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4Biobased Colloids and Materials Group (BiCMat), Department of Forest Product Technology, Aalto University,
School of Chemical Technology, Espoo, Finland
5Facultad de Medicina, Universidad Pontificia Bolivariana, Calle 78B No. 72A-109, Medelĺın, Colombia
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We investigated wound dressing composites comprising fibrils of bacterial cellulose (BC) grown by fermentation in the presence
of polyvinyl alcohol (PVA) followed by physical crosslinking. The reference biointerface, neat BC, favoured adhesion of fibroblasts
owing to size exclusion effects. Furthermore, it resistedmigration across the biomaterial. Such effects were minimized in the case of
PVA/BC membranes. Therefore, the latter are suggested in cases where cell adhesion is to be avoided, for instance, in the design of
interactive wound dressings with facile exudate control.The bioactivity and other properties of themembranes were related to their
morphology and structure and considered those of collagen fibres. Bioactive materials were produced by simple 3D templating of
BC during growth and proposed for burn and skin ulcer treatment.

1. Introduction

Skin ulcers and burns often result in extensive damage to
the skin layers [1]. Significantly, burns induce anatomical,
physiological, endocrinological, and immunological alter-
ations [2]. In the United States alone, over two million
burn injuries per year are brought to medical intervention.
Most of these injuries are minor; however, approximately
20,000 patients sustain severe burns requiring admission to
specialized units [3]. Most burn wounds are treated with
sterile gauze, saline solution, and topical prophylaxis [4].
These treatments, however, are not fully effective for pain
relief, hydration, and protection [5].

Modern wound dressings have been developed to facili-
tate functions at thewound area.These dressings are designed
to prevent wound dehydration, promote healing [6], and

reduce inflammatory and immune responses [7–12]. Modern
wound dressings are classified as passive, interactive, or
bioactive [6]. The sole role of passive dressings is protection
while interactive dressings promote healing through a moist
wound environment. Interactive dressings, however, not only
maintain a moist environment but also interact with the
components of the wound bed to further enhance healing
[6, 13–15].

In wound dressing applications, there is a pressing need
to develop biocompatible hydrogel biomaterials [16]. In this
context, biocompatibility refers to the ability to perform with
an appropriate host response in the given application [17–19].
For this purpose, hydrogels are ideally suited since they are
able to absorb more than 70 wt% of their dry weight in water
[8].
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A number of studies have highlighted the use of polyvinyl
alcohol (PVA), bacterial cellulose (BC), and their composites
in biomedical applications, including scaffolds for tissue engi-
neering, heart valves, articular cartilage, and artificial corneas
[20–22]. In fact, PVA/BC nanocomposites have been tailored
to suit the properties of skin, where BC and PVA mimic
collagen and elastin for their roles in natural soft tissues [23].
In addition, PVA/BC biomaterials can be shaped into gloves,
masks, and wearable webs due to the conformability of BC
during its fermentation [1]. Shaped wound dressings provide
a high degree of adherence to the tissues surrounding a lesion,
preventing their detachment in areas that are subjected to
movement (e.g., torso, hands, and face) [11].

Two primary approaches that are used toward PVA/BC
nanocomposites include in situ and ex situ processing [23,
24]. In contrast to ex situ synthesis, nanocomposite bio-
materials developed via in situ fermentation favour homo-
geneous material distribution, which promotes a number
of synergistic properties [25]. In this case, crosslinking is
required to limit the solubilization of the matrix. Recently, an
in situ PVA/BC nanocomposite was developed via physical
crosslinking (Castro et al.). This type of crosslinking avoids
the use of toxic compounds, including chemical crosslinkers
[26], some of which are known to be carcinogenic and neu-
rotoxic [27]. The in situ PVA/BC nanocomposites developed
so far present a highly porous, percolated morphology; their
chemical, mechanical, and thermal properties make them
appropriate as biomaterials [20, 26, 28–31]. Any biomedical
application, however, demands in vitro assessments, which
are available for BC biomaterials for wound dressings [32–
35]; however, to the best of our knowledge, no reports exist in
this context for PVA/BC nanocomposites obtained via in situ
fermentation.

Therefore, this study evaluates the morphological,
mechanical, water adsorption, and in vitro performance
(adherence and cell migration) of PVA, BC, and PVA/BC
nanocomposites for wound dressing. Our efforts included
the classification of the developed materials into currently
accepted wound dressings. The results indicate possibilities
for exudate management and the use of BC as bioactive
wound dressing that facilitates skin cell regeneration.

2. Materials and Methods

2.1. Materials. Glucose (PubChem CID: 64689), yeast
extract, peptone, disodium hydrogen phosphate (PubChem
CID: 24203), citric acid (PubChem CID: 311), potassium
hydroxide (PubChem CID 14797), silicon rubber, and PVA
(molecular weight 89000–98000 and 99+% hydrolysis,
PubChem CID 11199) were all acquired from Sigma-Aldrich.
Bacterial cellulose was produced by Komagataeibacter
medellinensis [36, 37]. Its elemental analysis included carbon
(44.2 ± 1.6%), hydrogen (6.3 ± 0.25%), and nitrogen (0.39
± 0.04%) [37]. The nitrogen content relates to the amino
acids from the residual bacteria after purification. The BC
crystallinity index is ∼0.65, with a I𝛼/I𝛽 ratio of ∼0.74, indi-
cating the enrichment of the I𝛼 polymorph [38]. Dulbecco’s
Modified Eagle Medium, foetal calf serum, and fibroblasts
in primary culture were employed for cell culturing. All

reagents were analytical grade. Fibroblasts were kindly
donated by the Grupo de Ingenieŕıa de Tejidos y Terapias
Celulares, Universidad de Antioquia, Medelĺın, Colombia.

2.2. Bacterial Cellulose. In order to produce the BC biomate-
rial, 90mL of Hestrin & Schramm culture medium (HS) [39]
was adjusted to pH = 3.6 with citric acid and then sterilized
in autoclave at 15 psi for 15min. After reaching room tem-
perature, the culture medium was inoculated with 10 v/v%
of Komagataeibacter medellinensis [37] and distributed in
a six-well polystyrene plate. The fermentation was carried
out for 7 days at 28∘C, after which the BC biomaterial was
extracted and purified with 5wt% of KOH solution at room
temperature for 14 h followed by continuous rinsing with
deionized water until pH = 7.0. The resultant material was
sterilized in autoclave (121∘C for 15 minutes) for later use.

2.3. PVA and PVA/BC Nanocomposites. The method to pro-
duce the PVA/BC nanocomposite included PVA (5wt% con-
centration) that was solubilized in aqueous culture medium
(90∘C and 1000 rpm) for 20min, sterilized, and then inoc-
ulated with 10 v/v% of Komagataeibacter medellinensis, dis-
tributed in Petri dishes, and incubated for 15 days at 28∘C.
These conditions were optimized in our previous efforts [26].
The obtained biomaterial was physically crosslinked in a
Labconco FreeZone Bulk Tray Dryer at atmospheric pressure
using six freezing/thawing cycles between 20∘C and −20∘C
using a heating/cooling rate of 0.1∘C/min and a holding time
of 6 h.The relative amount of PVA/BC in the nanocomposite
was ca. 80/20wt%. Purification of all biomaterials was per-
formed as described for BC. After achieving pH = 7.0, and
in order to sterilize the PVA and PVA/BC biomaterials for
cell culture, they were oven-dried overnight at 50∘C, cut into
discs to fit the wells in the polystyrene plate, and sterilized
with ethylene oxide.

2.4. Composite Morphology. Scanning electron microscopy
(SEM) was used to examine the microstructure of the
biomaterials. The samples were swelled in distilled water
to equilibrium and then dehydrated by lyophilisation; once
dried, they were coated with gold (12 nm thick) using an ion
sputter coater and observed with a Jeol JSM 5910 LV electron
microscope operated at 10 kV at 200, 1000, and 5000x.

2.5. Wet Mechanical Strength. Young’s modulus and tensile
strength of the biomaterials (BC, PVA & PVA/BC) in wet
condition were evaluated in air using an Instron 5582 Uni-
versal Testing Machine, equipped with a 50N load cell with
a cross head speed of 12.5mm/min. For testing, dumbbell
shaped strips were used (dowel: width 5mm× length 18mm).
The mechanical tensile data were collected for 7 different
specimens per biomaterial type. Young’s modulus and the
tensile strength were determined according to ASTM D882
Standard Test Method for Tensile Properties of Thin Plastic
Sheeting in the initial slope.

2.6. Swelling. The swelling ratio of biomaterial is relevant in
characterizing the amount of nutrients available to cells and
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cell migration products [8].The swelling measurements were
carried out following the methodology reported by Chang
et al. [40]. To reach swelling equilibrium, PVA and PVA/BC
biomaterials were hydrated in distilled water for over 2 weeks
at room temperature. The equilibrium-swelling ratio was
experimentally determined as percentage of swelling (S%)
using

𝑆% =
𝑊𝑠
𝑊𝑑
∗ 100, (1)

where𝑊𝑠 and𝑊𝑑 are the weight of the swollen gel and dried
material (drying at 70∘C and 0.7 bar of vacuum) measured
at room temperature. All measurements were recorded in
triplicate. The kinetics of water uptake was determined with
samples that were removed from water at regular time
intervals. The weight of each sample was gravimetrically
recorded. Before the measurements, the biomaterial surfaces
were wiped with filter paper to remove superficial water. The
sample weight was recorded as the average value of three
measurements.The results are expressed aswater uptake (𝑊𝑢)
and calculated following

𝑊𝑢 =
(𝑊𝑡 −𝑊𝑑)

𝑊𝑠
∗ 100, (2)

where𝑊𝑡 is the weight of the swollen gel in distilled water at
time 𝑡 at room temperature.

2.7. Cell Adhesion. Sterile BC, PVA, and PVA/BC biomateri-
als were placed in a six-well plate for cell culture and hydrated
for 4 days with Dulbecco’s Modified Eagle Medium (DMEM)
and foetal calf serum (FCS) at 10 v/v%. After the fourth
day, the medium was exchanged and 50,000 fibroblasts were
seeded per well on the biomaterial surface. The incubation
time was 8 days, with medium changes every fourth day.
Fibroblasts, being present in great amounts on the skin, were
chosen to conduct the test. They are responsible for skin
cell regeneration and are used for testing biomaterials for
skin substitutes [11, 33, 41, 42]. To monitor cell adhesion,
the biomaterials were stained with haematoxylin-eosin and
imaged with a Leica microscope and micrometrics camera.
Furthermore, the BC-based biomaterial was stained with
ethidium bromide, and fluorescence images were recorded
using a Leica microscope at 40x and 100x and a Moticam
(Motic) of 10 megapixels.

2.8. Cell Viability. The numbers of viable cells were quan-
tified throughout the incubation time via the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay. This assay is based on the fact that only live cells can
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to formazan [43]. The protocol was
performed as described by Weniger et al. [44]. Briefly, at 4
and 8 days’ incubation time, the BC biomaterial was cut into
small cubes, to fit the dimensions of a 96-well microtiter
plate. To each well, 90 𝜇L of DMEM and 10 𝜇L of MTT
0.5 w/v% were added. Next, the plate was incubated at
30∘C and 70 rpm for 3 h. The insoluble formazan crystals

formed were dissolved in 100 𝜇L of isopropanol for 20 h
and measured spectrophotometrically in an enzyme-linked
immunosorbent assay reader (MultiskanGO, Thermo
Scientific) at 570 nm wavelength. The cell number per
biomaterial was established by totalizing the number of cells
per piece of biomaterial. Before the assay, a calibration curve
was developed by using 8 successive dilutions to half the
initial concentration, starting from 50,000 viable cells and
following the procedure described above. The results were
compared with Corning polystyrene well (control), which is
the reference substrate for cell maintenance. The tests were
carried out in triplicate at two independent times.

2.9. Histology. The histology procedure was performed to
evaluate the cross adhesion of human fibroblasts within the
BC-based biomaterial. Samples obtained after 16 days’ cell
culture were placed in a tissue processor (Thermo Scientific)
for 12 h at room temperature. To dehydrate the samples,
the following solvents were used: neutral formaldehyde,
isopropanol between 50 and 80 v/v%, pure isopropanol, pure
xylols, and paraffin at 60∘C (1 : 3 : 3 : 3 : 2). After 12 h, the bio-
materials were embedded in a paraffin block at 56∘C andwere
cut using a microtome (Leica) to produce 1𝜇m thick cross
sections. The sections were stained with haematoxylin-eosin
and images were recorded using an Olympus microscope
(100x).

2.10. 3D Moulding for Wound Dressing. Gloves were devel-
oped from BC. For this, an oxygen-permeable mould com-
prising silicon rubber was used. A nitrile glove was coated
with catalyzed silicon rubber and left for 24 h to vulcanize the
silicon; next, the silicon rubber glove was unmoulded. The
silicon mould was sterilized, filled with 500mL of HS culture
medium, and inoculated at 10 v/v% with Komagataeibacter
medellinensis, and the system was incubated at room temper-
ature for 10 days; then the gloved shaped BC dressing was
unmoulded and purified as explained in previous sections for
BC.

3. Results and Discussion

3.1. Biomaterial Morphology. The morphology of the bio-
materials relates to their suitability for cell adhesion and
biocompatibility. BC presents a fibrillar structure while pore
features are typical in PVA and PVA/BC.The BCmicrostruc-
ture shows an open porous network (Figure 1 BC at 5000x),
comprising interconnected nanoribbons, 50–70 nm in width,
similar to collagen fibrils in the extracellular matrix (ECM)
[17, 45]. In the case of PVA/BC composites, the fibril structure
of BC is covered by PVA (Figure 1), which results from the
fact that cellulose acts as nucleation element for the PVA
biopolymer. In this way, PVA crystals grow from the BC
nanoribbons into the free spaces [46] (Figure 1, PVA/BC).

The morphology, including the texture and pore size,
affects the adsorption and adhesion of proteins and, conse-
quently, cell anchorage [47]. The dried PVA/BC nanocom-
posites presented large, closed pores, ca. 2𝜇m in size, while
PVA exhibited open pores (1 𝜇m in size, see Figure 1). These
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Figure 1: Microstructure of the dry biomaterials obtained from for PVA, PVA/BC nanocomposite, and BC as assessed by scanning electron
micrographs at different magnifications (200 and 5000x).

results are related to phase separation during freeze-thawing
[30]. Open porosity is desirable because it allows nutrient
migration within the biomaterial and its supplementation to
cells. Thus, compared to the PVA/BC nanocomposites, the
single component BC and PVA are expected to exhibit higher
cell adhesion.

3.2. Wet Mechanical Properties. The wet mechanical prop-
erties of BC, PVA, and PVA/BC biomaterials are presented
as strain-stress profiles (Figure 2(a)). Hydrogels with vis-
coelastic behaviours were identified, similar to those of
human tissue, skin, cartilage, and so on [23]. This was more
distinctive for BC (Figure 2(b)), which showed a nonlinear
response (toe-in region) as has been described elsewhere
[48, 49]. This region results from the gradual stretching
of cellulose fibres upon loading, which is analogous to the
function of collagen fibrils [48].

This response was not evident for PVA or PVA/BC,
due to the highly entangled morphology that was generated
during the physical crosslinking [25]. The incorporation of
BC induced changes to the mechanical properties of PVA:
the slope of the linear zone, related to the stiffness, increased
due to the presence of the reinforcing BC. The skin elastic
modulus is ca. 1–3MPa [50]. Compared to this value, the
results in Table 1 indicate that the tested biomaterials have
similar stiffness, which is expected to facilitate the comfort of
patients, avoiding stress concentration between the dressing
and the wounded area.

The values of tensile strength and Young modulus of
the biomaterials are summarized in Table 1. The inclusion
of BC in PVA increased Young’s modulus, which indicates
a stiffening of the matrix. This behaviour resulted from
good stress transfer upon the incorporation of the three-
dimensional BC nanoribbon network in PVA [25, 26, 51].The
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Figure 2: (a) Biomaterial strain-stress curves under uniaxial tension in the wet state for BC, PVA, and PVA/BC nanocomposites, as indicated.
(b) Kinetics of water uptake for PVA and PVA/BC nanocomposite (biomaterial rehydration profiles). The water content was measured
gravimetrically.

Table 1: Mechanical properties of biomaterials in the wet state: Young’s modulus and tensile strength under uniaxial stress (the test was
performed in air). Included is also the biomaterial swelling, swelling (%), water content (wt.%), time to reach equilibrium (h), and wet
thickness (mm). Biomaterial swelling, swelling as percentage, was calculated according to (1). The time to reach swelling equilibrium was
determined when mass changes of less than 1 wt.% were recorded. The wet thickness is reported in millimetres.

Biomaterial Young’s modulus
(MPa)

Tensile strength
(MPa) Swelling (%) Water content

(wt.%)

Time to reach
equilibrium

(h)

Wet thickness
(mm)

PVA 1.13 ± 0.25 7.16 ± 1.46 298.93 ± 4.91 62.64 ± 3.08 5.5 0.42 ± 0.28
PVA/BC 2.29 ± 0.46 2.55 ± 0.29 305.65 ± 7.06 66.98 ± 3.03 1 0.17 ± 0.04
BC 3.30 ± 0.97 0.92 ± 0.17 6951.37 ± 200.92 98.56 ± 0.04 N/A 1.20 ± 0.32

maximum tensile strength of the biomaterial is influenced by
the presence of water, which interferes in the interaction of
polymer chains [52].The tensile strength of PVAwas reduced
by the incorporation of BC.This is explained by the fact that,
in the wet state, BC acts as a stress concentrator, because of
the interference of water located between the matrix and the
reinforcement, at the interfaces in the composite [52].

A Young’s modulus of ca. 3MPa was measured for the
BC hydrogels, in agreement with other reports [53, 54].
The nanoribbons are linked to bulk water [8]; moreover
according to Konidari et al., water induces changes in the
mechanical properties of semicrystalline polymers due to
the plasticization of the amorphous regions and the possible
partial destruction of the crystalline ones [55]. Despite the
loss of mechanical performance (tensile strength) in the
presence of water, the hydrogel morphology is desirable for
cell regeneration since it mimics the morphology of collagen
[11] and, according to Bäckdahl et al. and Fu et al., this type
of effect is beneficial for the formation of cell layers on the
biomaterial [53, 54].

3.3. Swelling. Figure 2(b) illustrates the swelling behaviour of
PVA and PVA/BC nanocomposite, including their swelling
percentage, water content, time to reach swelling equilibrium,
and wet thickness. PVA and PVA/BC presented ca. 300%
swelling, indicating that the reinforcement of PVA with BC
did not affect its ability to absorb water. BC has a large
capacity to hold water (99 ± 0.04wt.%), equivalent to a
relative swelling of ca. 7000%. The water holding capacity in
biomaterials is important because it determines the amount
of nutrients available to the cells [8]. Accordingly, these
results indicate the possibility of an extensive cell adhesion.

Regarding the kinetics of water uptake, swelling equi-
librium for PVA and PVA/BC biomaterials is not affected
by the inclusion of BC (ca. 67wt% water content) (Table 1).
PVA/BC reached equilibrium in 1 h, while PVA took 5.5 h.
However, compared with PVA, the rate of water uptake is
higher for the PVA/BC nanocomposites. This behaviour is
related to the thickness of the biomaterial (Table 1), which
affects the diffusion of water, as described by Fick’s second
law [56]. The thickness of the nanocomposite is difficult
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Figure 3: In vitro cell adhesion on biomaterials, haematoxylin-eosin staining incubation time of 8 days. (a) PVA, (b) PVA/BC, and (c) BC.
Images taken at 40x.White arrows indicate the presence of cells. Cell densities: PVA and PVA/BCnot detectable; BC 56934± 4657. Fluorescent
images of fibroblast on BC, (d) 4th day and (e) 8th day. Dye: ethidium bromide, cell nucleus is brighter than cytoplasm. Images token at 40x.
Fibroblasts increase their number on BC. At the 4th day cells are spread on the surface of BC surface. At the 8th day, cells display a confluent
monolayer on the surface of the biomaterial. Scale bar is 100𝜇m.

to control in the in situ methodology because it depends
on the number of viable bacteria at the air-liquid interface.
We note that BC swelling occurs during fermentation, and
rehydration is limited after the material has been dried, due
to the “hornification” phenomenon [57].

3.4. In Vitro Cell Adhesion. The results for cell adhesion
on the biomaterials are shown in Figure 3. Adhesion was
observed for PVA, PVA/BC, and BC. For the PVA/BC
nanocomposite the closed pores affected the adhesion of
fibroblasts on the biomaterial. This is likely because adsorp-
tion and adhesion of proteins are hindered by the reduced
availability of nutrients [47]. Moreover, cells anchored
scarcely on PVA and PVA/BC, as observed in Figure 3. In
both cases, the number of cells was low compared to BC; from
50000 cells seeded only a few were detected. MTT assay did
not reveal any significant changes.

According to fluorescence imaging (see Figures 3(d)
and 3(e)) and MTT assessment of human fibroblasts on
BC (Table 2), cells adhered to the BC biomaterial in great
numbers. Cells anchored to BC from the fourth day. At
the 8th day, a confluent fibroblast monolayer was evident
wherein the cells displayed a fusiform morphology. This
type of morphology indicates healthy cells and appropriate
anchorage on BC [58, 59]. This is explained by the BC
microstructure, similar to that of collagen, and its chemical
configuration with three hydroxyl groups per monomer that
interact with polar sites in the cell through hydrogen bonds
[60]. Likewise, the high swelling of BC and its open porosity

Table 2: Cell density on BC with time. Plates for cell culture of
polystyrene were used as control.

Biomaterial Time (d)
4 8

BC 15349 ± 10227 56934 ± 4657
Control 35265 ± 11064 60940 ± 17062

facilitated the sorption of cell culture medium; these factors
promoted cell anchorage.

Despite the presence of abundant hydroxyl groups in
PVA, protein adsorption and cell adhesion were prevented
[61]. In BC, fibroblasts adhered, a phenomenon that did
not occur in PVA/BC (see Figure 3). Thus, PVA/BC can be
better used as interactive dressings where cell adhesion is not
required, or even is unwanted [14]. Nonetheless according
to the swelling results these biomaterials control moisture,
that is, control exudate, without interacting directly with the
wound bed (cells). Others possible biomedical applications
of the PVA/BC nanocomposite include the development of
dura mater implants, drug delivery systems, and protein
immobilization [62–64]. In these applications cell adhesion
is not required.

3.5. Cell Viability. Cell viability is a critical test for wound
dressings, since they interact with cells and promote cell
movement to the injury site [65]. Table 2 shows the results
of the MTT viability test.
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Figure 4: BC wound dressing: (a) side view of BC histology cut, cells adhere on the biomaterial surface (image taken at 100x). (b) BC glove-
shaped wound dressing (hydrogel state) for treatment of hand lesions, especially those involving fingers.

The number of viable cells on BC at day 8 was similar
to that on the control. However, cells on BC increase in
their number faster than in the control; from day 4 to 8,
cells on BC increased fourfold in number. This effect can be
attributed to the BCmicrostructure and its surface chemistry
[60], as explained previously. The fact that fibroblasts are
viable on BC means that this biomaterial does not interfere
in the cell cycle, which make BC suitable for skin cell
regeneration as a bioactive wound dressing [6]. This result
is in agreement with fluorescent imaging (see Figures 3(d)
and 3(e)): good adhesion was observed on BC from day 4;
at day 8, a fibroblast monolayer was observed as a fusiform
and confluent morphology [32].

3.6. Histology. Figure 4(a) shows the side view of amonolayer
of fibroblasts on BC. It indicates that they did not migrate
across the biomaterial, as the pore size of the BC is c.a.
1 𝜇m in size and cells have an average size of 40𝜇m [66].
However, it has been indicated in the literature that cells can
push BC nanoribbons and migrate transversely [67, 68]. This
phenomenon seemed not to occur in this case because of the
highly entangled BC network, which excluded cells by size.

Currently, research focuses on creating microporosities
in BC in order to enhance cell migration; some remark-
able strategies include the creation of sponges, inclusion of
paraffin spheres, and development of cocoon-like structures
[12, 66, 69, 70]. For wound dressing the fact that cells do not
migrate transversally in BC may be beneficial, for example,
in creating monolayers of bioengineered skin substitutes.
According to the results above, BC wound dressings can
be classified as bioactive; BC is able to control moisture
while interacting with skin cells. One interesting application
is the development of tissue engineering skin substitutes,
where BC can be covered by skin cells and then used for
wound treatments [6]. The addition of PVA will generate
an interactive wound dressing for the exudates management,
where interactions with cells are not required.

3.7. Glove-Shaped Wound Dressing. According to the results
presented for BC, a glove-shaped wound dressing was

designed for treating burns and skin ulcers (Figure 4(b)).
For these treatments, the high water holding capacity of
BC and its biocompatibility with skin cells are important to
keep the wound moist and to promote fibroblast adhesion,
respectively. All the above promote epithelialization and
wound healing [1].

The benefits of wound dressings can be expanded if
they are made from BC. Furthermore, the production of
related wound dressings is possible by using microorganism
bioengineering, using a silicone rubber membrane template
(permeable to oxygen). Only bacteria (Komagataeibacter
medellinensis) next to the inner mould wall have access to
oxygen and divide and produce cellulose. Therefore, BC is
produced only adjacent to the silicone rubber and it will
conform to the shape of the mould, a glove in this case. Such
wound dressings can be used as skin substitutes for difficult
areas such as hands and fingers.

4. Conclusions

A facile, robust, and novel method toward nanocomposites
with biocompatible bacterial cellulose (BC) and polyvinyl
alcohol (PVA) was applied by in situ fermentation and
physical crosslinking upon cellulose biosynthesized from
Komagataeibacter medellinensis. BC-based hydrogels were
found to be beneficial for the formation of a cell layer on
the biomaterial. BC presented a high degree of swelling,
which is vital for nutrient and adhesion protein adsorption.
The microstructure of PVA and PVA/BC scarcely allowed
cell adhesion. In contrast, fibroblasts cultured on BC were
identified in large number, forming fusiform and confluent
morphology. This observation is explained by the similarity
of BC with collagen. According to viability tests, fibroblasts
multiplied rapidly on BC, and the fibroblast monolayer
did not migrate significantly across the biomaterial. This is
mainly due to size exclusion effects; this is advantageous
for bioengineeringmonolayers of skin substitutes. According
to the properties presented by BC and taking advantage of
microorganism bioengineering, it was possible to develop
BC shaped as a glove for wound dressing. This material may
have application in the treatment of skin burns and ulcers. In
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conclusion, PVA and PVA/BC nanocomposites can be used
if cell adhesion is not required, for instance, as interactive
wound dressing for exudate management. BC is ideally
suited as a bioactive wound dressing for development of
bioengineered skin substitutes; thus the biomaterials can be
used as wound dressings depending on the clinical situation.
Further investigation will be focused on in vivo studies to
validate the systems under real conditions, to determine their
safety in use and their pharmacokinetics.
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[18] G. Helenius, H. Bäckdahl, A. Bodin, U. Nannmark, P. Gaten-
holm, and B. Risberg, “In vivo biocompatibility of bacterial
cellulose,” Journal of Biomedical Materials Research Part A, vol.
76, no. 2, pp. 431–438, 2006.

[19] B. D. Ratner, “The biocompatibility manifesto: biocompatibility
for the twenty-first century,” Journal of Cardiovascular Transla-
tional Research, vol. 4, no. 5, pp. 523–527, 2011.

[20] J. Wang, C. Gao, Y. Zhang, and Y. Wan, “Preparation and in
vitro characterization of BC/PVA hydrogel composite for its
potential use as artificial cornea biomaterial,”Materials Science
and Engineering C, vol. 30, no. 1, pp. 214–218, 2010.

[21] M. I. Baker, S. P. Walsh, Z. Schwartz, and B. D. Boyan, “A
review of polyvinyl alcohol and its uses in cartilage and ortho-
pedic applications,” Journal of Biomedical Materials Research B:
Applied Biomaterials, vol. 100, no. 5, pp. 1451–1457, 2012.

[22] H. Mohammadi, “Nanocomposite biomaterial mimicking aor-
tic heart valve leaflet mechanical behaviour,” Proceedings of
the Institution of Mechanical Engineers, Part H: Journal of
Engineering in Medicine, vol. 225, no. 7, pp. 718–722, 2011.

[23] L. E. Millon and W. K. Wan, “The polyvinyl alcohol-bacterial
cellulose system as a new nanocomposite for biomedical appli-
cations,” Journal of Biomedical Materials Research - Part B
Applied Biomaterials, vol. 79, no. 2, pp. 245–253, 2006.

[24] S. Gea, E. Bilotti, C. T. Reynolds, N. Soykeabkeaw, and T.
Peijs, “Bacterial cellulose-poly(vinyl alcohol) nanocomposites
prepared by an in-situ process,” Materials Letters, vol. 64, no.
8, pp. 901–904, 2010.

[25] C. Castro, A. Vesterinen, R. Zuluaga et al., “In situ production of
nanocomposites of poly(vinyl alcohol) and cellulose nanofibrils
from Gluconacetobacter bacteria: Effect of chemical crosslink-
ing,” Cellulose, vol. 21, no. 3, pp. 1745–1756, 2014.

[26] C. Castro, R. Zuluaga, O. J. Rojas et al., “Highly percolated
poly(vinyl alcohol) and bacterial nanocellulose synthesized in
situ by physical-crosslinking: exploiting polymer synergies for
biomedical nanocomposites,” RSC Advances, vol. 5, no. 110, pp.
90742–90749, 2015.

[27] J. Rojas and E. Azevedo, “Surface functionalization of nanofib-
rillated cellulose using click-chemistry approach in aqueous
media,” International Journal of Pharmaceutical Sciences Review
and Research, vol. 8, no. 1, pp. 1201–1212, 2011.



International Journal of Polymer Science 9

[28] L. E. Millon, H. Mohammadi, and W. K. Wan, “Anisotropic
polyvinyl alcohol hydrogel for cardiovascular applications,”
Journal of Biomedical Materials Research - Part B Applied
Biomaterials, vol. 79, no. 2, pp. 305–311, 2006.

[29] L. E. Millon, G. Guhados, and W. Wan, “Anisotropic polyvinyl
alcohol—bacterial cellulose nanocomposite for biomedical
applications,” Journal of Biomedical Materials Research Part B:
Applied Biomaterials, vol. 86, no. 2, pp. 444–452, 2008.

[30] L. E. Millon, C. J. Oates, and W. Wan, “Compression prop-
erties of polyvinyl alcohol-bacterial cellulose nanocomposite,”
Journal of Biomedical Materials Research - Part B Applied
Biomaterials, vol. 90, no. 2, pp. 922–929, 2009.

[31] J. A. Stammen, S. Williams, D. N. Ku, and R. E. Guldberg,
“Mechanical properties of a novel PVA hydrogel in shear and
unconfined compression,” Biomaterials, vol. 22, no. 8, pp. 799–
806, 2001.

[32] N. Sanchavanakit, W. Sangrungraungroj, R. Kaomongkolgit, T.
Banaprasert, P. Pavasant, and M. Phisalaphong, “Growth of
human keratinocytes and fibroblasts on bacterial cellulose film,”
Biotechnology Progress, vol. 22, no. 4, pp. 1194–1199, 2006.

[33] F. Lina, Z. Yue, Z. Jin, and Y. Guang, “Bacterial cellulose for
skin repair materials,” in Biomedical Engineering–Frontiers and
Challenges, pp. 249–274, 2009.
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