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Abstract: Wounds treated with TiO2 nanoparticles (TiO2-NPs) show an improvement 
in healing time. However, little is known about the parameters that can contribute to 
this result. On the other hand, the treatment of wounds with polyphenols is widely 
known. These compounds are found in the peel of Annona crassifl ora fruit and have 
antioxidant, analgesic and anti-infl ammatory properties. In this study, we evaluated 
the healing effect of TiO2 nanocrystals (TiO2-NCs), polyphenolic fractions obtained from 
ethanolic extract of A. crassifl ora fruit peel (PFAC) and mix (PFAC + TiO2-NCs) on the 
parameters of wound closure, infl ammation, collagen deposition, metalloproteinase 
activity (MMPs) and angiogenesis. TiO2-NCs and PFAC have activity for wound healing, 
showed anti-infl ammatory action and a shorter wound closure time. These treatments 
also contributed to increased collagen deposition, while only treatment with TiO2-NCs 
increased MMP-2 activity, parameters essential for the migration of keratinocytes and for 
complete restoration of the injured tissue. The combination of PFAC + TiO2-NCs reduced 
the effectiveness of individual treatments by intensifying the infl ammatory process, 
in addition to delaying wound closure. We conclude that the interaction between the 
hydroxyl groups of PFAC polyphenols with TiO2-NCs may have contributed to difference 
in the healing activity of skin wounds. 

Key words: TiO2, Annonaceae, interactions, Polyphenols, skin wounds. 

INTRODUCTION
Titanium dioxide nanoparticles (TiO2-NPs) have 
been applied in the biomedical area due to 
their strong oxidation, antibacterial capacity 
and safety (Fan et al. 2016). The reactive oxygen 
species (ROS) released in response to the 
catalytic activity of TiO2-NPs is one of the factors 
related to its antimicrobial (Archana et al. 2013, 
Osumi et al. 2017) and healing activities (Haugen 
& Lyngstadaas 2016, Osumi et al. 2017, Sankar et 
al. 2014). The healing effect of TiO2-NPs is often 
associated with the shorter time required for 

wound closure (Sivaranjani & Philominathan 
2016). 

TiO2 is a polymorphic material with three 
allotropic phases, namely anatase, brookite, and 
rutile (Reyes-Coronado et al. 2008). Considering 
its safety for application in biological tests, 
crystalline nanoparticles (nanocrystals) are 
safer than amorphous nanoparticles (Reis et al. 
2016). In addition, the allotropic phases of rutile 
with brookite nanocrystals are safer than other 
evaluated associations (Reis et al. 2016). Thus, 
in this study, we synthesized and characterized 
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TiO2-NCs with mixed of rutile and brookite 
phases.

Medicinal plants have been used as a 
therapeutic alternative for many years and 
still today by about 80% of the population in 
developing countries (Ekor 2014). Bioactive 
compounds derived from medicinal plants have 
been used, in addition to their natural form, 
also for the development of new chemicals for 
the pharmaceutical industry (Georgescu et al. 
2016). Among the medicinal compounds used in 
the treatment of wounds are polyphenols found 
in peel of the fruit of Annona crassiflora Mart 
(De Moura et al. 2019, Justino et al. 2016). In our 
studies with polyphenols enriched fractions of 
the fruit peel of A. crassiflora (PFAC), we showed 
its antioxidant potential and in the reduction of 
non-enzymatic glycation and lipid peroxidation. 
We also show that PFAC has hepatoprotective 
activity reducing the effects of Diabetes induced 
by streptozotocin, in the oxidative stress of liver 
tissue. PFAC has also been shown to be effective 
in reducing the inflammatory and nociceptive 
response in acute and persistent inflammatory 
pain. In addition, PFAC showed pro-fibrogenic 
and anti-inflammatory activity in skin repair (De 
Moura et al. 2019, Justino et al. 2019).

The association of organic molecules such 
as those found in natural or synthetic products 
with inorganic nanoparticles can affect both 
the native properties of organic molecules and 
influence properties of inorganic subunits, such 
as in the case of crystalline TiO2 nanoparticles. 
This interaction can modify the activities of the 
components observed individually in relation 
to the ability to activate, regulate or inhibit 
biological targets (Khan et al. 2017, Krychowiak 
et al. 2014, Leu et al. 2012, Prochowicz et al. 2017). 
Studies showed a significant acceleration of 
skin wound healing through anti-inflammatory 
and antioxidant effects when treated by mixing 
gold nanoparticles with epigallocatechin gallate 

flavonoid and α-lipoic acid (Leu et al. 2012).  In 
addition, a synergistic effect of the interaction 
between a plant extract with silver nanoparticles 
enhancing bactericidal activity was also added 
(Krychowiak et al. 2014). Thus, this study aimed 
to elucidate the role of TiO2-NCs and PFAC, 
separately, and associated (TiO2-NC+PFAC) in the 
essential processes for wound healing.

MATERIALS AND METHODS 
Synthesis and characterization of TiO2 
Nanocrystals
TiO2-NCs were synthesized based on the 
methodology (Reis et al. 2016), with a thermal 
annealing at 800oC/h. High-resolution 
transmission electron microscopy (HRTEM) 
images were obtained by high-resolution 
transmission electron microscopy of 
accelerating voltage 200 kV, JEOL SIOD. The X-ray 
diffraction (XRD) was recorded with a DRX-6000 
(Shimadzu) using monochromatic radiation Cu-
Kα1(λ=1.54,056 Å) to confirm the formation of TiO2 
NCs, as well as the crystal structure, and average 
mass fraction of the phase. Micro-Raman spectra 
were obtained using as excitation source the 
780 nm line of an Ocean Optics spectrometer. 
All characterizations were performed at room 
temperature.

Obtaining the fruits peel of A. crassiflora 
ethanolic extracted and the polyphenol-rich 
fractions 
A. crassiflora was identified and a sample of 
the species was deposited in the Herbarium 
Uberlandense under registration number 
(HUFU68467). Ethanolic extraction of the peel 
of these fruits was initially produced (De Moura 
et al. 2019) and posteriorly soluble in 200 mL 
of methanol: water (9:1 v-1) and then subjected 
to a liquid-liquid fractionation (extraction with 
200 ml of each solvent) to obtain the fractions 
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n-butanol and ethyl acetate (Justino et al. 
2016). The solvents used in the production of 
the partitions were removed with a rotary 
evaporator in a water bath at 40°C and reduced 
pressure (Rotavapor R-210). The fractions were 
frozen and lyophilized to remove the remaining 
water. A mixture of equal parts of the two 
fractions was used for the in vivo assays. Due 
to the high content of polyphenols presented in 
both fractions (De Moura et al. 2019, Justino et al. 
2016) this mixture was named polyphenols from 
the fruit of A. crasiflora (PFAC).

Preparing the ointment
The TiO2-NCs and PFAC before being added 
to the vehicle for the preparation of the 
ointment, were mixed by solvation until 
obtaining a homogeneous mixture in the form 
of a fine powder. For the formulation of PFAC 
+ TiO2-NCs this procedure was performed with 
the compositions of the fractions (w / v) of 
n-butanol (2%) and ethyl acetate (2%) and TiO2-
NCs (1%). This same proportion was used for the 
formulation of the individual components (PFAC 
and TiO2-NCs). Then, the ointments of TiO2-NCs, 
PFAC and PFAC + TiO2 were prepared using the 
addition of petroleum jelly (30%) and lanolin 
(70%) until a homogeneous mixture of the 
ointments was obtained.

Experiment and distribution of animal groups
Animal testing procedures were approved by the 
Ethics Commission on Animal Use from Federal 
University of Uberlândia (CEUA/UFU-44/2017). 
Balb-C mice weighing approximately 27 g and 
nine weeks of age, were used in the experiment. 
The animals were kept under standard 
conditions (22 ± 1 °C, humidity 60 ± 5 % and 12 
hours light/12 hours dark) and water and ration 
ad libitum. The thirty-two animals used in the 
experiment were distributed in four treatment 
groups as shown in Table I. The vehicle used 
for the treatment of TiO2-NCs and PFAC was 
obtained with 30% lanolin and 70% vaseline.

Induction and evaluation of wound closure
The experiment was carried in Rede de Biotério e 
Roedores da Universidade Federal de Uberlândia. 
Before wound induction, the animals were 
previously anesthetized with xylazine/ketamine 
(Syntec) (10:100 mg kg-1) intraperitoneally. 
The animals were trichotomized in the dorsal 
region and four 5 mm wounds were created 
with a punch. Images of the wounds on days 0 
and 7 days were obtained with a camera (Sony 
Cybershot 14,1 DSC W320). The wound area was 
measured with a digital caliper (150 mm-Matrix), 
after the wound induction (day 0), after 3 days 
of treatment and after euthanasia (after 7 days 
of treatment). These measurements were then 

Table I. Distribution and description of groups of animals (untreated and treated).

Groups Description Number of animals

CO Injured and untreated animals 8 

PFAC Animals injured and treated with an ointment containing 4% PFAC 
(2% of n-butanol and 2% of ethyl acetate fractions) 8 

TiO2-NCs Animals injured and treated with an ointment containing 1% TiO2-
NCs 8 

PFAC +TiO2-NCs Animals injured and treated with a formulated ointment containing 
PFAC and TiO2-NCs associated in previous concentrations 8 

TOTAL 32 
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used to calculate the percentage of wound 
closure using the following equations: 

Wound area = (smaller diameter /2) * (larger 
diameter/2) * π and area measurement (%) =% 
wound closure = [1-(Af)/(Af0) X 100], where: Af is 
the wound area on the evaluated day; Af0 is the 
initial wound area (Pinto et al. 2016).

Collection of tissue samples
After 7 days of treatment, the animals were 
euthanized by deepening anesthetic with 
100mg / kg of thiopental (Thiopental®) 
intraperitoneally. The dorsal skin was removed 
and 5 mm punch the wounds were obtained. 
One of the wounds was immediately fixed in 
metacarn (methanol, acetic acid and chloroform 
in the ratio of 6: 3: 1 respectively) and subjected 
to histological processing. The samples destined 
for biochemical tests (activity of the enzymes 
myeloperoxidase, n-acetl-β-D-glucosidase and 
metalloproteinase-2 activity) were kept in liquid 
nitrogen and later stored at - 80° C in an ultra-
freezer until the moment of the analysis.

Morphological evaluation 
After the fixation of the wound, this was included 
in paraffin. For each wound included, three 
sections were obtained with 5 µm thickness in 
a rotating microtome (Microm / HM-315). One of 
the cuts was stained with 0.25% Toluidine Blue 
in MacIlvaine pH 4.0 buffer, another with Gomori 
Trichrome and last with Sirius Red. These stains 
were used for the quantification of mast cells, 
blood vessels and collagen, respectively. For all 
analyzes, for each slide, ten photomicrographs 
of different areas were obtained. For the 
quantification of mast cells and blood 
vessels, the images were obtained in the Leica 
Microsystems Inc. type microscope (Wetzlar) 
with the 40x objective (400x of magnitude) 
in a coupled camera. For the differentiation 
and quantification of collagen types I and III, 

these photomicrographs were obtained with 
20x objective (200X of magnitude), captured 
in the Nikon eclipse Ti camera, optic camera 
with polarization filter. All quantifications were 
performed with the Imagem software (Rasband 
2011). For the quantification of mast cells and 
blood vessels, we used the multiple point tool 
and for the quantification of collagen, we used 
the threshold  tool. The values were represented 
by the average as described below: 

1 wound per animal = 1 histological slide  = 
10 different areas 

Average= total quantification results 
obtained in the 10 areas / 10 (number of areas 
evaluated) 

Myeloperoxidase activity 
Neutrophil activity can be detected using the 
myeloperoxidase (MPO) enzyme as a marker 
(Bradley et al. 1982). The skin sample was 
homogenized in 2 mL of sodium phosphate 
buffer, 80 mM at pH = 6. Then, 300 μL of the 
sample was transferred to microtube and 600 
μL of HTAB (Hexadecyltrimethylammonium 
bromide – Sigma-Aldrich) 0.75% w / v diluted in 
phosphate buffer pH 6 was added. The samples 
were sonicated and then centrifuged at 2.700 x g, 
for 10 minutes at 4°C. The supernatant (200 μL) 
was used in the enzymatic assay. The reaction 
followed the following order: 100μL of hydrogen 
peroxide 0.003 %; 100 μL of TMB (3.3 ‘, 5.5’ - 
tetramethylbenzidine - Sigma) at 6.4 mM diluted 
in DMSO (dimethyl sulfoxide - Merck) placed 
at the same time. For stop the reaction, 100μL 
of 4M H2SO4 (sulfuric acid - Merck) was added. 
Then, 200 μL samples were added in 96-well 
plate and the spectrophotometric reading was 
performed at a wavelength of 450nm (E max, 
Molecular devices). Results were expressed as 
MPO index (absorbance in optical density/g wet 
weight of the sample).
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N-acetyl-β-D-Glucosaminidase activity
N-acetyl-β-D-glucosaminidase (NAG) is a 
lysosomal enzyme produced by activated 
macrophages. This technique is based on 
the hydrolysis of p-nitrophenyl-N-acetyl-β-
D-glucosamine (substrate) by N-acetyl-β-D-
glucosaminidase, releasing p-nitrophenol 
(Bailey 1988). Wound was homogenized in 2.0 
mL of saline 0.9% with Triton X-100 (Promega) 
at 0.1%. Subsequently, the homogenate was 
centrifuged at 960 x g for 10 minutes at 4°C. 
Supernatant has been collected and 150 μL 
of this has been added to 150 μL of citrate/
phosphate buffer. For the test, 100μL/well of 
diluted (duplicate) samples were added to the 
96-well ELISA plate. Then, a volume of 100 μL 
of the substrate (p-nitrophenyl-n-acetyl-β-
D-glucosonidase-Sigma-Aldrich), diluted in 
citrate/phosphate buffer, pH 4.5, was added and 
incubated at 37°C for 30 minutes. A volume of 
100 μL of 0.2 M glycine buffer, pH 10.6 was added 
in the samples and to the curve. The absorbance 
was measured by spectrophotometry at a 
wavelength of 400 nm (E max, Molecular 
devices). The NAG activity in the sample of the 
sample was calculated from a standard curve of 
p-nitrophenol evaluated in parallel. The results 
of the readings were expressed in nmol/mg wet 
weight of the sample).

Activity of metalloproteinase 2 (MMP-2) by the 
zymography method
Gelatinolytic activity of metalloproteinase 
2 (MMP-2) was assessed by the zymography 
method. Protein quantification was obtained 
using the Bradford method (Bradford 1976) 
and 25 µg of sample proteins was applied to 
the 10% SDS-PAGE gel (sodium polyacrylamide 
/ sodium dodecyl electrophoresis) with 0.4% 
gelatine (Sigma-Aldrich). This test was carried 
out with samples of 3 animals from each 
group in triplicate. After electrophoresis, the 

gel was washed with 25% Triton X 100 buffer 
and incubated for 18 hours at 37 ° C with the 
incubation buffer (pH 7.4; 50 mM Tris - HCl, 10 
nM ZnCl2, 10 nM ZnCl2, 0.1 M NaCl and protease 
inhibitor). Gel was stained with 0.5% comassie 
blue for 2 h and then bleached with bleach 
solution (methanol / water / acetic acid in the 
ratio of 6: 3: 1, respectively) until the bands were 
visualized (MMP2 activity). Gels were digitized 
and the activity of MMP-2 was evaluated by band 
densitometry with the software Image J.

Statistical analysis
Statistics were performed showing the mean and 
standard error. All numerical data were tested 
for normal distribution using the Kolmogorov-
Smirnov test. The one-way analysis of variance 
(ANOVA) and Bonferroni post-test were 
performed for multiple comparisons between 
all data. Differences between error standards 
were considered significant when p values were 
<0.05. The statistical evaluation and graphs were 
performed using the GraphPad Prism software, 
version 8.0.

RESULTS
Characterization of TiO2 Nanocrystals
The analysis of high-resolution transmission 
electron microscopy (HRTEM), X-ray diffraction 
(XRD) and Raman spectroscopy confirmed the 
formation of TiO2 NCs and their characteristics 
of size, crystalline phase and percentage of 
these phases (Figure 1). 

Figure 1a shows the HRTEM images, with 
average size of TiO2-NCs around 78 nm. The 
lattice spacing (d) of TiO2-NCs is 0.352 nm 
corresponding to d110 spacing of rutile TiO2 crystal. 
It is also observed the formation of other forms 
of nanocrystals providing indications of different 
phases. XRD patterns of the sample subjected to 
thermal annealing at 800oC/h, where standard 
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cards represented by asterisks of the crystalline 
phase in the XRD patterns (Figure 1b). In the XRD 
pattern of the TiO2-NCs observed, the presence of 
Bragg diffraction peaks characteristic of anatase 
(JCPDS card no. 21-1272), brookite (JCPDS card 
no. 29-1360) and predominant rutile (JCPDS card 
no. 21-1276) phase. The percentage of anatase, 
brookite, and rutile phases is 1%, 35%, and 64 %, 
respectively. 

Raman spectrum of TiO2-NCs with thermal 
annealing at 800°C/ h was normalized to the 
peak of higher intensity as shown in Figure 1c. 
Raman spectrum exhibited the characteristic 
Raman bands of vibrations of anatase, rutile 
and brookite phases (Balachandran & Eror 1982, 
Castrejón-Sánchez et al. 2014). The presence of 
the bands of the brookite phase was observed 
in the Raman spectrum, as confirmed in the XRD 
results. The absence of impurity peaks reinforces 
evidence that these TiO2-NCs are of high purity.

TiO2-NCs and PFAC accelerates the closure of 
skin wounds
The wound closure of animals treated with 
PFAC and TiO2-NCs was measured and the 
healing effect of these treatments is shown in 
Figure 2a. Macroscopic images of healing were 
also obtained after wound induction and at 
the end of each treatment (Figure 2b). After 3 
days of treatment, wounds treated with TiO2-
NCs showed an accelerated closure of 41.4% 
when compared to the CO group and 57.1% 
greater in relation to the healing observed in 
the PFAC group. In the same period, treatment 
with PFAC + TiO2-NCs showed a delay in wound 
closure by 54.2%, 10% and 58.65% in relation to 
all other groups, CO, PFAC and TiO2, respectively 
(Figure 2a). After seven days of treatment, an 
accelerated closure of 25.1% was observed in 
wounds treated with PFAC in relation to the CO 
group. During this period, there was again a 

Figure 1. Characterization of TiO2-NCs. (a) HRTEM images, (b) XRD patterns, and (c) Raman spectrum of the TiO2-NCs 
thermal annealing at 800° C/h, where standard cards represented by asterisks of the crystalline phase.
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delay in the closure of wounds treated with PFAC 
+ TiO2-NCs with closure similar to the CO group 
and lower by 28.8% and 26.6% in relation to the 
PFAC and TiO2-NCs groups, respectively (Figure 
2a and Figure 2b).

The treatment of wounds with TiO2-NCs and 
PFAC+TiO2-NCs have opposite effects on the 
activities of NAG and MPO
Wounds treated with PFAC and TiO2-NCs 
showed MPO activity of 64.1% and 86.6% less, 
respectively, than the activity of this enzyme and 
untreated wounds (CO group). PFAC+TiO2-NCs 
activity was 85.9% higher than MPO activity in 
wounds in the TiO2-NCs group (Figure 3a). There 
was no statistical difference on NAG activity 
between treated and untreated groups (CO 
group). Otherwise, wounds treated with TiO2-
NCs showed NAG activity increased by 59.7% 
in relation to the PFAC group and by 48.1% in 
relation to the PFAC + TiO2-NCs group (Figure 
3b).

Treatment with PFAC+TiO2-NCs increases the 
number of mast cells in the wound area
Wounds from animals treated with PFAC+TiO2-
NCs showed a mean (0.32) of mast cells in the 
wound area compared to the values found for 
groups CO (0.03) and PFAC (0.04) (Figure 4a). 
There was no statistical difference on the mean 
number of mast cells in the wound area between 
the other groups evaluated. Photomicrographs 
stained with Toluidine Blue representing the 
mast cell quantification results are shown in 
Figure 4b. The mean blood vessels in wound 
samples were not statistically different between 
the groups evaluated (Figure 4c). In Figure 4d, 
blood vessels in the wound area were also 
demonstrated in photomicrographs stained 
with Gomori Trichomic.

Treatments with PFAC and TiO2-NCs increase 
the deposition of type I and III collagen, while 
wounds treated with PFAC+TiO2-NCs have a 
predominance of type III collagen
Wounds treated with PFAC and TiO2-NCs showed 
an increase in both types of collagen, type I and 
III. The quantification of these fibers (Figures 5a 
and 5b) was performed in photomicrographs 

Figure 2. Percentage of wound closure in area. (a) Wound closure after 3 and 7 days of treatment in untreated (CO) 
and treated groups (PFAC, TiO2-NCs, and PFAC+TiO2-NCs). (a) Indicates statistical difference considering p<0.05 
when compared with CO (b) PFAC and (c) TiO2-NCs groups, assessed by One-Way ANOVA and Bonferroni test. Values 
are mean ± SEM (n=8). (b) Macroscopic images of the wound after induction (day 0) and after 7 days of treatment.
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obtained with a polarization filter on slides 
stained with Sirius Red (Figure 5d). Wounds 
increased type I collagen fibers by 75.8% and 
55.7% when treated with PFAC and TiO2-NCs, 
respectively. The increase was also observed 
in the same groups for type III collagen, with 
an increase of 68% in PFAC and 50.2% in TiO2-
NCs. All of these results were obtained after 
comparison with the CO group. (Figure 5b). 
When compared with TiO2-NCs group, wounds 
treated with PFAC+TiO2-NCs showed a 33.8% 
reduction in type I collagen fibers (Figure 5a). 
The ratio between the two types of collagen was 
calculated. In the graph presented in figure 5c, it 
is possible to observe that wounds treated with 
PFAC+TiO2-NCs showed a predominance of type 
III collagen in relation to the presence of type I 
fibers. This ratio was higher in 13.1% and 13.5% 
in wounds treated with PFAC+TiO2-NCs compared 
to the PFAC and TiO2-NCs groups, respectively 
(Figure 5d).

TiO2-NCs and PFAC+TiO2-NCs increase MMP-2 
activity in wounds
The bands resulting from MMP-2 activity on 
zymography gel (Figure 6b) were quantified 
in the software J and the results are shown in 
Figure 6a. MMP-2 activity was increased by 129.5% 
and 94.1% when the wounds were treated with 
TiO2-NCs and PFAC+TiO2-NCs, respectively, when 
compared to the CO group. Otherwise, wounds 
treated with PFAC showed MMP-2 activity similar 
to that found for untreated wounds (group CO) 
(Figure 6a). Considering the treated groups, 
there was a 62.3% increase in MMP-2 activity in 
wounds treated with TiO2-NCs compared to the 
PFAC group (Figure 6a).

DISCUSSION
The aim of this study was to evaluate the 
biological effect of treating wounds with TiO2-
NCs and PFAC individually and in combination 
(PFAC + TiO2-NCs). These nanocrystals are 78 nm 
in size and consist of the rutile (64%), brookite 
(35%) and anatase (1%) phases. TiO2-NCs used in 
our study were previously evaluated and proved 

Figure 3. Activity of the enzymes myeloperoxidase (MPO) and N-acetyl-β-D-glucosamine (NAG) on the skin of the 
wound. (a) Activity of MPO and (b) NAG enzymes in wound of untreated groups (CO) and the treated groups (PFAC, 
TiO2-NCs and PFAC+TiO2-NCs). (a) Indicates statistical difference considering p <0.05 when compared with CO, (b) 
PFAC and (c) TiO2-NCs groups assessed by One-Way ANOVA and Bonferroni test. Values are mean ± SEM (n=8).
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to be highly safe for application in biological 
tests and therapeutic indications (Reis et al. 
2016). Other factors that justify its use are the 
biocompatibility of these nanomaterials (Otero-
González et al. 2013) and the characteristic 
stability of the rutile / brookite mixture (Schilling 
et al. 2010). In addition, treatment with TiO2-NCs 
with a predominance of the rutile phase has 
greater cell viability (Duarte et al. 2020). 

The wound healing process is subdivided 
into four phases, which occur in an overlapping 

manner: hemostasis, inflammation, proliferation, 
and tissue remodeling (Gosain & DiPietro 2004). 
There are many factors that can affect healing. 
These interfere with one or more phases in this 
process, thus causing improper or impaired 
tissue repair. The events that occur in each of 
these phases are well known, and the prolonged 
inflammation, as well as collagen synthesis and 
impaired angiogenesis can delay the healing 
process (Guo & Dipietro 2010). The activity of   
and MMP9 play a key role in cell migration, 

Figure 4. Average number of mast cells and blood vessels in the wound area. (a) Mean mast cells in wound area 
on slides stained with Toluidine Blue and (b) mean blood vessels per wound area on slides stained with Gomori 
Trichomic of untreated (CO) and treated groups (PFAC, TiO2-NCs, and PFAC+TiO2-NCs). (a) Indicates statistical 
difference considering p<0.05 in relation to the CO and (b) PFAC groups, assessed by One-Way ANOVA and 
Bonferroni test. Values are mean ± SEM (n=8). Photomicrographs show the delimitation of the wound area which 
quantified mast cells (b) and blood vessels (d) with scale bar indicating 500 µm, these images also demonstrate an 
enlarged image of a mast cell (b) and blood vessel (d); In the following images the mast cells (b) and blood vessels 
(d) in the wound area are represented in micrographs identified by arrows (scale bar of 50 µm).
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especially keratinocytes to promote wound re-
epithelization (Caley et al. 2015). Together, these 
parameters contribute to quality and a shorter 
wound closure time, therefore, being evaluated 
in our study. This is the first study to evaluate 
the effect of the treatment of wounds with TiO2-
NCs on the activity of neutrophils, macrophages 
and MMP-2 and collagen deposition in the 

extracellular matrix. Otherwise, in our previous 
study, was demonstrated the anti-inflammatory, 
pro-fibrogenic and healing property of PFAC. 
This treatment had no effect on angiogenesis 
(De Moura et al. 2019) and data on MMP-2 activity 
are not available.

Wounds treated with TiO2-NCs and PFAC 
accelerated wound closure. This data reinforces 

Figure 5. Quantification of type I and III collagen in treated (PFAC, TiO2-NCs and PFAC + TiO2-NCs) and untreated (CO) 
wounds. Quantification of types I (a) and III (b) collagen and (C) ratio between collagen III/I in photomicrographs 
stained with Sirius Red. (a) indicates statistical difference considering p <0.05 when compared with untreated 
animals (group CO), (b) with PFAC and (c) TiO2-NCs groups, assessed by One-Way ANOVA and Bonferroni test. Values 
are mean ± SEM (n=8). Photomicrographs (d) demonstrating type I collagen in red and type III collagen in green, in 
orange / yellow is the overlap of the two types of collagen (types I and III). In these images the bar represents 50 
µm.
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the healing property of TiO2-NPs and PFAC 
demonstrated in other studies (De Moura et 
al. 2019, Nikpasand & Parvizi 2019, Seisenbaeva 
et al. 2017, Sivaranjani & Philominathan 2016). 
Treatment with TiO2-NPs also improves healing 
in burn models of 2nd and 4th degree burns 
(Seisenbaeva et al. 2017) and PFAC analysis by 
HPLC (high performance liquid chromatography) 
demonstrated the present of polyphenols such 
as epicatechin, proanthocyanidin, kaempferol 
and quercetin (Justino et al. 2016), which 
contributed to accelerating the healing process 
(De Moura et al. 2019).     

The exaggerated inflammatory response is 
one of the factors that compromise the healing 
process (Bjarnsholt et al. 2008, Guo & Dipietro 
2010). Thus, in our study, suggest that the 
reduction of neutrophil activity in wounds treated 
with TiO2-NCS and PFAC may have contributed 
to the favorable results for wound closure. The 
anti-inflammatory activity of polyphenols in the 

peel of A. crassiflora fruit was also evaluated 
in mouse paw edema. In this study, as in our 
wound assessment, a reduction in neutrophil 
activity was observed using the MPO method. In 
addition, was demonstrated that polyphenols 
present in the peel of this fruit were able to 
reduce the production of nitric oxide and the 
pro-inflammatory cytokine interleukin-6 (IL-6) 
derived from macrophages stimulated by LPS 
(Justino et al. 2019). 

Considering the treatment with TiO2-NCs. 
The reduction in neutrophil activity may be 
associated with the property of TiO2-NPs in 
reducing leukocyte infiltration in the wound area 
(Agarwal et al. 2019).The reduction in neutrophil 
activity observed in wounds treated with 
TiO2-NCs was also consistent with the in vitro 
study, in which TiO2-NPs induced the maximum 
influx of neutrophils in the initial period of 
the inflammatory response, after 3-9 hours of 
treatment, being subsequently (12-24 hours) 

Figure 6. Quantification of MMP-2 activity in skin wounds by the zymogram method. (a) Densitometry 
quantification of MMP-2 activity on 10% polyacrylamide gel containing 0.4% gelatin of the untreated groups (CO) 
and the treated groups (PFAC, TiO2-NCs and TiO2-NCs- PFAC). (a) indicates statistical difference considering p <0.05 
when compared with CO group and (b) PFAC groups, assessed by One-Way ANOVA and Bonferroni test. Values are 
mean ± SEM (n=8) (b) Zymography gel with bands (MMP-2 activity) in the control and treated group.
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progressively reduced (Gonçalves & Girard 2011). 
The reduction on neutrophil activity in wounds 
treated with TiO2-NCs and PFAC as individual 
treatments is essential, because although the 
participation of neutrophils is crucial for the 
resolution of the inflammatory process, when 
these cells remain in the wound, can impair 
the healing process (Guo & Dipietro 2010). 
This is because neutrophils release reactive 
oxygen species (ROS) and proteases in excess, 
enough to damage the local tissue, impairing 
the migration of cells through the extracellular 
matrix and compromising the progression and 
quality of the repair (Guo & Dipietro 2010). 

In addition to the treatment with TiO2-
NCs, we evaluated the effect of a formulation 
containing a mix of TiO2-NCs and PFAC. TiO2-NPs 
have a strong interaction with polyphenols that 
is demonstrated and proven even by simple 
preparation methods. This interaction can be 
seen after the homogenization of TiO2-NPs in 
double-distilled water and even after simple 
dilutions such as humidification of TiO2-NPs 
with ethanol and subsequent addition of the 
flavonoids and stirring for 24 hours (Cao et 
al. 2016, Khan et al. 2017). The interactions 
between TiO2 and polyphenols are confirmed 
by UV-Vis spectrometry and Rama spectrometry 
(Cao et al. 2016). Formulation to treat wounds 
containing nanoparticles and plant compounds 
has been evaluated with other nanoparticles 
(Krychowiak et al. 2014), but there are no studies 
that evaluate the effect of these formulations 
containing TiO2-NCs. Although TiO2-NCs and 
PFAC have healing and anti-inflammatory 
characteristics, this result was not observed for 
the combined treatments (PFAC+TiO2-NCs). The 
increased activity of neutrophils and reduced 
macrophages in wounds treated with PFAC 
+ TiO2-NCs in relation to the TiO2-NCs group, 
indicate a delay in healing (Ortega-Gómez 
et al. 2013). This is because after performing 

its function, neutrophils, in normal healing, 
are reduced by apoptosis and phagocytosed 
by macrophages, an essential event for the 
resolution of inflammation (Ortega-Gómez et al. 
2013). In the PFAC+TiO2-NCs group, this harmful 
modulation of inflammatory cell activity may 
have contributed to the delayed wound closure 
result.

The properties of phenolic compounds are 
largely affected by the electronic nature of the 
substituents and their position in the aromatic 
ring. These modifications can occur via TiO2 
catalysis (Parra et al. 2003). Thus, we suggest 
that the effects obtained through the isolated 
treatments were not observed in wounds treated 
with PFAC+TiO2-NCs due to the interaction 
between the OH groups of polyphenols and TiO2-
NCs. The polyphenols found in PFAC have OH 
groups in different positions, which influences 
the absence or presence of these interactions. 
For example, polyphenols found in citrus fruits 
interact with TiO2-NPs with groups 3’-OH and 4’-
OH in ring B, forming a charge transfer complex, 
while polyphenols with available groups C=O in 
ring C and 5 -OH in the ring did not bind with 
TiO2-NPs (Cao et al. 2016). These interactions 
can increase or decrease biological activities. 
It is known that the interaction of TiO2-NPs 
with catechin results in increased antioxidant 
activity, while their interaction with quercetin 
reduces this activity. In addition, the ability of 
TiO2-NPs to promote lipoperoxidation is reduced 
when TiO2-NPs interacts with quercetin and 
catechin compared to the effect of TiO2-NPs 
alone (Yu et al. 2019). Through X-Ray diffraction 
and scanning electron microscopy techniques it 
has been proposed that modifications in TiO2-
NPs promoted by phenols result in changes in 
the degree of crystallinity without changes in 
the size of the nanoparticle (Yu et al. 2019). 

This modulatory capacity of biological 
activities was also reflected in the mast cell 
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quantification. Mast cells play a fundamental 
role in the stages of inflammation, proliferation 
and remodeling of the wound healing process 
(Kennelly et al. 2011). The number of these cells 
was increased in wounds treated with PFAC + 
TiO2-NCs compared with CO and PFAC groups, 
and considered statistically similar to treatment 
with TiO2-NCs. Polyphenols found in PFAC have 
been shown to have a negative effect on mast 
cell activity. The proposed mechanism for this 
action is due to the ability of these compounds 
to inhibit immunoglobulin E (IgE-mediated 
histamine release), in addition to reducing 
gene expression and the production of pro-
inflammatory cytokines (Komi et al. 2019). From 
this, we can suggest that the interaction of these 
polyphenols with TiO2-NCS may be able to also 
modulate this inhibitory activity, resulting in 
the increase of mast cells in the injured area 
in PFAC+TiO2-NCs group. The increase in mast 
cells in the injured area in this group may be 
associated with an increase in neutrophil 
activity. This is because mast cells are cells 
that release mediators such as tumor necrosis 
factor alpha (TNF-α), macrophage inflammatory 
protein-2 (MIP-2), and interleukin 8 (IL-8) that 
have the ability to recruit neutrophils during 
wound repair (Egozi et al. 2003). 

During the proliferation phase, marked 
by the formation of a granulation tissue, the 
processes of angiogenesis and fibrogenesis 
are accentuated. The angiogenesis plays an 
important role in tissue regeneration because 
blood vessels supply oxygen and nutrients to 
growing cells and tissues (Saghiri et al. 2015a, 
2015b). As in our previous study, PFAC was 
unable to modulate angiogenic activity in 
treated wounds (De Moura et al. 2019). Changes 
in angiogenic capacity were also not observed 
in wounds treated with TiO2-NCs and PFAC+TiO2-
NCs, demonstrating that the biological activity 

of these different treatments was not influenced 
by the interactions.

The pro-fibrogenic activity of PFAC and 
TiO2-NCs individually, was also not maintained 
in the associated treatment (PFAC+TiO2-NCs). 
In this study we demonstrated that both types 
of collagen (collagen I and III) were increased 
in wounds treated with PFAC and TiO2-NCs. 
This pro-fibrogenic activity of PFAC was 
demonstrated previously in our previous study 
(De Moura et al. 2019). However, in this study, 
we demonstrate for the first time the activity 
of TiO2-NCs in stimulating the synthesis of type 
I and III collagen on skin wounds. Wounds 
treated with PFAC+TiO2-NCs do not show an 
increase in collagen of both types (type I and 
III), the extracellular matrix of wounds in this 
group showed the characteristic of an immature 
extracellular matrix (McKelvey et al. 2014, Xue 
& Jackson 2015), with a predominance of type 
III collagen in relation to type I collagen when 
compared to individual treatments (PFAC and 
TiO2-NCs). This result may have contributed to 
the delay in wound closure in this group. The 
collagen composition of non-damaged adult 
skin is approximately 80% of type I collagen 
and 10% of type III collagen. However, during 
a proliferation phase, there is a predominance 
of type III collagen that is deposited on an 
extracellular matrix (Wilkinson & Hardman 2020). 
As healing progresses, this immature collagen 
(type III collagen) is progressively replaced by 
type I collagen, intensifying the tensile strength 
of the scar in formation (Wilkinson & Hardman 
2020). In view of our results, we suggest that 
different from the immature matrix characteristic 
observed in wounds of the PFAC+TiO2-NCs group, 
treatments with PFAC and TiO2-NCs accelerated 
this process, which may have contributed to a 
skin with greater tensile strength. 

Unlike this pattern, MMP-2 activity was 
increased in wounds treated with TiO2-NCs and 
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PFAC+TiO2-NCs, but not in wounds treated only 
with PFAC. MMPs play a crucial role in all stages of 
wound healing by modifying the wound matrix, 
allowing for cell migration and tissue remodeling 
(Caley et al. 2015). These metalloproteinases 
can be produced by both neutrophils (Wilgus & 
Wulff 2014) and fibroblasts (Martins et al. 2013). 
In wounds treated with TiO2-NCs, fibroblasts play 
a greater role in the production of MMP-2. This 
is because these wounds aggregate collagen, a 
protein synthesized mainly by these cells, at the 
same time as reduced neutrophil activity. The 
increase in MMP-2 activity in wounds treated with 
TiO2-NCs may have contributed to accelerated 
closure. This is because studies show that MMP-
2 can cleave the gamma-2 chain of laminin-322 
forming a fragment that has a role similar to the 
epidermal growth factor (EGF). This fragment, 
binds to the EGF receptor, being able to trigger 
the migration of keratinocytes to the wounded 
matrix, contributes to the wound closure (Caley 
et al. 2015). 

Differently from that observed for wounds 
treated with TiO2-NCs, in wounds of TiO2-NCS 
+ PFAC group, neutrophils may have a greater 
contribution in increasing MMP-2 activity. 
Although MMP-2 is essential for the repair of 
wounds, when these are accompanied by an 
increase in the activity of inflammatory cells, 
these tend impairing healing. Thus, the increase 
in MMP-2 accompanied by the increase in 
neutrophils, as observed in wounds treated 
with PFAC+ TiO2-NCs is a profile found in chronic 
wounds (Guo & Dipietro 2010, Wilgus & Wulff 
2014).  These wounds are found in a prolonged 
inflammation, stage with less participation of 
keratinocytes and fibroblasts. In this scenario, 
MMP-2 tends to damage a newly formed 
extracellular matrix, which impairs the migration 
of keratinocytes and fibroblasts, causing a delay 
in the closure of these wounds.

CONCLUSIONS
The treatment with PFAC+ TiO2-NCs did not 
enhance the results found for wounds treated 
with PFAC and TiO2-NCs individually. The 
associated treatment resulted in marked 
differences in wound closure, inflammatory 
cell activity, MMP-2 activity and collagen on 
extracellular matrix. TiO2-NCs and PFAC showed 
promising results for wound healing, while 
wounds treated with PFAC+TiO2-NCs presented 
an impaired healing process. Otherwise, none of 
the treatments had an effect on angiogenesis in 
the evaluated time. The interaction between the 
hydroxyl groups of polyphenols present in PFAC 
with TiO2-NCs may have contributed to these 
results and should be better evaluated.
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