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Purpose: In deep burns, wound contraction and hypertrophic scar formation can generate 
functional derangement and debilitation of the affected part. In order to improve the quality 
of healing in deep second-degree burns, we developed a new treatment in a preclinical model 
using nanostructured membranes seeded with mesenchymal stem cells (MSCs).
Methods: Membranes were obtained by reconstitution of bacterial cellulose (reconstituted 
membrane [RM]) and produced by a dry-cast process, then RM was incorporated with 10% 
tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme (RMGT–LZ) and with 10% 
gellan gum and 10% lysozyme (RMG–LZ). Membrane hydrophobic/hydrophilic character-
istics were investigated by static/dynamic contact-angle measurements. They were cultivated 
with MSCs, and cell adhesion, proliferation, and migration capacity was analyzed with MTT 
assays. Morphological and topographic characteristics were analyzed by scanning electron 
microscopy. MSC patterns in flow cytometry and differentiation into adipocytes and osteo-
cytes were checked. In vivo assays used RMG–LZ and RMGT–LZ (with and without MSCs) 
in Rattus norvegicus rats submitted to burn protocol, and histological sections and collagen 
deposits were analyzed and immunocytochemistry assay performed.
Results: In vitro results demonstrated carboxyl and amine groups made the membranes 
moderately hydrophobic and xyloglucan inclusion decreased wettability, favoring MSC 
adhesion, proliferation, and differentiation. In vivo, we obtained 40% and 60% reduction 
in acute/chronic inflammatory infiltrates, 96% decrease in injury area, increased vascular 
proliferation and collagen deposition, and complete epithelialization after 30 days. MSCs 
were detected in burned tissue, confirming they had homed and proliferated in vivo.
Conclusion: Nanostructured cellulose–gellan–xyloglucan–lysozyme dressings, especially 
when seeded with MSCs, improved deep second-degree burn regeneration.
Keywords: skin, cell-based therapy, transplantation, hydrocolloid dressing

Introduction
According to the World Health Organization, a burn is an injury to the skin or other 
organic tissue primarily caused by heat or due to radiation, radioactivity, electricity, 
friction, or contact with chemical products.1 Burns are classified according to the 
extent of the burned surface and the depth reached: first (superficial), second 
(partial thickness, it can be superficial or deep), and third (full thickness) degrees.2

The healing of burns follows the same process as wound healing, consisting of 
highly integrated and overlapping stages: inflammation, cell recruitment, matrix 
deposition, epithelialization, and tissue remodeling.3
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In deep burn injuries, treatments aim to promote a 
microenvironment conducive to healing, protecting the 
area against microbial contamination.4 Many dressings 
are available for burn treatment, from gauze coverings, 
therapeutic topical agents, antiseptic solutions, polyur-
ethane biofilms, hydrocolloids, and hydrogels to the most 
complex, known as bioactive dressings.5

Cellulose dressings are biologically inert and do not 
cause hypersensitivity, and were popularized in the 1980s, 
initially indicated as a synthetic graft and temporary sub-
stitute for the skin.6 This cellulose is obtained from 
Gluconacetobacter xylinu secretions,7 and has a stable, 
gelatinous, three-dimensional mesh structure, great elasti-
city, and mechanical strength,8 and its micro- and nanofibers 
create a functional surface with high absorptive capacity.9

In addition to cellulose, new dressings have been 
developed using natural polymers, such as alginate, chit-
osan, arabic gum, gellan gum, and cellulose derivatives 
(methylcellulose, carboxymethylcellulose, and others), due 
to their high biocompatibility, biodegradability, and phy-
siological activity.10,11

Nanostructured membranes obtained from polymers 
can be an alternative in improving the healing process of 
burns, due to their large ratio of surface to volume, the 
formation of a mesh permeated by pores of varying sizes, 
and a three-dimensional structure that allows application 
as scaffolding.12

Incorporation of bioactive additives on polymer matrix 
can modify the surface, resulting in changes in roughness, 
hydrophilicity, cell affinity, and consequently adhesion and 
proliferation of cells in the substrate.13,14 Blending differ-
ent polymers allows the improvement of biocomposites to 
generate charged surfaces with variable functional 
characteristics.15 Different hydrogels have been used for 
wound healing, due to their hygroscopic nature and soft 
tissue–like mechanical performance,16 among them gellan 
gum and tamarind xyloglucan.

Gellan gum is a biocompatible, atoxic, thermorespon-
sive, ductile exopolysaccharide produced by 
Sphingomonas elodea, and its versatility allows its use in 
different applications of regenerative medicine and tissue 
engineering.17 However, simple gellan gels have unfavor-
able properties, such as hardness, brittleness, low mechan-
ical strength, and high critical gelationtemperature, which 
can be reversed by introducing another polymer as a 
blended or chemically bonded component.18,19 As such, 
cellulose blended with gellan seems to be an efficient 
system for burn healing.

Tamarind xyloglucan is a branched polysaccharide iso-
lated from seeds of Tamarindus indica,20 usually used as a 
binder, gelling agent, emulsifier, release modifier in pharma-
ceutical formulations, and matrix former. It is water-soluble, 
biodegradable, and biocompatible.21 These characteristics 
aid the development of a microenvironment conducive to 
skin recovery.

The use of mesenchymal stem cells (MSCs) in burns has 
become effective, resulting in faster tissue recovery, promot-
ing reduction of wound contraction, and avoiding formation 
of hypertrophic scars.22,23 These findings are attributed to the 
differentiation capacity of MSCs, repopulating injured tissue 
where they are transplanted and stimulating a cascade of 
paracrine effects.24 MSCs can be isolated from various tissue 
types, such as bone marrow, adipose tissue, dental pulp, skin, 
umbilical cord blood, and amniotic membrane.25,26 They are 
undifferentiated pluripotent cells that proliferate while main-
taining their undifferentiated state, possess self-renewal 
capacity, can be differentiated in multilines, and have immu-
nomodulatory activity.27,28

The incorporation of MSCs into biomaterials that behave 
as cellular scaffolds allows a higher rate of cell adhesion and 
proliferation, due to their biocompatibility and biomimetic 
texture;29 therefore, these bioengineered systems are promis-
ing candidates as an efficient treatment in burn injuries.

The aim of this study was to compare the efficiency of 
burn regeneration promoted by micro- and nanostructured 
cellulose–gellan–xyloglucan–lysozyme dressings, seeded 
or not with MSCs, analyzing acute and chronic inflamma-
tion, vascular proliferation, epithelialization, collagen 
deposition, and reduction of wound area in a rat model.

Methods
Due to the use of Wistar rats (Rattus norvegicus) to per-
form MSC isolation and burn procedures, this study was 
submitted to the Ethics Committee on the Use of Animals 
of the Pequeno Príncipe Hospital Complex and was 
approved (015–2012). All animal procedures followed 
the guidelines of the Brazilian Ethics Committee on the 
Use of Animal Subjects in accordance with the Guidelines 
for the Care and Use of Laboratory Animals published by 
the US National Institutes of Health.36

Mesenchymal Stem Cell Isolation and 
Expansion
MSCs were isolated from rat adipose tissue. After rat 
death, epididymal adipose tissue was removed, washed, 
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digested with PBS (Sigma-Aldrich, St Louis, MO, 
USA), and supplemented with 2% FBS (Gibco, Grand 
Island, NY, USA) and 0.2% collagenase IA (Sigma- 
Aldrich) at 37°C for 45 minutes. Cell suspensions 
were centrifuged at 600 g for 5 minutes. The super-
natant was discarded and the cell pellet resuspended in 
DMEM/F12 medium (Sigma-Aldrich) supplemented 
with 10% FBS, 1% penicillin 100 IU/mL, and strepto-
mycin 0.1 mg/mL (Sigma-Aldrich), then seeded in cul-
ture bottles (105 cells/cm2) and incubated at 37°C, 5% 
CO2, until 90% confluence.30 After this, cells were 
trypsinized and seeded on membranes. Samples of 
these cells were used to perform MSC characterization.

Mesenchymal Stem Cell Characterization
Flow-cytometry analysis and adipogenic and osteogenic 
differentiation were performed to validate the MSCs. 
Cells were incubated with specific monoclonal antibodies 
for 15 minutes at room temperature in a dark room:31 

control (just cells), isotype control phycoerythrin (PE), 
isotype control FITC, control PERCP-Cy5, control PE- 
Cy7, CD34 PE, CD45 PERCP-Cy5, CD73 FITC, and 
CD90 PE-Cy7. All antibodies were used at the concentra-
tions recommended by the manufacturer. The cell-mem-
brane markers used were CD34 PE, CD45 (PerCP-Cy5-5), 
CD73 (FITC), and CD90 (PE-CY7; BD Bioscience, 
Franklin Lakes, NJ, USA). FITC mouse IgG1κ, PE 
mouse IgG2aκ, PE-Cy7 mouse IgG1κ, PERCP mouse 
IgG1κ (BD Bioscience) were the isotype negative controls. 
The samples were read by the flow-cytometry apparatus 
FACS Canto II (BD Biosciences), with 20,000 events for 
each specimen.

Isolated cells were submitted to adipogenic and 
osteogenic induced media using DMEM/F12 medium 
(Sigma-Aldrich), 10% FBS (Gibco), 1% penicillin plus 
streptomycin (Sigma-Aldrich), supplemented with 0.01 
Μm 1.25-dihydroxyvitamin D3, 50 μM ascorbate-2- 
phosphate, and 10 mM β-glycerophosphate for 
adipogenic differentiation (14 days) and 0.5 mM isobu-
tyl-methylxanthine, 1 μM dexamethasone, 10 μM insu-
lin, and 200 μM indomethacin (Sigma-Aldrich) for 
osteogenic differentiation (35 days).32,33 At the end of 
the differentiation period, samples were stained for adi-
pocyte and osteocyte visualization.

Differentiation procedures were performed on RMGT– 
LZ membranes seeded with MSCs to verify the differen-
tiation capacity on the membrane.

Nanostructured Bacterial Cellulose- 
Based Membranes
Four cellulose membranes were used in this study, a com-
mercial one, produced and donated by Membracel 
(Curitiba, Paraná, Brazil), the other three developed and 
provided by the BioPol Lab, Department of Chemistry, 
Federal University of Paraná. Membracel dressing (MC) 
is made of bacterial cellulose, naturally produced, and 
consists in a resistant microstructured mesh. BioPol Lab 
dressings are fresh bacterial cellulose membranes that 
have been defibrillated mechanically to obtain a pulp 
used to form reconstituted membrane (RM). The nano-
membranes produced were just the RM, RM with 10% 
tamarind xyloglucan plus gellan gum 1:1 and 10% lyso-
zyme (RMGT–LZ) and RM with 10% gellan gum and 
10% lysozyme (RMG–LZ).15 Reconstitution of the mem-
branes was performed by a dry-cast process.

Static and Hysteretic Contact-Angle 
Measurements on Membranes
Contact angles were determined using a contact-angle goni-
ometer (OCA 15 Plus;DataPhysics Instruments, Filderstadt, 
Germany). Measurements were performed at 20°C using a 
500 μL syringe and a needle of internal and external dia-
meters of 1.37 and 1.65 mm, respectively, and a length of 
38.1 mm. The hydrophobic/hydrophilic character of the 
dressing membranes in relation to liquid of the MSC culture 
was investigated using the sessile drop method and DMEM/ 
F12 medium containing 10% FBS as test liquid. The hyster-
esis of the contact angle was determined by recording the 
advancing (adv) and receding (rec) angles at the moment 
just before the droplet rolled off and calculating the differ-
ence in the contact angles (∆θhyst, = θadv – cos θrec). All 
measurements were performed in triplicate.

Mesenchymal Stem-Cell Adhesion and 
Proliferation Assays
All dressing membranes were cut using a sterile punch, 
generating circular fragments measuring about 2 cm in 
diameter. Each fragment was placed in a well of a 24- 
well plate. MSCs were seeded on the membranes at 103 

cells/cm2 with 1 mL of DMEM/F12 medium, 10% FBS, 
1% penicillin 100 IU/mL, and streptomycin 0.1 mg/mL, 
and incubated at 37°C, 5% CO2, for 2 hours and for 7 
days. The procedure was performed in triplicate.

To check MSC adhesion, the first reading was per-
formed after 2 hours of incubation. To compare 
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proliferation capacity, the other reading was performed 
after 7 days of incubation. Both assays used MTT.

For the analysis, membranes were removed from the 
culture well and transferred to another plate without med-
ium. Then, 500 μL MTT solution (0.5 mg MTT/mL cul-
ture medium) was added and the plates incubated at 37°C 
for 3 hours. The MTT solution was withdrawn from the 
plates and 200 μL dimethyl sulfoxide (Sigma-Aldrich) was 
added to dissolve the salts formed by the MTT. The 
dimethyl sulfoxide was transferred to a 96-well plate and 
absorbance reading by spectrophotometry performed using 
an EL800 ELISA reader (BioTek Instruments, Winooski, 
VT, USA) at awavelength of 595 nm.34

The same process was carried out in the original cul-
ture wells, so cells that had migrated from the membrane 
to the bottom of the well were counted. A standard curve 
was constructed with known amounts of cells, ranging 
from 103 to 105. Both blank and standard cells underwent 
the same procedure.

Scanning Electron Microscopy
RMG–LZ, RMGT–LZ, and MC membranes were culti-
vated for 7 days with MSCs. Membranes were washed 
with 0.1 Mol/L sodium cacodylate buffer, pH 7.4 at 4°C. 
MSCs were fixed in Karnovski solution (2% glutaralde-
hyde, 4% paraformaldehyde, 1 mMol/L calcium chloride 
in 0.1 Mol/L cacodylate buffer, pH 7.2–7.4) for 1 hour and 
washed three times in 0.1 Mol/L sodium cacodylate buffer, 
pH 7.4. Membranes were dehydrated with crescent ethanol 
concentrations (30%, 50%, 70%, 90%, and 100% twice) 
for 10 minutes at each concentration, then critical point 
and gold coating were obtained.35 Images were obtained 
with scanning electron microscopy (SEM; JSM-6360LV; 
Jeol, Tokyo, Japan) for analysis of integration between 
cells and membranes and cell morphology on membrane 
surfaces.

Burn- and Membrane-Treatment 
Protocols in Preclinical Model
Seventy male Wistar R. norvegicus rats weighing 300 g 
were used to analyze cellulose membrane treatments (with 
and without MSCs), and initially all animals were sub-
mitted to the burn protocol.

In order to obtain second-degree burns, rats were 
anesthetized with ketamine (10 mg/kg) and xylazine (50 
mg/kg) intraperitoneally, had their dorsum shaved, and the 
skin was then exposed to an iron bar (heated at 100°C) for 

30 seconds.34 Each animal received two burns. After 48 
hours, animals were anesthetized and had lesions debrided 
for treatment application.

Rats were divided into four groups according to 
treatments:

control group — ten animals had both burns cleaned 
with sterile saline 0.9% and covered with gauze fixed with 
microporous tape around their abdomen;

RMGT–LZ group — 20 animals had one of their burns 
covered with RMGT–LZ membrane seeded with MSCs 
and on the other burn was placed RMGT–LZ membrane 
without MSCs;

RMG–LZ group — 20 animals had one of their burns 
covered with RMG–LZ membrane seeded with MSCs and 
on the other burn was placed RMG–LZ membrane without 
MSCs;

MC group — 20 animals had one of their burns covered 
with MC membrane seeded with MSCs and on the other burn 
was placed MC membrane without MSCs.

Half the animals were killed 5 days after treatment and 
the rest after 30 days. Wound measurements were recorded 
by scanned manual planimetry, and histological sections 
were taken for analysis of fragments.

Histopathological Analysis
The histological sections were stained with HE and ten 
fields at 400× magnification from each slide visualized 
under optical microscopy and scored. Qualitative analysis 
was performed identifying inflammatory cells (acute and 
chronic inflammatory infiltrates), vessels (vascular prolif-
eration), and epithelialization area, allowing the classifica-
tion of acute inflammation, chronic inflammation, 
epithelialization, and fibrosis at 5 and 30 days.

Collagen deposition in the injury area was quantified 
by Sirius red staining of 5- and 30-day histological sec-
tions. To perform the analysis, ten images of each sample 
were captured and processed using Image-Pro Plus 4.5 
(Media Cybernetics, Rockville, MD, USA), calculating 
the percentage of area occupied by red and yellow (col-
lagen I) and green (collagen III) fibers and scoring scar 
maturation.37

Immunocytochemistry Assays
A sample of MSCs used for seeding RMGT–LZ was labeled 
with BrdU (BD Bioscience) and DAPI (BD Bioscience) to 
label cell nuclei, both in accordance with the manufacturer. 
The burn protocol and treatment were applied to one rat to 
verify cell migration and proliferation in vivo. After 15 days, 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 836

Costa de Oliveira Souza et al                                                                                                                                     Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


the histological fragment of the treated wound was revealed 
by FITC–anti-BrdU (Sigma-Aldrich).

Statistical Analysis
R open-source software (R Foundation for Statistical 
Computing, Vienna, Austria) was used for statistical ana-
lyses and ANOVA to determine whether any differences 
between means were statistically significant (p≤0.05). 
Tukey’s test was applied to evaluate absolute differences 
between mean values of the samples in relation to controls 
(MC and RM) in vitro experiments. Scanned manual pla-
nimetry was calculated using AutoCAD (Autodesk, San 
Rafael, CA, USA) and analyzed by ANOVA and Tukey’s 
test. Histopathological evaluations and percentages of col-
lagen deposition were analyzed by Fisher’s test.

Results
Flow-Cytometry Analysis and 
Differentiation Assays
Flow-cytometry analysis demonstrated the isolated cells 
were CD34–, CD45–, CD73+, and CD90+ (Figure 1). 

They were able to differentiate in adipogenic (Figure 2A) 
and osteogenic cells (Figure 2B) in the well and on 
RMGT–LZ (Figure 2D and E). Controlled differentiation 
assays were done (Figure 2C and F).

Contact-Angle Measurements on 
Membranes
Contact-angle analysis was performed to evaluate the 
effect of the additives on cellulose-based membranes. 
The first effect was observed in the static contact angle), 
showing an increase after inclusion of gellan gum, tamar-
ind xyloglucan, and lysozyme. Tukey’s test showed a 
significant difference between modified membranes with 
the additives in relation to MC and RM (p<0.05), indicat-
ing an increase in hydrophobicity on surfaces of the 
RMG–LZ and RMGT–LZ (Figure 3A).

The second effect, related to roughness and heteroge-
neity in the membrane surfaces, was evaluated using 
advancing and receding contact-angle measurements (hys-
teretic analysis). The results are shown in Figure 3B, and 
significant difference between RMG–LZ and RMGT–LZ 

Figure 1 Biparametric graphs divided into four quadrants of results obtained by flow cytometry. Comparison between cell immunostainers is indicated in each graph.
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in relation to MC and RM (p<0.001) was observed. In 
addition, low statistical difference was observed between 
RMG–LZ and RMGT–LZ (p<0.05).

The inclusion of tamarind xyloglucan decreased 
RMGT–LZ wettability more than RMG–LZ and RM wett-
ability. These results demonstrated that the presence of 
hydrocolloids and protein changed the physical and che-
mical characteristics of the membrane surfaces, which can 
influence interactions between the adsorbent and the 

adsorbate, resulting in more spreading of DMEM and 
modulating adhesion and proliferation of the cells.

Adhesion and Proliferation Assays
The cell adhesion on membranes is presented in Figure 4A. 
Rates of cell adhesion remained between 5.8% (MC) and 9% 
(RMG–LZ). RMGT–LZ and RMG–LZ obtained signifi-
cantly better results than MC (p<0.05 and p<0.01).

Figure 2 Microscopy of isolated MSCs in culture flasks, 100×. (A) MSCs differentiated in adipocytes; (B) MSCs differentiated in osteocytes; (C) MSCs in standard cultivation 
medium; (D) MSCs differentiated in adipocytes on RMGT–LZ; (E) MSCs differentiated in osteocytes on RMGT–LZ; (F) MSCs in standard cultivation medium on RMGT–LZ. 
Abbreviations: MSCs, mesenchymal stem cells; RMGT–LZ, reconstituted cellulose membrane with 10% tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme.

Figure 3 Static (A) and hysteretic (B) contact-angle results of DMEM solution on membranes (*p≤0.05, ***p≤0.001). 
Abbreviations: MC, cellulose membrane; RM, reconstituted MC; RMG–LZ, RM with 10% gellan gum and 10% lysozyme; RMGT–LZ, RM with 10% tamarind xyloglucan plus 
gellan gum 1:1 and 10% lysozyme.
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Proliferation rates corresponded to 4.5×103 cells for MC, 
4.2×103 cells for RM, 8.8×103 cells for RMG–LZ, and 
12.4×103 cells for RMGT–LZ.There was a significant dif-
ference between RMG–LZ and RMGT–LZ (p<0.05) and a 
strongly significantdifference comparing both of them to MC 
and RM (p<0.01 and p<0.001, Figure 4B).

Cells were able to migrate from RMGT–LZ, RMG– 
LZ, and MC toward the bottom of the culture well and 
there was no significant difference among the rates 
(p>0.05): 249 cells for RMGT–LZ, 237 cells for RMG– 
LZ, and 242 cells for MC.

Scanning Electron Microscopy Analysis
SEM allowed morphological comparison of the entangle-
ment of cellulose fibers with the interposition of lysozyme 
in RMG–LZ and RMGT–LZ structures. The cellulose fibers 
of MC were approximately 100 nm thick. In contrast, the 
cellulose fibers of RMGT–LZ and RMG–LZ were 10–50 nm 
thick. The interaction between cells and membranes showed 
how the cells expanded, maintaining the normal morphology 
compatible with MSC characteristics (Figure 5).

Histopathological Analysis
Acute-inflammation analysis at 5 days (Figure 6A) pre-
sented no significant difference between the groups, 
despite a variation in percentages: means of accentuated 
and moderate acute inflammatory infiltrates were equal for 
all groups. Even so, there was a tendency of difference 
between the RMGT–LZ with and without MSCs compared 
to the control group, pointing to greater efficiency in 
inflammatory response (70% of cases were accentuated).

Following the evolution of acute inflammation in 30 
days (Figure 6B), RMGT–LZ groups with and without 
MSCs showed reduction in inflammatory infiltrates in 
90% samples from day 5. RMGT–LZ with MSCs showed 
acute inflammatory infiltrates discreet in 50% and absent 
in 40% of samples (p=0.02), and RMGT–LZ without 
MSCs reduced to discreet and absent in 80% and 10% of 
samples (p=0.03). MC with cells also showed good reso-
lution of the inflammatory process, in which 80% of 
samples evolved to discreet (p=0.02). The control group 
continued to present acute inflammatory infiltrates in 30% 
of samples.

Chronic inflammatory infiltrate cells were observed 
from day 5 (Figure 6C). They were moderately present 
in 60% of MC with MSCs (p=0.01), and after 30 days 
70% of samples had changed from moderate to discreet 
inflammatory infiltrates (p=0.02) (Figure 6D). It is impor-
tant to note that 70% and 60% of the RMGT–LZ groups 
with and without MSCs had no increase in inflammatory 
infiltrates in 30 days, remaining as discreet.

Vascular proliferation in 5 days (Figure 7A) presented 
a significant difference for RMG–LZ groups with and 
without MSCs (p=0.03), showing its better performance 
in the initial days following the burn. At the end of 30 
days (Figure 7B), the RMGT–LZ group presented com-
plete epithelialization in 90% of its samples, a significant 
result (p=0.02) compared to the control group. This 
showed the same pattern as in Figure 6A, indicating sam-
ples that presented accentuated acute inflammatory infil-
trate cells at day 5 also obtained a better rate of 
epithelialization (by microscopic evaluation).

Figure 4 Results of adhesion (A) and proliferation (B) of mesenchymal stem cells seeded on membranes (*p≤0.05, **p≤0.01, ***p≤0.001). 
Abbreviations: MC, cellulose membrane; RM, reconstituted MC; RMG–LZ, RM with 10% gellan gum and 10% lysozyme; RMGT–LZ, RM with 10% tamarind xyloglucan plus 
gellan gum 1:1 and 10% lysozyme.
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Digitalized manual planimetry result showed that 
the rate of reduction of the lesion area from day 5 to 
30 was on average 97% for RMGT–LZ, RMG–LZ and 
MC groups seeded with MSCs, 94% for all groups 
without MSCs, and 88% for the control group.A sig-
nificant difference occurred between groups seeded 
with MSCs and the control group (p=0.02). 

Macroscopic evolution can be observed in Figure 
7C–F.

The evolution of the healing process of the burn is 
evident in histological sections in Figure 8A–N) compar-
ing days 5 and 30 of all groups.

There was no significant difference between the 
deposition of type I and type III collagen at day 5 in the 

Figure 5 Scanning electron microscopy of membranes seeded with MSCs and comparison of MSC morphology on the membranes at different magnifications. In the images 
in the second column, the arrows point to the MSCs. In the images in the third column, the values of the width of some fibers are indicated, allowing the comparison of the 
mesh of each membrane and its possible relationship with cell interaction. 
Abbreviations: D1–4, fiber width; D5, cellular width; MSCs, mesenchymal stem cells; MC, cellulose membrane; RM, reconstituted MC; RMG–LZ, RM with 10% gellan gum 
and 10% lysozyme; RMGT–LZ, RM with 10% tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme.
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collagen area. However, at 30 days, all treatment groups 
showedequal type I collagen-deposition rates, significantly 
differing from the control group (p=0.03), and the MC 
group seeded with MSCs obtained a higher rate of type I 
collagen deposition than the control group (p=0.03; Table 
1, Figure 9A–D).

Immunocytochemistry Assays
Cells incorporate BrdU when performing mitosis in the 
S phase of chromosome duplication and continue to 
express this compound, which integrates the cell’s 
genetic material, because it is analogous to thymidine. 
After development, these cells appear with green mark-
ing. The joint blue marking corresponds to DAPI, 

which identifies cell nuclei. Immunocytochemistry 
showed that MSCs homed to inflamed tissue and pro-
liferated in vivo (Figure 10), indicating that MSCs 
seeded on RMGT–LZ acted effectively in the healing 
process.

Discussion
In this study, an experimental preclinical model of burn 
injury was used to evaluate the influence of nanostructured 
cellulose–gellan–xyloglucan–lysozyme dressings seeded 
(or not) with MSCs on different parameters of tissue heal-
ing. The first step was to isolate and analyze the MSCs 
from adipose tissue. Results of immunophenotyping by 
flow cytometry added to the capacity of differentiation in 

Figure 6 Acute inflammation analysis on days 5 (A) and 30 (B) and chronic inflammation analysis on days 5 (C) and 30 (D) (*p≤0.05, **p≤0.01). 
Abbreviations: MC, cellulose membrane; RM, reconstituted MC; RMG–LZ, RM with 10% gellan gum and 10% lysozyme; RMGT–LZ, RM with 10% tamarind xyloglucan plus 
gellan gum 1:1 and 10% lysozyme.
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adipogenic and osteogenic lines confirmed that the isolated 
cells were adipose tissue–derived MSCs.38,39

Herein, the cellulose-based membranes functioned as 
scaffolds, were cytocompatible, and supported cellular 
adhesion, proliferation, and differentiation. RMG–LZ and 
RMGT–LZ showed reasonable cell adhesion and the best 
rate of cell proliferation in relation to MC. This can be 
explained by the presence of gellan gum and lysozyme in 
the carboxyl and amine groups. As previously observed, 

these functional groups can work as cell-recognition 
receptors, favoring cell adhesion and proliferation.40

In this way, membrane surfaces are favorable to good 
adhesion for MSCs, and this was observed on SEM with 
MSCs added to membrane surfaces showing typical mor-
phology. The specific properties of each polymer can 
activate the secretion of cytokines and adhesive proteins, 
stimulating cell proliferation,41 so good adhesion can pro-
mote good proliferation, confirmed by the best 

Figure 7 Vascular proliferation results on day 5 (A) and epithelialization results on day 30 (B) (*p≤0.05). Photographs comparing the healing obtained after debridement and 
treatment. Photos of the control group on days 5 (C) and 30 (D); other photo of RMGT–LZ seeded with MSCs on days 5 (E) and 30 (F). The dotted circle indicates the scar 
area. 
Abbreviations: MSCs, mesenchymal stem cells; RMGT–LZ, reconstituted cellulose membrane with 10% tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme.
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proliferation rate achieved by RMGT–LZ and RMG–LZ. 
Some factors can explain this situation. First, the effect on 
charged surfaces by inclusion of gellan gum and lysozyme 
(observed in RMG–LZ and RMGT–LZ), and second, the 
morphology of the membranes after reconstitution of bac-
terial cellulose with additives by the casting process.

The first condition observed by the contact-angle 
results, showed that the inclusion of gellan gum, 

xyloglucan, and lysozyme made RMG–LZ and RMGT– 
LZ surfaces more hydrophobic than MC and RM. As such, 
modulating surfaces with bioactive functional groups can 
modify the affinity of MSCs to explore this substrate as 
wound dressing. In accordance with this observation, pre-
vious studies have indicated that cell adhesion is more 
effective on moderately wettable surfaces. This probably 
occurs because moderately wettable polymers show an 

Figure 8 Histological sections of the burns of all groups (100×, bar 100 µm), allowing comparison of the healing achieved by all groups 30 days after the burn and treatment. 
RMG–LZ with cells on days 5 (A) and 30 (B), RMG–LZ without cells on days 5 (C) and 30 (D), RMGT–LZ with cells on days 5 (E) and 30 (F), RMGT–LZ without cells on 
days 5 (G) and 30 (H), MC with cells on days 5 (I) and 30 (J), MC without cells on days 5 (K) and 30 (L), control on days 5 (M) and 30 (N). 
Abbreviations: MSCs, mesenchymal stem cells; MC, cellulose membrane; RMG–LZ, reconstituted MC with 10% gellan gum and 10% lysozyme; RMGT–LZ, reconstituted 
MC with 10% tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme.
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exchange of surface-bound proteins for cell-secreted pro-
teins, permitting the cells to produce and deposit their own 
adhering and spreading proteins. In addition, the authors 
observed that the interaction of the cell with the surface 
was reversible.42 Such an observation is interesting, 
because it allows the migration of MSCs from the mem-
brane to the wound, confirmed by the immunocytochem-
istry results and migration assays, in which MSCs seeded 
on MC, RMG–LZ, and RMGT–LZ were able to migrate 
toward the bottom compartment of the culture well and 

kept expanding, maintaining their viability and metabolic 
activity.

The second condition regarding MSC adhesion and 
proliferation can be explained by the results of contact- 
angle hysteresis. The increase in hysteresis of MC to 
RMG–LZ and RMGT–LZ indicated that the membrane 
surfaces with additives were rougher than the MC and 
RM. RMGT–LZ contact-angle hysteresis was significantly 
higher than the RMG–LZ, indicating a rougher surface. 
This result is consistent with the cell-proliferation rate, 

Table 1 Density of types I and III Collagen in the Collagen Area of the Scar

Collagen Density (%)

5 Days 30 Days

Type III Collagen Type I Collagen Type III Collagen Type I Collagen

RMG–LZ with MSCs 80 20 7 92

RMG–LZ without MSCs 79 21 6 94

RMGT–LZ with MSCs 81 19 4 95
RMGT–LZ without MSCs 82 18 8 91

MC with MSCs 79 20 4 97

MC without MSCs 80 19 5 94
Control 82 18 15 85

Abbreviations: MSCs, mesenchymal stem cells; MC, commercial cellulose membrane; RMG–LZ, reconstituted cellulose membrane with 10% gellan gum and 10% lysozyme; 
RMGT–LZ, reconstituted cellulose membrane with 10% tamarind xyloglucan plus gellan gum 1:1 and 10% lysozyme.

Figure 9 Microscopy of the collagen areas (400×, bar 50 µm) of the control group on days 5 (A) and 30 (B) and of MC with cells on days 5 (C) and 30 (D). 
Abbreviations: MC, cellulose membrane.
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which was significantly higher in RMGT–LZ than RMG– 
LZ and the controls (MC and RM). SEM revealed more 
rugged surfaces of RMGT–LZ and RMG–LZ, which 
facilitated cell adhesion and proliferation. A rough surface 
with appropriately sized grooves or pores allows the 
anchoring of biological components and surface-texture 
cell adhesion.43

This characteristic can be related to the size of the 
fibers and the way they are arranged. On SEM, it was 
possible to observe the meshes forming, showing the dif-
ference among membranes-fiber sizes and arrangement, 
MSC, morphology, and their interaction with membrane 
surfaces. Smaller fibers improved cell-proliferation capa-
city. MC fibers were approximately 100 nm thick, typical 
for bacterial cellulose fibers displaying a microstructured 
mesh. However, with the inclusion of hydrocolloids, there 
was a decrease in pores, possibly due to the interaction 
with hydrocolloids. RMGT–LZ and RMG–LZ were 
formed by fibers 10–50 nm in thickness. This is consistent 
with a previous study that compared biofilms composed of 
differently sized nanofibers, and the thinner oned were 
more efficient for cell growth.44

Cellulose nanofibers have a large contact surface, 
which simulates the collagen-fibril network, showing bio-
compatibility, low cytotoxicity, and specific physicochem-
ical characteristics, justifying its effective application in 
wound healing45 and tissue engineering associated with 
cell therapy.46,47 This allows a larger area of contact 

between membranes and MSCs and consequently to the 
injured surface.

As observed by SEM, MSC morphology was normal, 
similar to fibroblasts, presenting fusiform shape with digi-
tal expansions and standard colony formation48 for all the 
membranes. The cells expanded evenly, covering a wide 
area of RMGT–LZ, RMG–LZ, and MC surfaces, but cell 
growth was not so confluent on MC, consistent with the 
rates of adhesion and proliferation obtained. Nevertheless, 
a typical and effective cell-adhesion and -proliferation 
pattern was observed through cell morphology, indicating 
that all membranes were compatible with cellular devel-
opment and potentially suitable as substrates for cell cul-
ture. This result corroborates other studies that have 
already described the cytocompatibility of cellulose 
membranes.49,50

The results showed that MSCs were able to differenti-
ate on RMGT–LZ in adipogenic and osteogenic cells, 
which can be explained by the cross-linking density, por-
osity, and elasticity of the membrane, not interfering with 
the capacity of MSCs to differentiate into multiple cell 
types.51–53 It indicates that cellulose–gellan–xyloglucan– 
lysozyme membranes are good support for cell 
differentiation.

For in vivo assays, all groups presented acute inflam-
matory response in 5 days, which was expected, since 
early infiltration of neutrophils and subsequent accumula-
tion of macrophages and other immune cells in burned 
tissue characterizes the initial inflammatory response.54

In 70% RMGT–LZ samples, with and without MSCs, 
polymorphonuclear leukocytes were frequently detected, 
forming dense and juxtaposed aggregates, with no areas 
free of infiltrates, in 5 days. This is an important indication 
of healing, since neutrophils and monocytes play key roles 
in the inflammatory phase of wound repair, as they secrete 
proinflammatory cytokines and growth factors.55

The RMGT–LZ trend was confirmed on day 30 by the 
evolution of acute inflammatory infiltrates in this group, 
which showed a reduction in infiltrate level — from 
accented and moderate to discreet and absent in 50% and 
40%, respectively, of samples treated with MSCs — sug-
gesting acceleration of the inflammatory process. It is 
likely that the inclusion of xyloglucan in RMGT–LZ pro-
moted a load balance favorable to healing by stimulating 
cell growth and biological activity. It has been reported 
that xyloglucan has immunostimulating effects on mono-
cytes, promotes macrophage activation, and increases 
nitric oxide production, modulating the inflammatory 

Figure 10 Microscopy of the injured area after 15 days of healing, showing MSCs 
that have migrated from RMGT–LZ to the wound. These MSCs express BrdU 
(green fluorescence) and have the nuclei marked by DAPI (blue fluorescence). 
100×. Yellow circles indicate these cells. 
Abbreviations: BrdU, bromodeoxyuridine; MSCs, mesenchymal stem cells; 
RMGT–LZ, reconstituted cellulose membrane with 10% tamarind xyloglucan plus 
gellan gum 1:1 and 10% lysozyme.
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cascade.56 It was also capable of activating PLCγ, Src, and 
β-catenin and phosphorylating MAPK (STAT6 and 
STAT2), and PLCγ, CREB, cJun, eNOS, and p70S6. 
Most of these kinases and genes regulate cell survival, 
growth, and nutrition, but STAT2 is commonly involved 
in IFN-mediated immunoresponse.57

It is interesting to note that the MC with cells showed a 
significant evolution from days 5 to the 30, whereby 80% 
of the samples that had had acute inflammatory infiltrates 
between accentuated and moderate evolved to discreet and 
only 20% remained moderate, pointing to the presence of 
the MSCs on MC (and RMGT–LZ) being decisive in 
faster resolution of acute inflammatory infiltrates over 30 
days due to their immunomodulatory properties and para-
crine anti-inflammatory activity.58,59

The presence of acute inflammatory infiltrate cells in 
the first 10 days and the beginning of chronic inflamma-
tion characteristics from this period have been reported.60 

Herein, the presence of chronic inflammatory cells was 
discreet for most groups on day 5; however, in the MC 
group with MSCs, they were significantly identified, pre-
senting fibroblasts and monomorphonuclear infiltrate cells 
with medium frequency, constituting dense aggregates, but 
keeping areas free of infiltration in 60% of samples. Once 
again, the immunomodulatory activity of MSCs interfered 
with this result.

The evolution of chronic inflammatory infiltrates was 
maintained in 30 days for the MC group with MSCs, 
presenting reduction in infiltrate levels from moderate to 
discreet in 70% of samples, showing the efficiency of this 
treatment.

RMGT–LZ with and without MSCs showed an inter-
esting evolution in chronic inflammatory infiltrates, since 
70% and 60% of their samples had no increase in inflam-
matory infiltrates in 30 days, remaining discreet. 
Resolution of the inflammatory process in the acute 
phase may have been influenced by the anti-inflammatory 
properties of xyloglucan, which has activity in mast-cell 
degranulation, interferes in the activity of such mediators 
as histamine and PGE2, and can decrease proinflammatory 
cytokine IL1β and IL6 release.61,62

Inflammatory response results for the groups treated with 
the dressings showed better performance than the control 
group, especially when seeded with MSCs. This occurred 
because cellulose membranes promote a moist environment 
conducive to healing, allowing gas exchange, avoiding infec-
tions through preventing the passage of microorganisms, 
stimulating the granulation process, and reducing pain.63,64 

These benefits are enhanced by MSCs’ anti-inflammatory 
and immunosuppressive effects, producing inhibitory factors 
such as as iNOS, indoleamine 2,3-dioxygenase, PGE2, 
TSG6, TGFβ, HO1, MIG,65 reducing chemokine productio 
and thus decreasing the recruitment of peripheral 
leukocytes,59 with MSCs shifting from the production of 
proinflammatory to anti-inflammatory cytokines at the site 
of injury and suppressing lymphocyte alloreactivity.66

On evaluation of vascular proliferation on day 5, the 
RMG–LZ groups obtained more pronounced results than 
the others, suggesting that the biofilm played an impor-
tant role in these data. Gellan-gum incorporation was 
different between these groups. Gellan gum has no anti-
genic effects and does not directly stimulate the forma-
tion of new vessels;67 however, it has a positive effect on 
fibroblast adhesion and proliferation.68,69 Cells have a 
negative charge on the extracellular matrix and appear 
to have a greater preference for apolar and hydrophobic 
surfaces, so RMG–LZ possibly stimulated fibroblast 
growth at the burn site. Fibroblasts play a fundamental 
role in the angiogenesis process, secreting growth factors 
and producing matrix proteins that act in regulating the 
emergence of endothelial cells, stimulating the formation 
of lumenized tubular structures and the expansion of 
capillary networks.70 In a previous study, gellan-gum 
dressings were able to accelerate the healing process, 
promoting early overall revascularization and ensuring 
nourishment of neoformed tissue.16 In seeded mem-
branes, MSC activity should be considered, reducing 
the amount of inflammatory infiltrates on lesion surfaces 
and promoting formation of new blood vessels and gran-
ulation tissue.71 MSCs are incorporated into capillary 
walls, expressing an endothelial phenotype and enhan-
cing local vasculature,72 then by either direct differentia-
tion or production and secretion of multiple paracrine 
proangiogenic factors, improve angiogenesis.73,74

RMGT–LZ groups with and without MSCs were the 
most efficient in cell-proliferation and in vivo assays. 
Results showed stimulation of burned-area epithelializa-
tion, presenting complete epithelialization in 90% of sam-
ples analyzed on the day 30. This indicates that the 
incorporation of tamarind xyloglucan in cellulose mem-
brane used in this group influenced lesion epithelialization. 
The use of this biomaterial coverage alone is able to 
accelerate this process, involving the induction of repara-
tive anti-inflammatory IL10 and M2-like macrophages, as 
well as the reduction of inflammatory cytokine TNFα and 
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M1-like macrophages at the late inflammatory phase of 
burn-wound healing.75

The MC group seeded with MSCs obtained total 
epithelialization in 80% of samples, indicating that MSC 
presence also influenced accelerated epithelialization. This 
is explained by the migration capacity of MSCs from the 
curative membrane to underlying tissue comprised of 
neoepiderm and neoderma of the injured area, promoting 
higher density of blood vessels and acceleration of ree-
pithelialization and keratinization.76 In addition, as the 
membrane is kept until the end of healing process without 
a need for exchange, the reepithelized area remains intact, 
accelerating tissue repair.77

There is an intimate relationship between epithelializa-
tion, collagen deposition, and fibroblast proliferation. This 
process is fundamental for burned-area recovery. During 
healing dynamics, collagen synthesis begins on day 3, 
peaks at 3–6 weeks, then undergoes remodeling. Type III 
collagen is initially synthesized and deposited, being gra-
dually replaced by type I collagen as maturation of scar 
tissue occurs,78 which is shown in the microscopy of the 
collagen areas.

The density of type I and type III collagen was statis-
tically equal for all groups in 5 days, but in 30 days all the 
treatment groups obtained better performance in the 
deposition of type III collagen, indicating better evolution 
of the healing process in the presence of the dressing. This 
result was more pronounced for MC with MSCs and also 
more efficient in deposition of type I collagen than the 
control group, indicating greater scar maturation in the 
presence of MSCs. This can be explained by MSCs stimu-
lating dermal fibroblast migration and induce type I col-
lagen secretion, accelerating granulation-tissue formation 
and increasing collagen deposition by direct mechanisms, 
such as differentiation in myofibroblasts and paracrine 
effects, such as growth-factor production, promoting pro-
liferation and activity of fibroblasts.79,80 Fibroblasts are 
the main cells found in granulation tissue, and they secrete 
type III collagen and elastin, which together with type I 
collagen are important components of the extracellular 
matrix, so they play a key role in the healing process.81,82 

In addition, the environment promoted by the dressing is 
favorable to healing.

By comparing the microscopic images of days 5 and 
30, resolution of the healing process is evident. The high 
compaction of collagen fibers in the dermis and color 
change inthe tissue (giving the cells a basophilic charac-
teristic) had given rise to tissue with repaired epidermis, 

fibroblast accumulation, and neovascularization. 
Inflammatory cells constituted of dense and juxtaposed 
aggregates begin to allow the visualization of free areas, 
with isolated inflammatory cells, exhibiting a few (or 
none) macrophages, lymphocytes, and plasma cells.83

All groups samples seeded with MSCs had a significant 
reduction in wound area (about 97%) compared to the 
control group (about 88%), which was treated only with 
gauze cover on the burn, reflecting a difference of 10%. 
MSCs effectively improve the healing process by promot-
ing angiogenesis and vascularization, modulating immu-
noresponse, and inducing epithelialization in the injured 
area.84 Myofibroblasts, mesenchymal cells exhibiting 
hybrid phenotype, with fibroblast and smooth muscle– 
cell characteristics that present high expression of α-actin 
isoforms, may have stimulated the process of reduction in 
burned areas by contraction capacity, using the smooth 
muscle actin–myosin complex, which can accelerate heal-
ing by contracting the edges of the lesion.85

Therefore, the interface between wound and dressing 
provides a favorable environment for epithelial cells and 
keratinocyte migration, restoring skin integrity. The pre-
sence of MSCs on membranes assisted dermal prolifera-
tion of fibroblasts, significantly accelerating reduction of 
the injured area and avoiding hypertrophic scar formation. 
The use of scaffolding materials and MSCs resulted in 
functional healing, less deformity, effective vasculariza-
tion, and more aesthetic outcomes for skin wounds.86

A common feature of RMG–LZ and RMGT–LZ, 
besides the nanostructured cellulose mesh, was the incor-
poration of lysozyme, which is a natural enzyme with 
strong antimicrobial activity against a broad spectrum of 
Gram-positive bacteria, some Gram-negative bacteria, and 
fungi.87 Bacterial cellulose nanofibers form an ultrafine 
and porous network architecture that facilitates the incor-
poration of lysozyme and its stability maintenance.88 

Then, lysozyme activity may contribute to the mainte-
nance of a microenvironment free of contamination and 
consequent acceleration of the healing process.

Immunocytochemical results proved that MSCs that 
migrated from the RMGT–LZ dressing to the burned tis-
sue proliferated and provided therapeutic support, contri-
buting to the healing process in a shorter period. 
Presumably, MSCs secreted a dynamic assortment of 
bioactive cytokines, trophic factors, and anti-inflammatory 
molecules,89 which backs their activity in the healing 
process.
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According to this study’s results, the groups that 
obtained the best results in cell in vitro assays also showed 
the best performances in vivo. Nanostructured cellulose– 
gellan–xyloglucan–lysozyme dressings seeded with MSCs 
improved several steps of the healing process and repre-
sent a promising alternative in treatment of burn injuries.

Conclusion
This study indicates the potential of exploring bacterial 
cellulose membranes blended with gellan gum, tamarind 
xyloglucan, and lysozyme as wound dressing. The inclu-
sion of these additives on the celluloe matrix modified the 
hydrophilicity and modulated the surface of the mem-
branes with the presence of bioactive functional groups, 
also resulting in different affinity of MSCs with biocura-
tive effects. In addition, RMG–LZ and RMGT–LZ 
obtained the best results in vitro and in vivo. MSCs 
positively interfered in the healing process of the burns. 
The membranes seeded with MSCs improved the healing 
process, reduced acute/chronic inflammatory infiltrates, 
accelerated resolution of the inflammatory process, 
increased vascular proliferation, and stimulated epithelia-
lization and a higher rate of collagen deposition, reducing 
the wound area in less time, and collagen deposition.

Cell therapy associated with nanostructured cellulose– 
gellan–xyloglucan–lysozyme dressings was an efficient 
treatment in the regeneration of deep second-degree burns.
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