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Obstract

Nanocellulose (BNC) is a natural polymer produced by bacteria. Its structure has only glucose monomer, it has various 
properties such as high water holding capacity, unique nanostructure, high crystallinity and high mechanical strength. 
Pure BNC or in combination with different components can be used for a wide range of applications. Aloe vera is 
a medicinal plant with polysaccharides in its composition that has a potential for tissue regeneration and repair. The 
aim of this study was to evaluate the effect of incorporating Aloe vera (A. vera) into BNC membranes produced with 
three fractions of A. vera extract (BNC-Aloe) on the behavior of epithelial cells. Human fibroblasts and keratinocytes 
were shown to have increased metabolic activity and proliferation when cultured on BNC-Aloe membranes compared 
to control. Quantification of collagen biosynthesis was significantly higher in BNC-Aloe membranes. In conclusion, 
BNC-Aloe membranes are suggested as a material for the purpose of skin tissue repair.
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1. Introduction

The skin tissue is the largest organ in the human body. 
This organ is considered to be the body’s first defense barrier. 
Skin tissue performs important functions such as homeostasis, 
body temperature body temperature and protection against 
dehydration, in addition to provide support for blood vessels 
and nerves[1,2]. Extensive and deep damage to the skin and 
mucous membranes can cause destruction of the dermis 
and epidermis. The damage of skin can be resolved using 
human skin grafts, autologous or not. However, this solution 
is limited by the scarcity of donors and the risk of donors 
and with the risk of graft rejection[3,4].

The development of temporary and/or permanent and/or 
permanent replacements for injured tissue arises from this 
context. One approach to developing functional skin substitutes 
is to produce to produce three-dimensional biomaterials, 
which resemble the physiological microenvironment in 
the presence of the extracellular matrix when cultured with 
human epidermal cells and human dermal fibroblasts the 
growth of the artificial tissue[5,6].

The dressings that are being commercialized assist the 
tissue regeneration[7-9]. As these treatments are costly and 
often do not induce and often do not induce the effective 
cure of the lesion, emphasizing the need to invest in the 
development of new treatments and devices treatments and 
devices that present a better cost-benefit.

In the development of a biomaterial with active 
substances was used Bacterial Cellulose. It is a natural 
polymer synthesized by various bacteria, including those 
from the genus Komagataeibacter, formerly classified in 
genus Gluconacetobacter[10]. Cellulose-producing bacteria 
under specific conditions synthesizes a nanofiber network 
with excellent properties, such as biocompatibility, elasticity, 
transparency, purity and mechanical stability, which we call 
bacterial nanocellulose (BNC)[2,11-15]. Along with fractions 
of Aloe vera (A. vera). The extract of parenchymal tissue 
of A. vera contains polysaccharides, sugars, minerals, 
proteins, lipids, phenolic compounds[16]. A. vera has long 
been considered as a safe functional food material that 
can be used orally and topically[17]. The extracted material 
generated three distinct fractions: T, G and F. The T fraction 
contains all the components present in the parenchymal 
tissue, synergy with all natural components. A portion of this 
fraction was centrifuged, producing G fraction containing 
the components of the parenchymal tissue, except the 
fibers. F fraction contained only the polysaccharides of 
the parenchymal tissue of the A. vera[18]. It is a plant that 
has immune-active properties with therapeutic functions 
that have been popularly used in a number of applications, 
such as anti-inflammatory and wound healing purposes[19-21] 
According to some studies, A. vera interacts with fibroblast 
growth factors stimulating proliferation and increasing 
collagen[22,23].
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 The incorporation of other components into the 
nanocellulose matrix during the synthesis can increase 
its applications by improving their physicochemical 
properties[11,12,24-26]. In most cases, considering the main 
characteristics of BNC, a modification is suitable, since 
the nanomaterials based on BNC generally present high 
value-added with great potential of applications. In this 
perspective BNC membranes incorporated with A. vera 
extracts were previously developed[18] but the potential 
application for skin regeneration remains to be evaluated. 
To widen the applicability of BNC-Aloe membranes, this 
study presents an in vitro analysis of the behavior of human 
epithelial cells grown in the porous surface (porous side) of 
the membranes to provide evidence on the biocompatibility, 
efficacy of the BNC-Aloe on epithelial tissue repair, in 
addition to quantifying collagen synthesis.

2. Materials and Methods

2.1 BNC and BNC-Aloe membranes

A. vera leaves were used to obtain three different 
polysaccharide portions following the same procedure 
previously developed by Godinho[18]. A. vera gel pulp – GP, 
A. vera gel extract – GE and polysaccharide fraction – PF 
were used as a supplement of mannitol-based bacterial 
culture medium[18].

The bacteria Gluconacteobacter hansenii (ATCC 
23769) were cultured in mannitol medium containing 60% 
of GE, GP and GF for 10 days. After 10 days, BNC-Aloe 
membranes were purified with 0.1 M NaOH for 24 h at 
50 °C and finally rinsed with distilled water until reach pH 
6.5. BNC-Aloe membranes were sterilized by autoclaving 
at 121 °C for 20 minutes before using. As a control, G. 
hansenii were cultured with mannitol-based medium without 
addition of A. vera to obtain pure BNC membranes, that 
were purified and sterilized following the same procedure 
described above. BNC and BNC-Aloe were stored in sterile 
conditions at room temperature until use.

2.2 Characterization of BNC membranes

The porous surface of BNC and BNC-Aloe were used 
to perform in vitro assays. Scanning Electron Microscopy 
(SEM) was performed using a JEOL JSM‒6390LV microscope 
(Jeol, Japan) in order to characterize the surface of BNC 
and BNC-Aloe. BNC membranes were freeze-dried by 
lyophilization as described by Berti et al.[27]. After drying, 
samples were distributed on stubs and then coated with a 
double gold layer.

2.3 Cell culture

Primary human fibroblasts that were extracted of eyelid 
skin (HDFa)[28] and immortalized keratinocyte cell line 
(HaCat) (ATCC) were cultured in Dulbecco’s Modified 
Eagle’s medium (DMEM) (Gibco®, USA) supplemented with 
10% of fetal bovine serum (Gibco®, USA) and 1% penicillin/
streptomycin (Gibco®, USA). Cell cultures were maintained 
in a humidified CO2 (5% in air) incubator at 37°C. Primary 
human fibroblast cells were used in a passage of 5 to 9 to 
perform all in vitro assays, cultured on petri dishes. Samples 

were supported on glass rings before seeding. The density 
of cells/samples were in volume of medium for test, before 
time of cultured the samples were taken and added to new 
plates to perform the quantitative testes.

Cellular metabolic activity - Metabolic activity was 
determined by mitochondrial activity through MTS [3‐
(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐
(4‐sulfophenyl)‐2H‐tetrazolium] colorimetric assay using 
MTS assay kit purchased from Promega Biotecnologia do 
Brasil Ltda. (São Paulo, Brazil). MTS assay was performed 
according to the manufacturer’s instructions. HDFa and 
HaCat cells were seeded on the porous surface of BNC AND 
BNC-Aloe membranes with 15 mm diameter, in a density 
of 105 cells/sample. At the end of 1, 3, and 7 days, samples 
and culture medium were removed, and adhered cells were 
rinsed with PBS three times. Culture plates were kept in a 
humidified incubator at 37°C and 5% CO2, protected from 
light during 2 h for the MTS reaction. Metabolic activity 
of HDFa and HaCat cells were quantified by Micro ELISA 
reader (SpectraMaxPlus 384, Molecular Devices, USA) at 
a wavelength of 490 nm.

Cell proliferation - The PicoGreen dsDNA Quantification 
kit (Molecular Probes, USA) was used to quantify epithelial 
cells proliferation when cultured on BNC and BNC-Aloe 
membranes with 15 mm diameter. Epithelial cells were 
seeded in a density of 105 cells/ sample during 1, 3 and 
7 days. To quantify dsDNA of HDFa and HaCat cell, samples 
were washed with PBS and submersed in 1 mL of ultrapure 
water for 1 hour in a humidified atmosphere at 37°C and 
5% CO2. Thereafter, the plate was removed and stored in 
a freezer at -80 °C until analysis. Samples were incubated 
for 2–5 min at room temperature, protected from light 
and subsequently reacted with Pico Green® following the 
manufacturer’s protocol. A standard curve was constructed 
by the quantification of the λDNA provided by the Pico 
Green® kit. Analysis was performed using Microplate 
Infinite (model M200 TECAN / LAMEB 1 – UFSC) with 
excitation filter at 480 nm and emission filter at 530 nm.

Cell viability - Live/Dead® Viability/Cytotoxicity kit 
(Invitrogen, USA) was used to evaluate cell viability. 
It measures the intracellular esterase activity (calcein) and 
plasma membrane integrity (ethidium homodimer). HDFa 
and HaCat cells were seeded on the porous surface of the 
BNC and BNC-Aloe membranes with 15 mm diameter 
in a density of 105 cells/sample. A solution of ethidium 
homodimer and calcein (4:1) was prepared in PBS, and 
100 µL of this solution was added on each sample following 
the manufacturer’s protocol. Afterwards, the culture plate was 
incubated for 30 minutes at 37°C and 5% CO2 atmosphere. 
After incubation, samples were mounted on slides and 
observed using a fluorescence microscope (Eclipse C-L, 
Nikon, Japan).

2.4 Collagen biosynthesis by fibroblasts (HDFa)

HDFa were grown on the surface of BNC and BNC-Aloe 
membranes with 15 mm diameter for a culturing period of 
7 days. Cells were then washed with PBS, fixed with 3.7% 
formaldehyde for 1 h at 25°C, washed again with PBS and 
left in a laminar flow hood to dry for 45 min. Samples were 
then stained with 200 µL of Sirius red solution 0.5 g (Direct 
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Red 80% – Dye content 25%, Sigma, USA) in 500 mL of 
saturated aqueous picric acid solution for one hour at a 
temperature of 25°C, protected from light. The supernatant 
was removed, and samples were washed with 250 µL of 
0.01 M hydrochloric acid to remove unfixed dye. Stained 
collagen fibers were solubilized by adding 150 µL of 0.01 M 
sodium hydroxide solution and left for one hour. Results 
of collagen biosynthesis were quantified by Micro ELISA 
reader (SpectraMaxPlus 384, Molecular Devices, USA) at 
a wavelength of 535 nm and data were expressed as mean 
percentage of collagen synthesis. Results were compared 
with the standard curve of collagen connective tissue of 
bovine skin, kindly provided by Dr. Durvanei Augusto 
Maria from Butantan Institute (São Paulo).

2.5 Statistical analysis

Statistical analyses were performed using GraphPad-
Prism® version 5.0 (GraphPad Software Inc., USA). 
Comparisons between groups were evaluated by one-way 
analysis of variance (ANOVA), followed by the Bonferroni 
test. Differences were considered significant when p < 0.05.

3. Results and Discussions

In this study we have investigated whether the presence 
of A. vera fractions incorporated into BNC membranes would 
stimulate proliferation, metabolic activity, and collagen 

synthesis of epithelial cells. To the best of our knowledge 
this study showed for the first time that BNC membranes 
incorporated with A. vera could stimulate collagen synthesis 
of epithelial cells.

BNC and BNC-Aloe membranes were successfully 
synthesized following the previous procedure standardized 
by our research group[29,30]. BNC and BNC-Aloe membranes 
were micro structurally characterized by SEM. Figure 1 shows 
the porous surface of BNC and BNC-Aloe membranes that is 
corresponding to the surface used to culture epithelial cells. 
The porous surface of BNC and BNC-Aloe membranes 
showed similar microstructure after incorporation with 
A. vera fractions, which resulted in a non-homogeneous 
surface, as shown on Figure 2. Unlike, BNC-PF membranes 
showed a thinner fiber network when compared to BNC, 
BNC-GE and BNC-GP.

The porous surface of BNC incorporated with A. vera 
fractions could determine physical and functional properties 
of the membranes, proposing a potential biomaterial for tissue 
engineering applications[25] due their similar microstructure 
to the extracellular matrix[27,31-33].

Figure 3 shows the metabolic activity profile of epithelial 
cells cultured on BNC and BNC-Aloe membranes cultured 
for 1, 3 and 7 days. At the end of 7 days of culture, it is 
possible to observe an increase of metabolic activity behavior 
of HDFa cells when cultured on the porous surface of BNC, 
BNC-GE, BNC-GP, BNC-PF (Figure 2a), with significant 

Figure 1. Production steps of the membranes with the different A. vera extracts.
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differences observed in HDFa cells cultured on BNC-PF 
membrane in comparison to BNC. In the first day, metabolic 
activity of HDFa cells cultured on BNC-GE, BNC-GP and 
BNC-PF decreased approximately 4%, 19% and 21%, 
respectively. However, significant differences were observed 
only for cells cultured on BNC-GP and BNC-PF. In the third 
day of culture, metabolic activity of HDFa cells decreased 
15% in BNC-GE, 9% in BNC-GP and increased 23% in 
BNC-PF (considering BNC as 100%). In the last day of 
culture (7 days), metabolic activity of HDFa decreased 6% 
in BNC-GE, 2% in BNC-GP and 7% in BNC-PF.

The metabolic activity of HaCat cells cultured during 1, 
3 and 7 days on BNC and BNC-Aloe membranes are shown 
in Figure 2b. The metabolic activity profile of HaCaT cells 
increased with the time when the cells were cultured on the 
porous surface of BNC-GE and BNC-GP membranes. When 
HaCaT cells were cultured on BNC, BNC-GE, BNC-GP and 
BNC-PF it was not possible to observe significant differences 
after 1 day of culture. Thus, in the third day of culture the 
metabolic activity of HaCaT significantly increased when 
cultured in BNC-GE (9%) and BNC-GP (29%) membranes. 
After 7 days of culture, a significant increase was observed 

in HaCaT cells in BNC-GE (126%), BNC-GP (141%) and 
BNC-PF (28%) membranes, considering BNC as 100%. 
The metabolic activity of HaCaT showed a linear increase 
when cultured on BNC-GP, for 1 day (5%), 3 days (29%) 
and in 7 days (141%).

The incorporation of A. vera fractions into BNC 
membranes was extremely important to promote significant 
differences on cell viability and proliferation of epithelial 
cells. The behaviors of fibroblasts and keratinocytes cells 
were differently influenced by the composition of A. vera 
fractions (GP, GE and PF).

The metabolic activity and proliferation of HaCat cells 
increased when they were cultured on BNC-GP and BNC-GE 
compared to BNC and BNC-PF. On the other hand, after 
7 days of culture, the metabolic activity of HDFa cells was 
similar when compared BNC to BNC-GP.

The result obtained by dsDNA quantification is showed 
in Figure 4. HDFa (Figure 4a) and HaCat (Figure 4b) were 
cultured on BNC and BNC-Aloe membranes during 1, 3 and 
7 days. Significant differences were observed throughout 
all experimental time when HDFa cells were cultured on 
BNC compared to BNC-Aloe membranes. In the first day of 

Figure 2. Micrographs of BNC and BNC-Aloe membranes obtained by SEM. The BNC-Aloe membranes were produced by the addition 
of 60% of A. vera fractions (BNC-GE, BNC-GP and BNC-PF). BNC (nanocellulose); BNC-GE (nanocellulose/ A. vera gel extract); 
BNC-GP (nanocellulose/ A. vera gel pulp); BNC-PF (nanocellulose/ polysaccharide fraction). The magnification used to obtain the 
micrographs was 3000×.

Figure 3. Metabolic activity of epithelial cells cultured on the porous surface of BNC and BNC-Aloe membranes for 7 days. (a) HDFa 
(primary human fibroblast) cells and (b) HaCat (immortalized keratinocytes cell line). Bars represent the average standard deviation and 
* represents significant differences at p<0.05 comparing BNC and BNC-Aloe biomembranes.
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culture, the number of proliferative HDFa cells cultured on 
BNC-Aloe membranes decreased almost 14% for BNC-GE, 
26% for BNC-GP and 31% for BNC-PF. In the third day of 
culture, this number decreased almost 60%, 56% and 48% 
for BNC-GE, BNC-GP and BNC-PF, respectively. In the 
end of 7 days of in vitro culture, HDFa cells increased the 
proliferative profile when cultured on BNC-Aloe membranes. 
Unlike, the number of proliferative HDFa cells drastically 
decreased when they were cultured on BNC during 7 days 
of culture, (Figure 4a). After 7 days of culture, there were 
significant differences between the number of proliferative 
HDFa cells cultured on BNC and BNC-Aloe membranes. 
HDFa cells were 17% (BNC-GE), 15% (BNC-GP) and 8% 
(BNC-PF) more proliferative when they were cultured on 
BNC-Aloe membranes compared to BNC.

HaCaT cells were also cultured on BNC and BNC-Aloe 
membranes to determine if the incorporation of A. vera 
affects the HaCaT proliferation (Figure 4b). Significant 
differences in the number of proliferative cells cultured on 
BNC and BNC-Aloe membranes were observed throughout 
the total experimental time evaluated, except on the first 
day of culture when the results observed for BNC-GE were 
similar to BNC membranes (100%). BNC-GE and BNC-GP 
increased the number of proliferative HaCaT cells over the 
7 days of culture, in 26% and 19% respectively (considering 
BNC as 100%). In the third day of culture, the number of 
proliferative HaCat cells increased in 10% and 5% when 
cultured on BNC-GE and BNC-GP, respectively. On the 
other hand, the HaCat cells decreased by 28% when cultured 
on BNC-PF membranes. At the seventh day of experiment, 
the number of proliferative HaCat cells decreased by 22% 
when cultured on BNC-PF membranes.

In addition, the proliferation of HDFa cells was stimulated 
by BNC-GP membranes in comparison to the BNC membranes 
without the addition of A. vera. The metabolic activity of 
HDFa decreased after three days of culture on BNC, BNC-
GE and BNC-GP. A similar decrease on metabolic activity 
values were observed when HUVECs were cultured on the 
porous surface of BNC after 3 days of in vitro culture[27]. 
According to the referred authors, the cellular adaptation 

into BNC microarchitecture might have influenced the 
decrease on metabolic activity[27].

Results with HDFa line (Figure 3a and 4a) suggest 
that the membranes had an increase in the coverage of 
the BNC fibers by the coating with the polysaccharide 
fractions. Therefore, they left the fibers wider, decreasing 
the porosity and the flow of nutrients to the cellular activity 
as well as to the cellular proliferation by the third day of 
cultivation[18,34], as well as indicating a directional cellular 
access to the material[35]. In the work by[36], a lower cellular 
viability was also observed after three days of cultivation in 
the samples with higher A. vera concentration.

However, the decrease on metabolic activity was not 
observed in HaCat cells. Interestingly, the metabolic activity 
and proliferation of keratinocytes increased when they were 
cultured on BNC-Aloe membranes. HaCat cells remained 
metabolically active up to 3–7 days of culture on the BNC-GE 
(9–126%) and BNC-GP (30–141%) membranes. The same 
was observed on the proliferation of HaCat cells on BNC and 
BNC-Aloe membranes. An increase of HaCat proliferation 
in BNC-GE (26%) and BNC-GP (19%) was showed on the 
seventh day of culture. The increase on metabolic activity 
and proliferation of HaCat cells seems to be induced by the 
active compounds present in the BNC-Aloe membranes, as 
already suggested on the literature[37,38]. Studies with other 
plants report that natural solutions containing polysaccharides, 
also present in A. vera, stimulate the proliferation of HaCat 
cells[39]. Tissue architecture of these membranes closely 
resembles native human epidermis[40]. Results with HaCat 
line in BNC-PF (Figure 3b) suggest a lack of synergy of 
all components when observing cellular activity as well as 
proliferation.

A complementary qualitative assay was performed to 
observe the presence of live/dead cells cultured on BNC 
and BNC-Aloe membranes. Cell viability of epithelial cells 
cultured on BNC and BNC-Aloe membranes was evaluated 
over 7 days of culture, as shown on Figure 5. According to 
the Live/Dead® stain, the green stained dots were related 
to living cells and the red dots were related to dead cells. 
Figure 4a shows the behavior of HDFa cells cultured on 

Figure 4. Proliferation of epithelial cells cultured on BNC and BNC-Aloe membranes during 1, 3 and 7 days of in vitro culture. The bars 
represent the average standard deviation and * represents significant differences at p<0.05 comparing BNC and BNC-Aloe membranes. 
Proliferation of (a) HDFa and (b) HaCat cells cultured on the porous surface of BNC, BNC-GE, BNC-GP, and BNC-PF membranes.
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BNC and BNC-Aloe membranes. Dead cells were identified 
after 3 days of HDFa cells cultured on BNC (Figure 5 a-II), 
BNC-GE (Figure 5 a-V) and BNC-GP (Figure 5a-XI). 
HDFa cells remained viable when they were cultured on 
BNC and BNC-Aloe membranes over the entire cultivation 
period (7 days). Red dots were not observed in Figure 5b, 
thus viable cells were observed in all experimental times.

The incorporation of A. vera fractions into BNC does 
not cause any cytotoxic effect to HaCat and HDFa cells. 
This evidence is consistent with other in vitro cytotoxic 
study involving A. vera/Gellan Gum sponges[41].

The percentage of collagen biosynthesis by HDFa cells 
cultured on BNC-Aloe membranes for 7 days is shown 
in Figure 6. As noticed, the concentration of collagen is 
significantly higher in all BNC-Aloe membranes compared 
to the control (BNC). The collagen concentration reached 
90% of increase on the BNC-GP, 86% on BNC-GE and 
70% on BNC-PF membranes, suggesting that BNC-Aloe 
membranes stimulated the collagen biosynthesis over the 
entire culture time.

The biosynthesis of collagen was stimulated in the 
presence of fractions of A. vera and the concentration 
reached 90% of increase in the BNC-GP, 86% in BNC-GE 
and 70% in BNC-PF membranes. It was reported in the 
literature that solutions containing acemannan, one of the 
major components present in A. vera fractions, stimulated 
the synthesis of collagen[38,42]. The healing of skin lesions 
in rats using collagen-based membranes containing A. vera 
gel was also reported by in vivo studies[22]. The histological 
analysis of the lesions demonstrated the increased synthesis 
of collagen type I and III, as well as the proliferation of 
fibroblasts and macrophages in the injured areas after the 
membrane’s application. These results suggest the potential 
of BNC-Aloe membranes in the healing process, which 

can stimulate the components present in the extracellular 
matrix[43]. Therefore, the data indicate that the BNC-Aloe 
membranes present a favorable environment for cell growth, 
adhesion and proliferation, as well as stimulating collagen 
production.

4. Conclusions

In this work, we developed membranes with distinct 
fractions of A. vera polysaccharide extract to investigate the 
cellular behavior on the porous side of BNC membranes. 
The presence of A. vera extracts on membranes improved 
the adaptation of epithelial cells when compared to pure 
BNC. The use of human dermal and epidermal cells 
identified a great potential to be applied for wound repair, 

Figure 5. Viability of epithelial cells by fluorescence microscopy using Live/Dead® assay. Live cells are stained in green (calcein) and 
dead cells are in red (ethidium homodimer). Epithelial cells were cultured on BNC and BNC-Aloe biomembranes over 7 days. (a) HDFa 
cells and (b) HaCat cells.

Figure 6 . Quantification of collagen biosynthesis by fibroblasts 
cultured on BNC and BNC-Aloe membranes. Data normalized to 
the BNC control. Bars represent the mean and standard deviation 
and (* ) represents significant differences at p<0.05.
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especially because they may facilitate the healing process by 
promoting keratinocyte proliferation and collagen synthesis 
by fibroblasts in vitro. Future in vivo assays will be further 
conducted in order to confirm our findings.
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