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ABSTRACT
Dressing biomaterials play a key role in wound management keeping a moisture medium and protect-
ing against external factors. Natural and synthetic materials could be used as dressings where chitosan
and bacterial cellulose is one of the most important solutions. These biopolymers have been used for
wound dressing based on their non-toxic, biodegradable, and biocompatible features. In this study,
biocomposites based on bacterial cellulose and chitosan membranes tailored with antimicrobial loaded
poly(N-isopropylacrylamide)/polyvinyl alcohol nanoparticles were prepared. Core-shell polymeric nano-
particles, bacterial cellulose/chitosan membranes, and biocomposites were independently loaded with
silver sulfadiazine, a well-known sulfonamide antibacterial agent used in the therapy of mild-to-moder-
ate infections for sensitive organisms. The chemistry, structure, morphology, and size distribution were
investigated by Fourier transformed infrared spectroscopy (FTIR-ATR), RAMAN spectroscopy, Scanning
electron (SEM) and Transmission electron microscopy (TEM), and Dynamic light scattering (DLS). In
vitro release behaviors of silver sulfadiazine from polymeric nanoparticles and biocomposites were
investigated. The biological investigations revealed good biocompatibility of both the nanoparticles
and the biocomposites in terms of human dermal fibroblasts viability and proliferation potential.
Finally, the drug-loaded polymeric biomaterials showed promising characteristics, proving their high
potential as an alternative support to develop a biocompatible and antibacterial wound dressing.
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1. Introduction

The last decades brought rapid progress of biomedical poly-
meric materials field which addresses both natural and syn-
thetic polymers. New approaches try to overcome daily
medical challenges, such as drug delivery systems, tissue
engineering, or wound dressing. The wounds are generally
regarded as a disruption of the skin epithelial cells continu-
ity. The healing process represents a dynamic and complex
interaction between cells, growth factors, blood, or extracel-
lular matrix. In some clinical conditions, such as diabetes or
extended cancers dermal wounds like ulcers, burns or even
surgical cuts frequently do not heal and become a problem
that demands dedicated clinical care. Without such an
approach these wounds can lead to delayed healing, infec-
tions, and many other conditions that may lead to amputa-
tion. With this respect, wound dressings evolved in recent
years to meet the requirements for modern tissue repair and
regeneration. The repairing process requires several steps,

such as coagulation, inflammation, proliferation, and matur-
ation. To accomplish these steps and to avoid the microor-
ganisms’ invasion into the wound, the use of an appropriate
dressing is crucial (Robson et al., 2001; Eming et al., 2002;
Czaja et al., 2007; Dhivya et al., 2015). The selection of proper
materials for designing wound dressing is essential for reach-
ing fast healing. Natural polymers, such as microbial derivate
polysaccharides (i.e. alginate, dextran, chitosan, bacterial cel-
lulose) (Ahmad et al., 2015; Moscovici, 2015; Fu et al., 2016;
Liu et al., 2017; Qi et al., 2021) exhibit promising physical,
chemical, and biological properties. These advantages pro-
mote them for particularly usage in different biomedical
applications like soft tissue engineering, meshes, membranes,
or drug delivery (Rinaudo, 2006; Andrade et al., 2010;
Bhattarai et al., 2010; B€ackdahl et al., 2011; Almeida et al.,
2014; Scherner et al., 2014; Elieh-Ali-Komi & Hamblin, 2016).
There are various types of wound dressing systems that
enable multiple approaches, such as self-assembling,
antibacterial property, injectable, compressive/stretchable, or
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conductive. All these approaches demonstrated excellent
repair activity with respect to classic wound dressing sys-
tems. In this regard, natural and natural-derived polymers
have gained a central role in designing such wound dressing
successful capabilities (Qu et al., 2018; Li et al., 2020;
Zhang et al., 2020; Al-Kaabi et al., 2021; Liang et al., 2021;
Zhao et al., 2021).

Among these natural polymers, chitosan, and especially
bacterial cellulose (BC) proved to be efficient solutions for
the treatment of chronic wounds and burns (Czaja et al.,
2006; Cui et al., 2011; Jayakumar et al., 2011; Wen et al.,
2015; F€ursatz et al., 2018; Portela et al., 2019; Al-Musawi et
al., 2020). They can maintain a moist environment at the
wound surface, remove the wound excess exudates, prevent
infection, or allow water and gases to exchange (Al-Musawi
et al., 2020). The chitin and its derivate, chitosan, have sev-
eral biomedical application requirements, such as biocom-
patibility, biodegradability, non-toxicity, or hydration (Al-
Musawi et al., 2020). Chitosan has numerous advantages for
biomedical applications, such as biocompatibility and bio-
degradability, antimicrobial, antioxidant, and anticancer prop-
erties (Singh & Ray, 2000; Zhao et al., 2018; Del Prado-Audelo
et al., 2020). Chitosan can provide a non-protein matrix for
tissue growth in a 3D manner and activates macrophages. It
was proved that chitosan can accelerate the regeneration of
various tissues with wound contraction (Kevin et al., 1999;
Del Prado-Audelo et al., 2020) by stimulating inflammatory
cells, macrophages, and fibroblasts. Furthermore, chitosan
exhibits a hemostatic behavior for blood clotting and
reduces pain by blocking nerve ending (Ong et al., 2008;
Radwan-Pragłowska et al., 2019). The hemostatic properties
could be attributed to the positive charge of chitosan,
whereas the red blood cells are negatively charged.
Therefore, these cells could interact with chitosan macromo-
lecules by electrostatic interactions. Finally, it is worth men-
tioning that chitosan can be easily processed into hydrogels,
membranes, fibers or sponges making it a very attractive bio-
material for various applications in the biomedical field
(Portero et al., 2007; Nagahama et al., 2008; Jayakumar et al.,
2009; Peter et al., 2010; Hasan et al., 2020).

Bacterial cellulose has been obtained from an exopolysac-
charide by Komagataeibacter xylinus bacteria for different
applications, but especially for the medical field. It is
obtained in pure form as compared to plant cellulose which
contains lignin, pectin, and hemicellulose. It is a unique poly-
saccharide among natural microbial polymers due to its spe-
cial structural features and physico-mechanical properties.
The unique structure based on a fibril network has a special
3D arrangement capable to produce multilayers of bacterial
cellulose with high surface area and high porosity (Ul-Islam
et al., 2012; Weyell et al., 2019; Muthu & Rathinamoorthy,
2021). Based on its special mechanical (tensile) and chemical
properties, bacterial cellulose can provide a high wound
dressing protection by immediately wound closure. Another
important characteristic of bacterial cellulose is related to its
biocompatibility, permeability and maintaining wound
hydrated and safe from infection. Besides skin problems as
an acute or chronic wound, skin burns are considered highly

complex injuries with intense damaging of skin tissue. In
2016, American Burn Association reported almost 500,000
burn injuries with roughly 40,000 hospitalizations. In the case
of burns, the literature data on bacterial cellulose used as
wound dressing provided successfully healing results by
faster re-epithelization of wound (Balasubramani et al., 2001;
Malcolm Brown & Saxena, 2007; Sulaeva et al., 2015; Weyell
et al., 2019; Zheng et al., 2020). Wound dressings based on
bacterial cellulose biomaterials are currently used or applied
in infected and diabetic wounds, burns, cancer lesions, skin
trauma, revealing exceptional therapeutic effects on promot-
ing wound healing (Kuci�nska-Lipka et al., 2015; Sulaeva et al.,
2015; Portela et al., 2019; Ahmed et al., 2020; He et al., 2020;
Zheng et al., 2020; Asanarong et al., 2021).

In this context, the paper aims to develop novel wound
dressing biocomposites able to substitute the classic dress-
ings by offering complex therapy management through the
synergistic effect of the bacterial cellulose/chitosan mem-
brane and delivery of an active compound at the wound
site. The membrane support as a wound dressing can exhibit
adequately prolonged close contact between dressing and
skin area around the wound. The proposed membrane sup-
port exhibits adequately prolonged close contact between
the dressing and the injured skin area while the entrapped
core-shell nanoparticles proposed in this model provide a
controlled release of active principles for antibacterial protec-
tion and acceleration of wound repair.

2. Materials and methods

2.1. Materials

Low molecular weight chitosan (50,000–190,000Da) with a
75% percent of deacetylation, anhydrous calcium chloride,
sodium hydroxide, polyvinyl alcohol (PVA) with 88% hydroly-
sis degree (88,000Da), N-isopropylacrylamide (NIPAM),
methyl oleate (MO), and potassium persulfate initiator were
purchased from Sigma–Aldrich, 3050 Spruce Street, St. Louis,
MO 63103, USA. Bacterial cellulose (BC) was provided by
National Chemical-Pharmaceutical for Research and
Development Institute, Bucharest, Romania. Silver sulfadia-
zine drug was purchased from ACROS Organics, New
Jersey, USA.

2.2. Synthesis of poly(N-isopropylacrylamide)
nanoparticles

The synthesis of poly(N-isopropylacrylamide)/polyvinyl alco-
hol/methyl oleate (PNIPAM/PVA/MO) nanoparticles is based
on a radical polymerization mechanism of the corresponding
monomer and polyvinyl alcohol (PVA) and methyl oleate
(MO). Briefly, aqueous solutions of polyvinyl alcohol (0.5 and
5wt. % concentration) were prepared. In the meantime,
aqueous solutions of N-isopropylacrylamide monomer
(NIPAM) with 0.5 and 5wt. % concentration was prepared,
and the potassium persulfate initiator (KPS) was dissolved
accordingly. Solutions of NIPAM/PVA 5wt. % and NIPAM/PVA
0.5wt. % were prepared by stirring for 2–3 h. After obtaining
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NIPAM/PVA 0.5 and 5% solutions, the mixtures were divided
into four parts and methyl oleate (MO) was added in ratios
0.125, 0.25, 0.5, and 1 v/v within the mixture (Table 1). N-iso-
propylacrylamide/polyvinyl alcohol/methyl oleate (NIPAM/
PVA/MO) solutions were subjected to vigorous stirring for
12 h to prepare the nanoparticles suspension. The NIPAM/
PVA/MO nanoparticles suspension was heated at 60 �C for
4–5 h for NIPAM grafting and final stabilization of nanopar-
ticles suspension. The final systems were obtained as core-
shell nanocapsules with a methyl oleate core, PVA interfacial
stabilizer, and PNIPAM as a polymeric shell. The layered
core-shell structuration is beneficial to get nanocarriers
with surface entrapped drugs for higher release efficiency (Li
et al., 2009).

2.3. Drug loading of PNIPAM/PVA/MO nanoparticles

The prepared PNIPAM/PVA/MO nanoparticles with various
polymer and methyl oleate concentrations were loaded with
silver sulfadiazine, an antimicrobial agent for skin infections
(Hussain & Ferguson, 2006; Munteanu et al., 2016). The silver
sulfadiazine drug was added into PNIPAM/PVA/MO nanopar-
ticles suspension under vigorous stirring for 12 h. Afterward,
the drug-loaded PNIPAM/PVA/MO nanoparticles suspension
was dried at 60 �C for 24 h for water removal and nanopar-
ticles recovery.

2.4. Preparation of bacterial cellulose/
chitosan membranes

Preparation of polymeric membranes starts from chitosan
aqueous solution and bacterial cellulose aqueous dispersion
(Figure 1). Briefly, a low molecular weight chitosan solution
(7wt. %) was prepared in an aqueous acid medium with a

ratio of 1/10 (v/v) of hydrochloric acid/distilled water in 4 h
at 60 �C. The acid medium is more suitable for obtaining chi-
tosan solution with a transparent aspect and a higher con-
centration. The bacterial cellulose was prepared as an
aqueous dispersion of BC microparticles by micro-fluidization
technique, where a high-pressure homogenization process
was applied with several recirculation steps. BC suspension
was subjected to heating-cooling cycles (3–4 cycles: �20/
60 �C) for high concentration (4%) and water evaporation.
The viscous solution of chitosan and BC dispersion in ratios
of 85/15 w/w were mixed for 1 h. The resulted mixture was
cast onto glass flasks to obtain membranes. In parallel, 5%
sodium hydroxide and 10% calcium chloride solutions were
prepared (ratio 2:1 to the membrane mass (v/w). The sodium
hydroxide solution was dropwise added onto BC/chitosan
mixture to induce chitosan cross-linking and BC basic treat-
ment for 10min. Afterward, the sodium hydroxide solution
was removed, and the calcium chloride solution was drop-
wise added for precipitation of previously treated BC for
10min. The obtained BC/chitosan membranes were thor-
oughly washed with water to remove the remaining salts.

2.5. Preparation of biocomposites based on BC/chitosan
membranes tailored with drug-loaded PNIPAM/PVA/
MO nanoparticles

The drug entrapped biocomposites were obtained by the
previously described method. The suspension of drug-loaded
PNIPAM/PVA/MO nanoparticles was added during the stirring
step of viscous chitosan solution and BC particles suspension
(Figure 1). This time, all the three parts, chitosan solution, BC
dispersion, and drug-loaded nanoparticles were mixed, fol-
lowed by casting on glass plates. Finally, they were subjected
to treatment in sodium hydroxide and calcium chloride

Table 1. Recipes for biocomposites’ preparation.

Sample no. BC/chitosan ratio w/w (BC/chitosan)/Nanoparticles ratio w/w Nanoparticles: NIPAM/PVA conc (%) Methyl oleate (%)

S7 15/85 85/15 0.5 0.125
S8 15/85 85/15 5 0.125
S9 15/85 70/30 0.5 0.125
S10 15/85 70/30 5 0.125

Figure 1. Steps in the preparation of BC/chitosan biocomposites tailored with drug-loaded PNIPAM nanoparticles.
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solution for 10min (Figure 1). The biocomposites were thor-
oughly washed with distilled water to remove the remaining
salts and then subjected to characterization by vari-
ous methods.

2.6. Characterization methods

2.6.1. FTIR and RAMAN
FTIR spectra of native and treated bacterial cellulose (BC),
native and treated chitosan, and BC/chitosan membranes
were recorded on a Bruker Vertex 70 FT-IR spectrophotom-
eter with attenuated total reflectance (ATR) accessory with
32 scans and 4 cm�1 resolutions in the mid-IR region. Raman
spectra were recorded on a DXR Raman microscope, from
Thermo Fisher Scientific. The excitation laser wavelength was
532 nm using a laser power of 14mW. The Raman spectra
were collected in the range of 100–3200 cm�1 with a rele-
vant display in the range 800–1750 cm�1.

2.6.2. Morphological characterization by scanning elec-
tron microscopy (SEM) and transmission electron
microscopy (TEM)

The size and morphology of the nanoparticles together with
membrane morphological characteristics were investigated
by Scanning Electron Microscopy (SEM) using a Quanta
Inspect F50, with a field emission gun (FEG) having 1.2 nm
resolution and an Energy Dispersive X-ray Spectrometer
(EDXS) having 133 eV resolution at MnKa. Morphology, geo-
metrical evaluation (size and shape) of nanostructural charac-
teristics of the core-shell constructs were investigated by
high-resolution transmission electron microscopy (HR-TEM)
and selected area electron diffraction (SAED) using a TECNAI
F30 G2 S-TWIN microscope operated at 300 kV with Energy
Dispersive X-ray Analysis (EDAX) facility.

2.6.3. XRD analysis
X-ray diffraction (XRD) spectra were registered on a
Panalytical X’PERT MPD X-ray Diffractometer, in the range,
2h¼ 10–80. An X-ray beam characteristic of Cu Ka radiation
was used (k¼ 1.5418Å).

2.6.4. Swelling measurements
The swelling behavior of the biocomposites was evaluated in
saline solution at 37 �C. The weight changes of the samples
were recorded at regular time intervals during swelling. The
swelling degree of the hydrogels was determined according
to the following equation:

SD ¼ Wt�Wo

W0
� 100% (1)

where Wt and W0 denote the weight of the wet hydrogel at
a predetermined time and the weight of the dry sample,
respectively. The equilibrium swelling degrees (ESD) were
measured until the weight of the swollen hydrogels was con-
stant. At least three swelling measurements were performed
for each sample and the mean values were reported.

Furthermore, gel fraction experiments were performed by
leaching tests.

The gel fraction (GF) of the samples was determined
according to the following equation (Wong et al., 2015):

GF ¼ Wf

W0
� 100% (2)

where Wf denotes the weight of the dried sample after water
extraction.

2.6.5. Evaluation of the rheological properties
Rheological tests have been performed with a rotational rhe-
ometer Kinexus Pro, Malvern Instruments, and a temperature
control unit. In oscillating mode, a parallel plate and a geo-
metric measuring system have been used, and the gap has
been set according to the force value. The tests were per-
formed on samples of 20mm diameter with parallel plate
geometry in a frequency range of 1–20Hz. Shear viscosity
measurements were performed at a fixed shear rate
of 0.1 s�1.

2.6.6. Evaluation of the static mechanical properties by
tensile tests

Mechanical tensile tests were performed on an Instron 2519-
107 Universal testing machine equipped with a 5 kN load
cell. The measurements were done at room temperature on
dumbbell specimens with a crosshead rate of 10mm/min.
Data were collected for at least three specimens for each
sample with 0.5% accuracy of force measurement and pos-
ition accuracy of 0.001mm. Specimens were prepared
according to ISO 527-2012 (overall length 75mm, gauge
length 25mm, width 5mm, and thickness 2mm) (Hervy et
al., 2017).

2.6.7. Dynamic light scattering and zeta potential
The size distribution and zeta potential were investigated by
Dynamic Light Scattering (DLS) using a Zetasizer Malvern
DLS device. Data were collected for PNIPAM nanoparticles
obtained from 0.5 and 5wt. % polymer concentration.

2.6.8. Drug encapsulation and in vitro release behavior
The silver sulfadiazine encapsulation within both nanopar-
ticles and BC/chitosan membranes followed two pathways: in
the case of nanoparticles, the drug was dissolved into
Phosphate buffer saline (potassium phosphate/sodium
hydroxide) (PBS) solution (pH 7.45). The drug solution con-
centration was: 0.1mg/mL for nanoparticles from 5% poly-
mer concentration and 0.05mg/mL for nanoparticles from
0.5% polymer concentration. The dried nanoparticles were
added to the drug solution (0.1 g of nanoparticles/mL of
drug solution). The resulted nanoparticle suspension was
stirred for 24 h. Finally, the nanoparticles were separated by
filtration. In the second case, the dried bacterial cellulose/chi-
tosan membrane was immersed into drug solution and the
encapsulation took place by swelling. For both cases, the
encapsulation evaluation was done by UV–VIS analysis of the
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drug that remained in the solution. In vitro release behaviors
of silver sulfadiazine from PNIPAM/PVA/MO nanoparticles
and biocomposites were evaluated in time. Briefly, the dried
loaded PNIPAM/PVA/MO nanoparticles and subsequently
membrane biocomposites were entrapped in a cellulose
membrane, immersed in 50mL of PBS (0.01M, pH 5 to repro-
duce the skin pH), and incubated in a precision water bath
(orbital mixer Benchmark Scientific) at 400 rpm and 37 �C.
Aliquots (5mL) containing a mixture of PBS and released
drug were collected at defined time points and the release
medium was refreshed with the addition of an equal amount
of fresh PBS after each withdrawal to maintain the total vol-
ume of the sample constant. The silver sulfadiazine release
profiles from nanoparticles and biocomposites were eval-
uated by UV-VIS spectroscopy.

2.7. Cell culture model

Considering the final application of the novel biocomposites
in the field of wound healing, human dermal fibroblasts
(CCD-1070Sk, ATCCVR CRL-2091) were used as in vitro cell cul-
ture model to screen the cytotoxicity potential of the devel-
oped nanoparticles and to evaluate the biocompatibility of
the proposed biomaterials. In this view, CCD-1070Sk human
dermal fibroblasts were grown in Minimum Essential Medium
(MEM), supplemented with 1% (v/v) penicillin/streptomycin
(10,000U/mL penicillin and 10mg/mL streptomycin) and 10%
(v/v) fetal bovine serum (FBS) in a humidified atmosphere of
5% CO2, at 37 �C. The culture medium was refreshed every
two days and cells were split 1:3 weekly, by trypsin/
EDTA treatment.

2.8. Core-shell polymeric nanoparticles
cytotoxicity screening

The cytotoxic potential of the poly(N-isopropylacrylamide)/
polyvinyl alcohol nanoparticles was investigated after 24 and
48 h of treatment with pristine PNIPAM/PVA/MO. In this view,
104 cells/cm2 were seeded in well plates and allowed to
adhere to the substrate for 24 h. The next day, the culture
media were exchanged with the following PNIPAM/PVA/MO
dilutions prepared in complete culture medium: 20, 15, 10,
7.5, and 5mg/ml. These treatments were applied 24 h post-
seeding and maintained for 24 and 48 h.

2.8.1. MTT assay
To evaluate the amount of the metabolically active cells as a
measure of cell viability under the treatment with various
concentrations of PNIPAM/PVA/MO, a quantitative spectro-
photometric MTT assay was employed. Briefly, after 24 and
48 h of treatment, cell culture media were harvested and the
CCD-1070Sk monolayers were washed with a serum-free cul-
ture medium. The samples were then incubated for 4 h at
37 �C in 1mg/ml MTT solution. After this step, the formazan
crystals produced by the metabolically active cells were solu-
bilized in DMSO. The absorbance of the resulting solutions
was determined at 550 nm by using FlexStation III multimode

microplate reader (Molecular Devices). An untreated control
was prepared following the same procedure and used as
a reference.

2.8.2. Live and dead fluorescence microscopy assay
This test was employed as an additional viability investiga-
tion to evaluate the ratio between the living and the dead
cells. In this view, after 24 and 48 h of treatment, cell culture
media were harvested and the CCD-1070Sk monolayers were
washed with a serum-free culture medium. A mixed solution
of calceinAM and ethidium bromide was prepared according
to the manufacturer’s recommendations (LIVE/DEAD Assay,
ThermoFischer Scientific, Waltham, MA, USA). All the samples,
including the untreated reference, were incubated for 30min
at room temperature and darkness with this staining solu-
tion. In the end, the monolayers were investigated using an
Olympus IX73 inverted fluorescence microscope and
CellSense imaging software for image capturing.

2.8.3. Lactate dehydrogenase activity (LDH assay)
The cytotoxic potential of the PNIPAM/PVA/MO on CCD-
1070Sk human dermal fibroblasts was investigated by spec-
trophotometric evaluation of Lactate Dehydrogenase (LDH)
activity in the culture media after 24 and 48 h of treatment.
Briefly, 500 ml of culture media were harvested at the above-
mentioned time points and mixed with the components of
the In Vitro Toxicology Assay Kit (TOX-7 kit, Sigma Aldrich,
Saint Louis, MO, USA) according to the manufacturer’s
instructions. After 20min of incubation in darkness at room
temperature, the absorbance of the samples was determined
at 490 nm using FlexStation III (Molecular Devices) micro-
plate reader.

2.9. Biocompatibility assessment of biocomposites

A preliminary biocompatibility investigation of the biocom-
posites was conducted by performing the MTT assay. In this
view, human dermal fibroblast cells from CCD-1070Sk cell
line were seeded in direct contact with the biomaterials at
an initial density of 106 cells/sample.

2.9.1. MTT assay
After 24 h and 5 days of culture, cell viability was investi-
gated. In this view, cell culture media were harvested and
the monolayers from the membranes’ surfaces were washed
with a serum-free culture medium. The samples were then
incubated for 6 h at 37 �C in 1mg/ml MTT solution. The for-
mazan crystals produced by the metabolically active cells
were solubilized in DMSO and the absorbance of the result-
ing solutions was determined at 550 nm by using FlexStation
III multimode microplate reader (Molecular Devices).

2.10. Statistical analysis

All the in vitro experiments were performed in triplicate
(n¼ 3) and results were analyzed using one-way ANOVA and
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Bonferroni test. All the results were presented as mean val-
ue ± standard deviation (SD) using GraphPad Prism Software
6.0 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results and discussions

3.1. FTIR and RAMAN analysis

3.1.1. FTIR
The physico-chemical characterization of BC/chitosan mem-
branes assumes characterization of each polymer and its
interaction with sodium hydroxide and calcium chloride
agents. FTIR spectrum of native bacterial cellulose (Figure 2)
revealed the following peaks: an intense wide peak at
3331 cm�1 specific for O–H stretching from hydroxyl bacterial
cellulose groups and an intense peak at 2886 cm�1 attrib-
uted to symmetric stretching of C–H bond from methylene
and methine groups. The maximum at 1645 cm�1 corre-
sponds to hydroxyl group bending vibration including
absorbed water molecules. The peaks at 1471, 1464, and
1342 cm�1 are attributed to methyl and methine bending
vibration from the backbone. The peaks at 1280 and
1240 cm�1 were attributed to the stretching vibration of C–O
bonds. The intense peak at 1103 cm�1 is attributed to C–O–C
ether bonds from piranozic cycles backbone and between
piranozic cycles (Auta et al., 2017; Hospodarova et al., 2018).
After treatment with sodium hydroxide, an increase of the
peak intensity was observed at 3350 and 1645 cm�1 specific
for stretching and respectively, bending vibrations from
hydroxyl groups. Probably the basic medium led to the
decrease of physical interactions between hydroxyl groups
from bacterial cellulose structure. The treatment with calcium
chloride led to the decreasing intensity of peaks at 3350 and
1645 cm�1 specific for stretching and respectively, bending
vibrations from hydroxyl groups. Thus, this result can be
explained by the participation of these groups in new ionic
interactions between calcium cations Ca2þ and treated nega-
tively charged alcoholate ions –O-. This led to the formation
of stabilized/precipitated bacterial cellulose. These ionic inter-
actions are important for the integration of BC to the

membrane structure resulting in an interpenetrating network.
Without calcium stabilization, the bacterial cellulose could
exude the membrane in aqueous environments leading to
membrane de-structuring. The FTIR spectrum of chitosan
(Figure 3) revealed the following specific maxima: peaks at
3363 and 3304 cm�1 attributed to O–H stretching from
hydroxyl groups and respectively stretching vibration of N–H
bonds from amino groups. The peaks at 2920 and 2890 cm�1

were attributed to the asymmetric stretching vibration of
C–H from methylene groups, respectively to the symmetric
stretching vibration of C–H from methyl groups. The peak at
1653 cm�1 was attributed to the stretching vibration of
C¼O from carbonyl in acetylated groups. The peaks at 1588
and 1377 cm�1 were assigned to bending deformation of
N–H bond from amino groups, respectively to bending
deformation of C–H from methyl and methylene. The peak at
1310 cm�1 was attributed to stretching vibration of C–N
bonds. The intense peak at 1089 cm�1 was attributed to
stretching vibration of C–O and ether C–O–C bonds
(Fernandes Queiroz et al., 2014; J�o�zwiak et al., 2017). The
treatment with sodium hydroxide followed a physical cross-
linking of chitosan specific to the obtaining of a stabile
hydrogel. Various results are shown in literature for the prep-
aration of physical crosslinked chitosan hydrogels with differ-
ent mechanisms (Cerchiara et al., 2002; Hennink & van
Nostrum, 2002; Kumirska et al., 2010; Ladet et al., 2011;
Ostrowska-Czubenko et al., 2013; Nilsen-Nygaard et al., 2015).
FTIR spectra highlighted three new peaks in the regions
2980, 2972, and 1425 cm�1 which can be attributed to the
asymmetric stretching vibration of C–H from methyl groups,
respectively for bending vibration of C–H from methyl
groups. The single available methyl groups are present in
the acetate groups. This result could suggest that acetate
groups contributed to the generation of a new physical
cross-linked network with hydrogen bonding. The physical
crosslinked network mechanism may be explained by a dual
intermolecular acetate interaction shown in Figure 2. The
participation of acetate groups in hydrogen bonding led to
new contributions in FTIR spectra of contained methyl

Figure 2. FTIR spectra of treated/untreated bacterial cellulose (individual component) (left); and final BC/chitosan membrane (right).
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groups besides peaks at 2881 and 1377 cm�1. Furthermore,
the peak at 1653 cm�1 specific for C¼O stretching, has an
increased intensity due to the contribution to hydrogen
bonding. The increasing intensity of peaks at 3363 and
3305 cm�1 may suggest the implication of hydroxyl and
amino groups in hydrogen bonding. The basic medium (pH
12) generated by sodium hydroxide neutralized the –NH3

þ

species needed for chitosan dissolution. The –NH3
þ species

neutralization supported by the high polymer concentration
(7%) and deacetylation degree (75%) ensured the optimal
conditions for the generation of the novel physically cross-
linked network. Thus, there were developed structural and
dimensional stable membranes in specific basic medium. The
BC/chitosan membrane spectrum (Figure 2) revealed a wide
intense specific peak at 3352 cm�1 attributed to stretching
vibration of O–H and N–H bonds, two peaks at 2988 and
2903 cm�1 attributed to the asymmetric stretching vibration
of C–H bond from methyl groups and respectively, from
methylene groups. The peak at 1644 cm�1 is specific for
stretching vibration of C¼O from carbonyl in acetylated
groups. The next peaks at 1411 and 1070 cm�1 were
assigned to bending vibration from methyl and methylene
groups, respectively to stretching vibration of C–O and ether
C–O–C groups from piranozic backbone.

3.1.2. RAMAN
The uncrosslinked and physically crosslinked chitosan were
further characterized by RAMAN to highlight the interactions
leading to the 3D physical network. The RAMAN spectra
(Figure 4) of chitosan revealed the main peaks: at 1123 cm�1

attributed to stretching C–O–C bonds, stretching C–O bonds

from piranozic backbone, and stretching C–OH. The next
peak at 1264 cm�1 is assigned to C–N stretching, 1379 cm�1

is assigned to CH2 and CH bending, and 1408 cm�1 is
assigned to CH3 bending. The new peaks at 987 and
1455 cm�1 were attributed to out-of-plane and, respectively
bending vibration of CH3, CH2, and CH groups (Zając et
al., 2015).

3.2. X-Ray diffraction (XRD)

The interaction of bacterial cellulose (BC) with calcium cati-
ons was further investigated by XRD. The diffractograms of
bacterial cellulose and calcium-treated bacterial cellulose are
shown in Figure 5. They revealed the main peaks for BC in
accordance with literature data (Cheng et al., 2009; Zaharia
et al., 2014; Tsouko et al., 2015), but specific for chopped BC
microparticles and not as a classical membrane. The main
diffraction peaks were seen at 2 theta of 15.56� and a shoul-
der at 16.78� assigned to diffraction plane (101), 22.9�

assigned to diffraction plane (002), and two low-intensity
peaks at 34.3 and 35.9�. For calcium treated BC new peaks
were observed which can be attributed to the interactions
between BC and calcium cation and newly formed crystalline
structure. Considering the BC-calcium interactions as ionic
interactions of Ca2þ and treated negatively charged alcohol-
ate ions –O�, the new peaks were compared with calcium
oxide (CaO) crystalline structure. The new peaks at 2 theta of
26.7, 29.7, 39.4, 43.2, 47.5, and 48.3� completed the file of
calcium oxide crystalline structure. Furthermore, the peak at
14.55� was split into two independent peaks probably due
to a more organized crystalline structure of native BC with
calcium contribution. XRD results revealed major interactions
of BC with calcium cations leading to a stabilized BC network
which can be considered as a pseudo-crosslinked structure
with the association of microparticles into a unitary structure.
The pseudo-crosslinking of BC microparticles into a unitary
structure had a major role in the design of (BC)/chitosan
membranes as interpenetrated network (IPN).

Figure 3. FTIR spectra of uncrosslinked and physically crosslinked chitosan
(individual component).

Figure 4. RAMAN spectra of uncrosslinked and physical crosslinked chitosan.
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3.3. Evaluation of the static tensile properties of
chitosan membrane

The evaluation of the mechanical properties of physically
crosslinked chitosan membrane is an interesting approach
for a further understanding of the 3D network. There are too
many tensile assays in the literature on physically crosslinked
chitosan (Jin et al., 2004), but the performed tensile test
served to compare the results on the novel 3 D network. The
tensile results (Figure 6) revealed two tests on partial swollen
chitosan samples (25 and 50%). The partial swollen sample
with 25% water uptake exhibited a tensile strength of about
12.9MPa and the sample with 50% water uptake exhibited a
tensile strength of about 5.1MPa. The increase of water
uptake led to the decrease of tensile strength and elongation
probably because the water molecules act by collapsing the
physical bridges with decreasing the network density.
Moreover, the tensile strength values are doubled as com-
pared to literature data for physical crosslinking (Portero et
al., 2007) and in the same range with chemical crosslinking
(Aishah Binti Mohd Isa & Mohamed, 2015; Miles et al., 2016;
Gadgey & Sharma, 2018), resulting in a more resistant mater-
ial. Thus, the tensile results sustained the development of a
novel stronger physical network of chitosan.

3.4. Swelling measurements on chitosan membrane and
gel fraction analysis

The physically crosslinked chitosan membrane was subjected
to swelling tests to investigate the interaction of the physical
network with water molecules. The swelling results (Figure 7)
showed an unusual behavior which could be explained as
follows. The first approach was the high swelling rate for the

first 10min with doubling the sample mass. This behavior
can be explained by the hydrophilic nature of glucose-amine
rings, chain flexibility, and probably the lack of an ordered
arrangement of macromolecular chains. The treatment of chi-
tosan with sodium hydroxide led to very fast physical inter-
actions like chain freezing in a steady position without any
possibility for chain rearrangement. The maximum swelling
degree value was about 360%. Fast entrapping of water mol-
ecules is followed by swelling stability with a maximum
degree after 120min. The second unusual behavior was the
slow decrease of swelling degree, a rarely encountered
behavior for hydrogels in literature (Nandi & Winter, 2005;
Gupta & Shivakumar, 2012). The equilibrium water content
was reached at around 280% swelling degree The explan-
ation for the swelling degree decrease could be related to
the rearrangement of the frozen chains with a further post-
crosslinking. The post-crosslinking step led to the increase of
network density with more physical bridges and probably
higher mechanical properties which assured an expulsion of
water molecules from the network system. The physical
crosslinking of chitosan in these conditions can be per-
formed in several steps with a direct influence on the mech-
anical properties. Furthermore, the mass loss is sustained by

Figure 5. XRD diffractograms of bacterial cellulose and calcium treated bacter-
ial cellulose and treated bacterial cellulose (sodium hydroxide and calcium
chloride solutions).

Figure 6. Stress-strain curves of physically crosslinked chitosan samples with
different water uptake (25 and 50%).

Figure 7. Swelling behavior of physically crosslinked chitosan and BC/chito-
san support.
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the un-crosslinked chain loss. The gel fraction was estab-
lished at around 56%. The physically crosslinked BC/chitosan
membrane revealed a similar behavior, but at far different
values. The maximum swelling degree value was rapidly
reached (65% in 10min). The second swelling stage was rep-
resented by a swelling degree decrease (40min) while the
last stage was seen at equilibrium (53%). The mass loss was
also sustained by the un-crosslinked chain loss. The gel frac-
tion was established at around 69%. The high difference of
the two maximum swelling degrees can be explained by the
BC-calcium layer formed at the membrane surface which
opposed the water entrapment. Furthermore, the BC-calcium
interactions can significantly contribute to the membrane
network besides the physically crosslinked chitosan. This
approach will be the subject of future research.

3.5. Evaluation of the rheological properties of chitosan
and BC/chitosan membranes

The investigation of rheological behavior was performed on
swollen samples at swelling equilibrium. The stress was opti-
mized to maintain a linear viscoelastic domain with fre-
quency dependence. Figure 8(a) shows the variation of the
elastic modulus of chitosan hydrogel with frequency for
dimensional and mechanical stable samples. The elastic

modulus of chitosan hydrogel revealed values
(5500–6000 Pa) far higher as compared to literature data for
physically crosslinked chitosan which are around 100 Pa
(Montembault et al., 2005). Furthermore, variation of elastic
modulus with frequency revealed a behavior specific for nor-
mal chemically crosslinked chitosan with values in the same
range or even higher (Weng et al., 2007; Kempe et al., 2008;
Ryu et al., 2011; Derkach et al., 2017; Iglesias et al., 2018).
BC/chitosan revealed a higher elastic modulus with respect
to chitosan hydrogel probably due to the higher network
density. This aspect is also sustained by the gel fraction
measurements and dual contributions of crosslinked chitosan
and BC-calcium interactions. Furthermore, a lower water con-
tent for the BC/chitosan membrane can be a reason for the
higher network density. To reveal the rheological differences
between un-crosslinked and crosslinked samples, several
shear viscosity measurements were performed (Figures
8(b,c)). Thus, un-crosslinked and the crosslinked samples for
5 and 10min were subjected to this analysis. The chitosan
hydrogels were crosslinked in sodium hydroxide for 5 and
10min as standard time. The BC/chitosan membranes were
crosslinked in sodium hydroxide and calcium chloride for 5
and 10min as standard time. The un-crosslinked samples
revealed the lowest shear viscosity values. This approach can
be explained by the network development during crosslink-
ing process. There are differences between 5 and 10min

Figure 8. Rheological behavior of physically crosslinked chitosan and BC/chitosan membranes (a); shear viscosity measurements for BC/chitosan (b) and chito-
san (c).
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revealing that crosslinking process is still ongoing. The differ-
ences between the shear viscosity values of chitosan hydro-
gel and BC/chitosan membrane are given by the BC
presence which reduces the chitosan normal viscosity. This
fact can be seen very well when comparing with un-cross-
linked samples (chitosan vs. BC/chitosan). The physical cross-
linking process could be an ideal approach for future similar
systems based on chitosan to express the desired mechanical
properties.

3.6. Morphological characterization of PNIPAM/PVA/MO
nanoparticles by SEM

High-resolution SEM images (Figures 9(a,b)) reveal the
dimensional information and differences between nanopar-
ticles obtained in different conditions. The nanoparticles
obtained from 0.5% NIPAM and PVA solutions and 0.125%
MO were in the range of 50–150 nm (Figure 9(c)) with a nar-
row distribution having a spherical shape and clean surface
without any PVA excess traces. One may assume that PVA
does not alone contribute to shell structuring, but together
with PNIPAM. PVA is known to remain entrapped when used
alone as a surface stabilizer (Radu et al., 2019). This result
can suggest that PVA polymer acts as a stabilizer and inter-
poses close to the methyl oleate core. The nanoparticles
obtained from 5% NIPAM and PVA solutions and 0.125% MO

had also a narrow distribution being <50 nm (Figure 9(d))
with a round shape and without PVA excess traces.

3.6.1. Morphological characterization of PNIPAM/PVA/MO
nanoparticles by TEM

TEM images (Figure 10) revealed the expected core-shell
structure of PNIPAM/PVA/MO nanoparticles by the presence
of a darker area inside the center of the nanoparticles due to
the presence of different chemical structures and density
which can be attributed to methyl oleate. Thereby, a brighter
area was observed alongside the edge of nanoparticles due
to the presence of synthetic polymers (PVA and PNIPAM).
The methyl oleate core is assumed to occupy about one-
third of nanoparticles’ size based on the TEM images.
Furthermore, the TEM images confirmed the nanoparticle’s
size, clear surface, and spherical shape which were previously
explained in SEM. Nanoparticles from 5% polymer concentra-
tion revealed no core-shell structure probably due to the
small dimension unable to embed the methyl oleate.

3.6.2. Morphological characterization of membranes
by SEM

SEM images (Figures 11(a,e)) reveal the surface structure and
morphology of BC/chitosan and crude chitosan membrane
showing the role of every polymer in the membrane. The
results highlighted significant differences between surface

Figure 9. SEM microphotographs of nanoparticles from 0.5% (a) and 5% (b) PNIPAM/PVA concentration with methyl oleate 0.125% concentration; Histogram of
size distributions of nanoparticles from 0.5% (c) and 5% (d).
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morphology of BC/chitosan and crude chitosan membrane
which suggest a layer structuring of polymers. BC particles
seem to dress chitosan, and the compatibility of the two pol-
ymers depends on their ratio. A higher chitosan content
ensures good compatibility, while a lower ratio of chitosan/
BC (15/85—w/w) could lead to polymer separation. Thus, the
right ratio between BC and chitosan was chosen in the range
15/85 and 30/70 w/w. Figure 11(b) shows the same layer
structuring of the two polymers, BC into the membrane sur-
face and chitosan into the membrane core. Figures 11(c,d)
are images in backscattered electrons with the surface distri-
bution of the organic and inorganic components. The images
evidence a nice distribution of inorganic calcium compo-
nents at the membrane surface. The calcium cations could
be bound only by the bacterial cellulose suggesting that BC
lays at the membrane surface. Furthermore, the EDAX elem-
ental analysis (Figure 11(f)) highlighted the presence of car-
bon and oxygen elements within polymer and calcium in
bacterial cellulose. The presence of Al comes from the sam-
ple support of the device. Cellulose is stabilized by ionic
interactions between the calcium cations Ca2þ and nega-
tively charged alcoholate ions in BC (Scheme 1). The struc-
ture and morphology of the novel membrane highlight the
possibility to use two polymers that are individually physic-
ally/ionically crosslinked, but they act together to design a
biocomposite with tunable and desired features. The layered
membrane was structured to address several issues. Thus, a
BC-calcium layer was shown at the surface for the wound
and cells contact while the chitosan core assured the mem-
brane integrity. More, the contact layer showed high biocom-
patibility while the core layer presented good mechanical
properties, swelling capacity, and drug delivery ability.

3.7. Dynamic light scattering and zeta potential

3.7.1. Zeta potential
The ZETA potential investigation (Figure 12(a)) shows the
surface charging of PVA, PNIPAM, and PNIPAM/PVA/MO
nanoparticles. PVA had a negative zeta potential of about
�10.2mV, PNIPAM �1.28mV, and nanoparticles of �5.82mV.

ZETA potential results explained the contribution of both
PVA and PNIPAM polymers to the surface charging. This
result can be explained by the presence of both polymers at
the surface of the nanoparticles and not as two distinct poly-
mer layers (Figure 12(b)).

It is known that persulfates are capable of initiating the
crosslinking of polyvinyl alcohol chains by the radical mech-
anism (Ikada et al., 1974). The radicals formed from polyvinyl
alcohol in the presence of N-isopropylacrylamide, in turn, are
capable of initiating its polymerization. Thus, one can expect
the covalent grafting of several N-isopropylacrylamide resi-
dues to polyvinyl alcohol (Scheme 2). Thus, polyvinyl alcohol
is grafted with a copolymer containing not only hydrophilic
N-isopropylacrylamide residues but also hydrophobic methyl
oleate residues. Of course, such a copolymer is capable of
self-assembly with the formation of nanoaggregates. This can
be the reason for the formation of layers built by chains of
both polymers. This nanocarrier with a core-shell structure is
a novel approach considering the synergistic effect of shell
chemistry (PNIPAM grafting to the PVA backbone) and core
part which can also be chemically bound by the shell layer.

3.7.2. Dimensional distribution by DLS
The DLS analysis confirmed the morphological results reveal-
ing the important dimensional differences between nanopar-
ticles obtained from 5 and 0.5% polymer concentration. The
nanoparticles obtained from 0.5% polymer concentration
exhibited sizes in the range 310–478 nm (Figure 13) due to
the different amounts of methyl oleate. The size of these
nanoparticles increased with the increase of methyl oleate
concentration. One may suggest that the organic core of
nanoparticles varied with methyl oleate content having a sig-
nificant influence on the nanoparticle size. Therefore, the
high content of methyl oleate led to a bigger nanoparticle
size without the formation of smaller size nanoparticles. This
could be explained by the fact that a 0.5% polymer concen-
tration could not assure enough PVA stabilizer and PNIPAM
to cover the oleate core and to form more smaller size
nanoparticles.

Figure 10. TEM images of nanoparticles with core-shell structure (0.5% PNIPAM/PVA concentration with methyl oleate 0.125% concentration).
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The nanoparticles obtained from 5% polymer concentra-
tion exhibited a smaller size in the range of 38–75 nm
(Figure 13) due to the different amounts of methyl oleate. A
larger amount of stabilized PVA stabilizer and PNIPAM led to
the decrease of nanoparticle size since there are enough sta-
bilizer and polymer to cover the organic oleate core and
form more smaller size nanoparticles. To conclude, the main
size parameters are PVA stabilizer and PNIPAM polymer,
methyl oleate organic core having smaller influences over
nanoparticles size.

3.8. In vitro drug release behavior

The release profiles of antibacterial silver sulfadiazine were
obtained for different types of carriers: drug-loaded nanopar-
ticles, drug-loaded membranes, and membranes loaded with
drug entrapped nanoparticles. First, Figure 14(a) shows the
drug release profiles from polymeric nanoparticles. Both
nanoparticle formulations (0.5 and 5% polymer concentra-
tion) revealed a similar release profile with a faster release in
the first 100–120min followed by a slower release with

Figure 11. SEM images of: BC/chitosan membrane surface (a,c); lateral view of BC/chitosan; scattering distribution (b,d); crude chitosan surface (e); EDAX elemental
analysis (f).
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profile flattening at various efficiency values. The final time
release was recorded to be �170min for 0.5% nanoparticles
and 240min for 5% nanoparticles. The release profiles of
sulfadiazine-loaded BC/chitosan membranes were also eval-
uated (Figure 14(b)). In this case, the release profile revealed

a very fast release with high efficiency and a short time.
High release efficiency of 85–95% in 30min also revealed a
lower capacity to efficiently control the drug release.

The silver sulfadiazine release profile for membranes
loaded with drug entrapped nanoparticles was carried out to

Scheme 1. Possible mechanism of physical crosslinking interactions.

Figure 12. ZETA potential of PVA, PNIPAM, and PNIPAM/PVA/MO nanoparticles (a); Schematic representation of nanoparticles core-shell structure (b).
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Scheme 2. Mechanism of NIPAM grafting to PVA chains.

Figure 13. DLS investigation with nanoparticles’ dimensional distribution: nanoparticles from 0.5% PNIPAM/PVA concentration with various methyl oleate concen-
trations (up); nanoparticles from 5% PNIPAM/PVA concentration with various methyl oleate concentrations (down).

Figure 14. Silver sulfadiazine release profiles for nanoparticles obtained from 0.5 and 5% PNIPAM/PVA concentration (a); drug-loaded BC/chitosan membranes (b).
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improve the control and sustain a prolonged release. The
nanoparticles with 0.125% methyl oleate (MO) content were
chosen due to the high release efficiency. The higher drug
control release profile was studied by varying the BC/chito-
san ratio and the ratio of nanoparticles vs. BC/chitosan mix-
ture. The membranes loaded with nanoparticles (0.125% MO)
obtained from 0.5% polymer concentration were subjected
to a drug release test showing different efficiencies. The
membranes with a lower amount of drug-loaded nanopar-
ticles expressed higher release efficiency with a release time
of about 5 h, and higher control (Figure 15). A higher drug
release control as compared to a drug-loaded membrane
was expected due to the presence of nanoparticles. Silver
sulfadiazine was first released in the support membrane and
finally in the medium. The membrane with a higher content
of entrapped nanoparticles had a lower drug release effi-
ciency in comparison with the other membranes. In fact, the
membranes offered a lower protection and dispersion cap-
acity for the high content of loaded nanoparticles (0.5%
polymer concentration). In this case, a high number of bigger
size nanoparticles was obtained. Therefore, the drug remains
entrapped within nanoparticle agglomerates inside the mem-
brane (Figure 15(a)). Membranes with nanoparticles from 5%
polymer concentration were also subjected to a drug release
test (Figure 15(b)). Here, the membrane loaded with a lower
nanoparticle content showed a faster release profile. This fact
can be explained by the good nanoparticles’ dispersion
within the support membrane. This favorable dispersion was
supported by the low nanoparticles content. Therefore, the
membrane assured a lower controlled release over silver
sulfadiazine. The increase of the nanoparticles’ content led to
the increase of the release time and the decrease of the
release efficiency. A more controlled release and the
decrease of the release efficiency probably appeared due to
the low nanoparticles’ dispersion ability within the mem-
brane. The sulfadiazine is more difficult to be released
and remained entrapped within the nanoparticle
agglomerates.

3.9. PNIPAM/PVA/MO1 silver sulfadiazine
cytotoxicity screening

The cell viability and proliferation potential results showed
that the majority of the seeded cells displayed good viability
both at 24 and 48 h post-seeding when treated with the pris-
tine PNIPAM/PVA/MO (Figure 16). More, after 48 h of culture,
a significant increase in cell viability was observed in the
samples treated with the pristine PNIPAM/PVA/MO as com-
pared to the previous time point (24 h). These data may sug-
gest that the unloaded microcapsules do not interfere with
cell viability and proliferation potential as the treated sam-
ples had the same behavior as treated ones.

These results are supported by the fluorescence micros-
copy images obtained after Live/Dead double staining of the
cells with calceinAM and ethidium bromide. As shown in
Figure 17, all the monolayers treated with the pristine

Figure 15. Silver sulfadiazine release profiles for: BC/chitosan membranes loaded with nanoparticles with 0.125% MO (0.5% Polymer concentration) (a); BC/chito-
san membranes loaded with nanoparticles with 0.125% MO (5% polymer concentration). The ratios of membrane/nanoparticles were 85/15 and 70/30.

Figure 16. Human dermal fibroblasts viability and proliferation profiles result-
ing from the MTT assay after 24 and 48 h of culture (NPs¼ PNIPAM/PVA/MO)
(statistical significance: #p < .05 20mg/ml PNIPAM/PVA/MO vs. untreated at
24 h; ��p < .01 5mg/ml PNIPAM/PVA/MO at 24 h vs. 5mg/ml PNIPAM/PVA/MO
at 48 h; ���p < .001 untreated 24 h vs. untreated 48 h; ����p < .0001 7.5, 10,
15, and 20mg/ml PNIPAM/PVA/MO at 24 h vs. 7.5, 10, 15, and 20mg/ml
PNIPAM/PVA/MO at 48 h).
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PNIPAM/PVA/MO displayed bright green living cells and few
red spots. More, after 48 h of treatment, the cells density was
higher as compared with the samples stained after 24 h of
treatment, as proof of their growth.

Further, the cytotoxic potential of the PNIPAM/PVA/MO
was investigated after performing the LDH assay. The
obtained results indicated that the pristine PNIPAM/PVA/MO
do not exhibit any cytotoxic effects on the CCD-1070Sk
human fibroblast cell line as low levels of LDH activity were
found after 24 h of treatment (Figure 18).

3.10. Biocompatibility assessment of biocomposites

CCD-1070Sk human dermal fibroblasts’ cell viability and pro-
liferation potential were investigated in direct contact with
the developed BC/chitosan membranes decorated with silver
sulfadiazine PNIPAM/PVA/MO. MTT assay was employed after
24 h and 5 days of culture. The spectrophotometric data rep-
resented in Figure 19 show that cells survived in contact
with all the membranes for 5 days of culture. More, the
absorbance of the samples harvested after 5 days of culture
was significantly increased as compared with the samples
harvested after 24 h of culture, as a sign of cell growth.

4. Conclusions

Here, bacterial cellulose/chitosan membranes tailored with
silver sulfadiazine loaded PNIPAM/PVA/MO nanoparticles
were prepared. Bacterial cellulose/chitosan membranes are
formed as a result of the restructuring of the system of inter-
molecular interactions, which is accompanied by an increase
in the density of the network. The increased network density
provided a simultaneous decrease in the degree of swelling
and an increase in the mechanical strength, as well as the
elastic modulus of the bacterial cellulose/chitosan mem-
branes. The composite membranes with a lower amount of
drug-loaded polymeric nanoparticles had higher release effi-
ciency and good control due to the good dispersion of the
NPs within the BC/chitosan membrane. More, silver sulfadia-
zine was first released in the support membrane and finally
in the medium. The pristine PNIPAM/PVA/MO core-shell
polymeric nanoparticles displayed good biocompatibility on
CCD-1070Sk human dermal fibroblasts as the treatment with
various dilutions did not alter cell viability and proliferation

Figure 17. Fluorescence microscopy micrographs of CCD-1070Sk cells stained with calceinAM (green fluorescence) and ethidium bromide (red fluorescence) after
24 and 48 h of treatment with pristine PNIPAM/PVA/MO (NPs¼ PNIPAM/PVA/MO).

Figure 18. Cytotoxicity evaluation by LDH assay during 48 h of treatment with
pristine PNIPAM/PVA/MO (NPs¼ PNIPAM/PVA/MO) (statistical significance: ###p
< .001 10mg/ml PNIPAM/PVA/MO vs. untreated at 24 h; ####p < .0001 7.5 and
5mg/ml PNIPAM/PVA/MO vs. untreated at 24 h and ####p < .0001 15, 10, 7.5,
and 5mg/ml PNIPAM/PVA/MO vs. untreated at 48 h; ����p < .0001 untreated,
20, 15, 10, 7.5, and 5mg/ml PNIPAM/PVA/MO at 24 h vs. untreated, 20, 15, 10,
7.5, and 5mg/ml PNIPAM/PVA/MO at 48 h).

Figure 19. Human dermal fibroblasts viability and proliferation potential on
BC/chitosan membranes decorated with silver sulfadiazine loaded PNIPAM/PVA/
MO as resulting from the MTT assay after 24 h and 5 days of culture (statistical
significance: ����p< .0001, 5 days vs. 24 h).
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potential as compared with untreated control. We treated
CCD-1070Sk cells with 20, 15, 10, 7.5, and 5mg/ml pristine
PNIPAM/PVA/MO core-shell polymeric nanoparticles and after
48 h of exposure, we observed that the cells viability and
proliferation potential was not altered by the treatment, sug-
gesting that the new delivery systems display good biocom-
patibility on human dermal fibroblasts. After this
confirmation, we embedded the core-shell polymeric nano-
particles into a biocomposite material composed of bacterial
cellulose and chitosan for its prospective use as a wound
dressing. Its basic in vitro screening revealed good biocom-
patibility on CCD-1070Sk human dermal fibroblasts in terms
of 5 days cell viability. The biocomposite was designed with
a layered structure to fulfill the main features of the modern
wound dressing in terms of wound protection, moisture, and
drug release. The two polymeric networks acting together
represent a novel approach that can be more suitable for
the next generation of wound dressing materials. Overall, the
results presented in the current manuscript indicate that the
novel biocomposites are promising candidates for modern
dressings for chronic wounds management and could be fur-
ther developed by in vivo validation on animal models.
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