 (moderate);
51–100 (weak) and above 100 (non-cytotoxic)
DOX doxorubicin

3.5 In vivo Bioevalution Tests

3.5.1 Wound Closure (%)

The images of wound healing steps in the different groups
on zero, 3rd, 7th, 10th and 14th days of in vivo attempts
are displayed in Figs. 8 and 9 for wound diameter change
monitoring with time. The observations of the wound clo-
sure (%) of the mentioned groups are presented in Figs. 8
and 9. As results, the wound size varied remarkably in all
examined cases in 14th days of assessment (P < 0.05 for all
of the samples, except for the NC group in 14th days of the
treatment).

Recently, pharmaceutical application of Aloe vera plant is
allocated into two parts: Aloe resins or Aloe anthraquinone
which are existing in the outer layer of Aloe skin. Aloe resins
consist of aloin, isobarbaloin and chrysaphanic barbaloine
which are mostly semi-toxic compounds. The second part
is Aloe gel, which is existing in the inner layer of the plant
leaves and consisting of water with polysaccharides, acety-
lated glucomannan and other carbohydrates [61, 62]. While
gel contains amino acids complex, salicylic acid, ascorbic
acid, and vitamins A, E. Aloe leaves were found to activate
the macrophage and adjust the cell immune system, fibrob-
lasts, and granulocytes [63, 64]. In this study, Aloe leaves
were used to extract the pure gel of Aloe vera which was
prepared freshly and used immediately to avoid the oxida-
tion and gel color change.

From Fig. 8, the healing effect was observed after
2 weeks in wounds treated with highest Aloe vera content
of PVA/Aloe vera membranes exhibiting 75% wound closer.
Compared to gauze, control group showed only about 65.5%
wound closure. On day 7, all the prepared samples treated
groups’ wounds were partially healed with percent around
70%. Furthermore, gel experimental management was found

to increase DNA and tissue power that stimulates formation
of new vessels and epithelization [65, 66].

From Fig. 9, the noticeable healing effect was observed
after 2 weeks in wounds treated with curcumin content mem-
branes exhibiting more than 99% wound closer for highest
curcumin content treated cases. Compared to gauze, the
control groups showed only about 65.5% wound closure,
compared toPVA/Aloeveramembranes free curcuminwhich
offered almost 75% healing effect. The marvelous effect of
curcumin has clear effects in all wound healing stages as the
following:

• Inflammation Stage

Curcumin was employed as anti-inflammatory, anti-
infectious, preventing the production of two cytokines (IL-1
and TNF-α) that initiate monocytes and macrophages which
act in a vital role for handling the inflammatory response.
Also, curcumin hinders the action of transcription factor of
NF-(κ)B (nuclear factor kappa-light chain-improver of acti-
vated B cells), which controls the transcription of cytokines
that regulate cellular differentiation, survival and prolifera-
tion. Also, NF-(κ)B contributes to development and survival
of cells and tissues that carry out immune responses in mam-
mals [67, 68]. Curcumin was exerted as antioxidant activity
via scavenging action against ROS with low curcumin
doses and increases ROS formation with high curcumin
doses. Enhancing or reducing the production of antioxidant
enzymes was found in dose-dependent manner [67].

• Proliferation Stage

Epithelialization or proliferation is the process in which
keratinocytes transfer from the lower skin layers. Re-
epithelialization, as a final phase of healing process, must be
a robust process to return suitable wall function of the epider-
mis [62], and removing undesirable inflammatory cells from
the wound-site.

• Remodeling Stage and Wound Contraction

Wound contraction is a part of the final stage of healing
and comprises complex interactions among cells, extracellu-
lar matrix proteins and cytokines. Curcumin-treated wounds
consistently showed a greater number of fibroblasts, which
release positive TGF-β staining an important cytokine in the
repaired tissues, chemo taxis, and collagen formation in the
wound core [22].

3.5.2 Histological/Histomorphometric Analysis

Figure 10 shows microscopic pictures of skin sections show-
ing normal epidermal and dermal layers with normal skin
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Fig. 10 Representative histological sections of skin tissue for positive and negative control using H&E staining (up) and histological sections of
skin tissue regeneration at 14 days’ post-treatment for the different groups (middle and down). The sections were stained with H&E staining

appendages in control normal group. Skin sections of con-
trol + Ve group showing granulation tissue formation filled
wound gap (*) infiltrated with poly morphonuclear inflam-
matory cells (PMNs). Epidermal layer was not formed. X:
100.

Figure 10 represents microscopic pictures of skin sec-
tions showing wound gap covered with a crusty scab (thick
black arrows) in treated groups with 66% PVA/ 34% Aloe
vera, 34% PVA/66% Aloe vera and curcumin 0.05 mg/ml.
Wound gap is filled with granulation tissue formation (*)
in treated groups with 100%PVA/0Aloe vera, 66% PVA/
34% Aloe vera and 34% PVA/66% Aloe vera. Mature col-
lagen deposition starts (*) in treated groups with 0.05 and
0.1 mg/ml curcumin PVA/Aloe vera membranes. Mature
well-organized collagen deposition filled wound gap (*)
in treated groups with 0.15 mg/ml curcumin PVA/Aloe
vera membranes. New-epithelization (yellow arrows) is seen
in treated groups with 34%PVA/66%Aloe vera, 0.05 and
0.1 mg/ml curcumin PVA/Aloe vera films. Full new epider-
mal layer formation is completed (blue arrows) in treated
groups with cur 0.15 mg/ml curcumin PVA/Aloe vera film.

Rejuvenation of hair follicles (black arrows) is seen in treated
groups with cur 0.5, cur 1 and cur 1.5. X: 100.

From Table 6, the histomorphometric results confirmed
that the group of Aloe vera treated has slight increase
in epitheliogenesis especially for highest Aloe vera con-
tent sample in addition to increase in granulation tissue
and decrease in inflammation in comparison with control
gauze group but noticeable decrease in inflammation with
noticeable increase in epitheliogenesis and mature colla-
gen deposition for curcumin-treated groups compared to
Aloe vera-treated group and control gauze-treated group; this
increase in collagen deposition for curcumin may be due to
increase in fibroblasts cells that release TGF-β cytokine as
reported by Mohanty et al. [22], that confirm the excellent
remodeling including the best wound contraction.

4 Conclusions

The PVA/Aloe vera/curcumin hydrogel membranes were
developed using short alcohols fully hydrolysing technique
for producing physically cross-linking hydrogel membranes.
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Table 6 Histomorphometric analysis of all tested groups representing
the progress of collagen formation at 14 days’ post-treatment

Group Epitheliogenesis score,
Mean ± SE

Granulation
tissue, Mean ±
SE

Control—ve 0,0,0,0 0.0 ± 0.0 a 0.0 ± 0.0 a

Control + ve 0,0,0,0 0.0 ± 0.0 a 4 ± 0.4 ab

100%PVA/0%Aloe
vera

0,0,0,0 0.0 ± 0.0 a 4.5 ± 0.2 ab

66%PVA/34%
Aloe vera

0,0,0,0 0.0 ± 0.0 a 4.75 ± 0.0 b

34%PVA/66%
Aloe vera

1,0,1,0 0.5 ± 0.2
ab

5 ± 0.0 ab

Curcumin
0.05 mg/ml

1,1,1,0 0.75 ± 0.2
ab

4.5 ± 0.2 ab

Curcumin
0.1 mg/ml

2,2,1,2 1.75 ± 0.2
ab

1.25 ± 0.6 a

Curcumin
0.15 mg/ml

4,4,3,3 3.5 ± 0.2 b 0.0 ± 0.0 ab

Group Mature collagen
deposition, Mean ±
SE

Inflammation,
Mean ± SE

Control − ve 0.0 ± 0.0 a 0.0 ± 0.0a

Control + ve 0.0 ± 0.0 a 5 ± 0.0 b

100%PVA/0%Aloe
vera

0.0 ± 0.0 a 4.5 ± 0.2 b

66%PVA/34% Aloe
vera

0.0 ± 0.0 b 3.7 ± 0.25 ab

34%PVA/66% Aloe
vera

0.0 ± 0.0 a 2.7 ± 0.4 ab

Curcumin 0.05 mg/ml 3.25 ± 0.2 a 2.2 ± 0.4 ab

Curcumin 0.1 mg/ml 3.7 ± 0.2 a 0.7 ± 0.25 ab

Curcumin 0.15 mg/ml 5 ± 0.0b 0.0 ± 0.0 ab

SE standard error

The PVA/Aloe vera/curcumin films were instrumentally
characterized and bioevaluated in vitro and in vivo, as well.
FTIR results refer to the absorption peaks that are associ-
ated with hydrogen bonds between –OH groups of PVA,
verifying the entanglement process. However the addition of
Aloe vera and curcumin in physically cross-linked PVA net-
works influenced significantly their molecular structures and
the entire physicochemical properties. SEM results showed
alternation in the surface morphology depending on the Aloe
vera or curcumin contents inmembranes,where surface pores
increase with increase in Aloe vera content. Moreover, phys-
ically cross-linked PVA/Aloe vera hydrogel exhibited more
swollen and elastic membranes, compared to that with only
PVA. Aloe vera incorporation to PVA hydrogel improved
significantly the thermal stability. Moreover, the overall ther-
mal stability was notably improved by the introduction of

Aloe vera as blend materials. Addition of the drug to the film
increased the antimicrobial action ofAloe vera and curcumin.
From in vitro study, all prepared cross-linked membranes
used are safe onto normal cell lines. Further, in vivo assay
results showed the moderate effect of Aloe vera in wound
healing process.However, the addition of curcumin increased
dramatically the healing rate and closure % of the wound;
not only increase the healing effect but also by addition of
0.15 mg/mL curcumin makes the wound completely healed
by 100% and hair follicles grow in new skin, as illustrated by
histological examination. Finally, PVA/Aloe vera/curcumin
cross-linked hydrogel membranes are expected as promising
biomaterials for improvingwound healing of the topical deep
and moderated wounds.
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