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Abstract Bacterial cellulose (BC) has unique prop-
erties and is widely applied as wound dressings. Dry
BC membranes have better stability and longer storage
time, but are poor in gas permeability and water
absorption. To solve the problems with dry BC, we
prepared two different plasticized dry BC membranes
using two biocompatible plasticizers with different
molecular weight and hydroxyl content, namely
glycerol (G) and polyethylene glycol (PEG). The
different effects of the two plasticizers on the structure
and performance of dry BC were systematically
compared and analyzed. The plasticized dry BC
membranes were characterized with Fourier transform
infrared spectroscopy, scanning electron microscopy,
thermo-gravimetry, etc. The elongation at break for
BC/2%G and BC/2%PEG were 8.1 and 12.5 times that
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of dry BC, respectively. BC/2%G had a water
absorption of 4560%, and a water retention rate of
2468%, and those for BC/2%PEG were 4690% and
1972%, respectively. The highly porous structure of
the plasticized dry BC membranes effectively
enhanced the water vapor transmission rate of the
membranes. The different effects of the two plasticiz-
ers can be ascribed to the differences in molecule size,
hydroxyl content, hydrogen bond interaction, etc. The
plasticized dry BC membranes showed excellent
resistance to bacteria, which were 99.8% for BC/G
and 99.9% for BC/PEG. The performance of the two
plasticized dry BC membranes can be tuned to adapt to
different applications.
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Abbreviations

BC Bacterial cellulose (without special
instruction, BC in this paper is in dry state)

G Glycerol

PEG  Polyethylene glycol

E% The elongation at break

WVT  Water vapor transmission rate

WA  Water absorption capacity

WR Water retention rate

RB Rate of resistance to bacteria

Introduction
Bacterial cellulose (BC) is an extracellular polysac-

charide generated by microorganisms such as Glu-
conacetobacter xylinum. It features a unique ultra-fine
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three-dimensional nano network, a high specific
surface area, high hydroscopicity and water retention
capacity, good mechanical properties and good bio-
compatibility. In addition, the large amounts of
hydroxyl groups present in BC facilitate the diverse
expansion of its functions. Due to these merits, BC has
been widely used in a variety of fields, such as tissue
engineering (Andrade et al. 2010; Luo et al. 2014;
Stumpf et al. 2016; Wang et al. 2018), wound
dressings (Qiao et al. 2017; Sulaeva et al. 2015; Ye
et al. 2018), food industry (Diaz-Calderdn et al. 2018),
waste water treatment (Li et al. 2018; Urbina et al.
2018; Yang et al. 2018), flexible electrodes(Sun et al.
2017; Wan et al. 2015), and supercapacitors (Bu et al.
2018; Zhang et al. 2018). Among these applications,
BC has been extensively studied as wound dressings.
An ideal wound dressing should maintain a moist
environment at the wound surface, allow gaseous
exchange, act as a barrier against microorganisms and
be flexible enough to adapt to the wound. It should also
be non-toxic, non-allergenic, and non-adherent. In
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addition, it should be able to lock exudates from the
wound and can be easily removed (Jayakumar et al.
2011; Khamrai et al. 2017; Lamboni et al. 2016;
Liakos et al. 2015; Sarhan et al. 2016; Sulaeva et al.
2015).

BC can provide a moist healing environment and
serve as an effective physical barrier against external
infection (Cui et al. 2014). The highly porous structure
of BC allows for the potential transfer of antibiotics or
other medication into the wound (Lin et al. 2015).
Furthermore, BC gel does not adhere to the wounds,
which prevents secondary damage. These features
make BC a good wound dressing material. Wu and co-
workers prepared a slow-released antimicrobial
wound dressing by growing silver nanoparticles onto
the nanofibers of BC (Wu et al. 2014b). The wound
dressing exhibited significant antibacterial properties
with more than 99% reductions in Escherichia coli,
Staphylococcus aureus and Pseudomonas aeruginosa.
Moreover, it supported the attachment and growth of
epidermal cells without sign of cytotoxicity (Wu et al.
2014a). Other examples of BC-based wound dressings
include BC-vaccarin membranes (Qiu et al. 2016) and
tetracycline hydrochloride-loaded BC composite
membranes (Shao et al. 2016).

However, in its hydrogel state, the properties of
BC-based wound dressings are not stable, which limits
their storage time. Additionally, they are poor in gas
permeability and wound fluid absorption. To over-
come these problems, work has been done to develop
wound dressings based on dry BC membranes. Dry
BC-based wound dressings have better stability, gas
permeability and mechanical strength. However, the
water reabsorbing capacity and water retention capac-
ity of dry BC membranes are severely compromised,
which is disadvantageous for their use as wound
dressings. Furthermore, BC membranes are also
brittle. To cope with these problems, plasticizers were
subsequently introduced.

Plasticizers help to decrease inherent brittleness of
films by reducing intermolecular forces, increasing the
mobility of polymer chains, decreasing the glass
transition temperature of these materials and improv-
ing their flexibility (Azadimanesh and Mohammadi
2015). Common plasticizers include monosaccha-
rides, oligosaccharides, polyols, lipids, etc. (Cobos
et al. 2017; Sanyang et al. 2015). Among these,
glycerol and poly(ethylene glycol) (PEG) have shown
significant potential. Glycerol is a well-known

biocompatible polyol and has been used as a plasti-
cizer. Silva et al. prepared a transdermal delivery
systems based on BC by using glycerol as a plasticizer.
The membrane showed good flexibility and a consid-
erably higher swelling behavior compared with pure
BC (Silva et al. 2014). Almeida and co-workers
evaluated the skin irritation potential of glycerol-
plasticized BC in human subjects. They found no
significant differences for transepidermal water loss
measurements in comparison with negative control;
similar results were found for erythema (Almeida et al.
2013). PEG is a biocompatible synthetic polymer with
wide application in biotechnology and medicine. It has
also been used as a plasticizer. Cai et al. prepared a
BC/PEG composite by immersing a wet BC pellicle in
a PEG aqueous solution followed by a freeze-drying
process. 3T3 fibroblast cells incubation experiments
showed that BC/ PEG had much better biocompati-
bility than the pure BC. However, the BC/PEG
composite showed typical brittle properties, which is
probably due to the freeze-drying process (Cai and
Kim 2010). In a short communication, Numata et al.
reported the shape-memory property of BC com-
pounded with PEG200 and PEG1000 mixture (Nu-
mata et al. 2009). In another work, Supamas
Napavichayanun et al. prepared a BC composite
incorporated with silk sericin, polyhexamethylene
biguanide and glycerin, and evaluated its potential as
wound dressing (Napavichayanun et al. 2018). How-
ever, although there have been studies using PEG or
glycerol to plasticize BC, the structure of the plasti-
cized BC and its performance as wound dressing have
not been systematically studied. Especially, the effect
of plasticizers with different molecular weight or
hydroxyl content on the performance of dry BC
membrane has not been studied or compared.

The purpose of this paper is to prepare plasticized
dry BC membranes with plasticizers of different
molecular weight or hydroxyl content, namely glyc-
erol and PEG, and systematically compare the differ-
ent effects of the two plasticizers on the structure and
performance of dry BC membranes. The plasticized
dry BC membranes were prepared by the soaking
method and then characterized with FT-IR, SEM, TG,
etc. The mechanical strength, water absorption, water
retention properties, water vapor transmission rate and
resistance against bacteria of the two membranes were
studied and compared. The mechanisms of how
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different plasticizers affect the performance of the
plasticized dry BC membranes were also discussed.

Experimental
Materials

Bacterial cellulose membranes produced by Glu-
conacetobacter xylinus were obtained from Hainan
Yide Food Co., Ltd. The membrane was 3 mm thick in
its moist condition, with a moisture content of about
13,000%. Sodium hydroxide (NaOH) was purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd.
Poly (ethylene glycol) (PEG 200) was purchased from
COOLABER SCIENCE & TECHNOLOGY. Glyc-
erol was obtained from Sinopharm Chemical Reagent
Co., Ltd. The bacterial strain of Staphylococcus
aureus (ATCC6538) was obtained from Shanghai
shengwu.com. Mannitol Salt Agar was purchased
from Qingdao Hope Bio-Technology Co., Ltd. All
reagents were of analysis pure and used as received.

Preparation of the plasticized dry BC membranes

The BC membranes were washed with distilled water.
The membranes were then immersed ina 0.1 M NaOH
solution and water-bath heated at 90 °C for 1 h to
remove the biomass from the membranes. After that,
the members were washed with distilled water to
pH = 7 and stored in distilled water at 4 °C prior to use
(Wu et al. 2014c). To prepare plasticized BC, BC
membranes were first dehydrated in a centrifuge at
3000 r/min for 5 min. Then the semi-dry BC mem-
branes were immersed in glycerol aqueous solutions of
1, 1.5 and 2 wt% for 24 h. Next, the membranes were
placed on a plastic plate for natural drying by air. The
products were named BC/1%G, BC/1.5%G and BC/
2%G, respectively. The BC/PEG membranes were
prepared by the same method, and named BC/1%PEG,
BC/1.5%PEG and BC/2%PEG, respectively.

Characterization of the plasticized dry BC
membranes

The morphology of BC/G and BC/PEG was examined

by a field emission scanning electron microscope (FE-
SEM) (Zeiss, Germany) operating at 5 kV. Prior to
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SEM observation, the membranes were freeze-dried
for 24 h and coated with a thin layer of gold.

The chemical interactions between BC and the
plasticizers were studied using a Fourier transform
infrared spectroscope (FT-IR) (Thermo Scientific
Nicolet 6700). The membranes were dried in air.
The spectra were recorded in the range of
4000-600 cm ™.

Thermo-gravimetry (TG) experiments were per-
formed on a Shimadzu TGA 50 analyzer. The
temperature was heated from room temperature to
600 °C under a nitrogen atmosphere. The heating rate
was 10 °C/min. For each test, 10 mg of the samples
was used, and the result was the average of three tests.

The surface roughness (Ra) of the BC/G and BC/
PEG was tested using a laser confocal scanning
microscope (Olympus LEXT OLS4000, Japan). For
each sample, 5 points were randomly picked and
tested. The water contact angles (WCAs) of the
membranes were tested on a Contact Angle System
OCA (Kruss, Germany). The volume of each liquid
drop was 2 pL. The surfaces of membranes were kept
smooth and dry in the Ra and WCA tests.

The tensile stress-strain properties of the mem-
branes were measured with a TA-HD plus Texture
Analyzer (Stable Micro Systems Co. Ltd, UK) at room
temperature. Three samples from one membrane were
cut into dumbbell shapes with a width of 4 mm and
length  of 50mm  following ISO  stan-
dards[ISO37:2005(E)] (Qiao et al. 2015). The loading
rate was kept at a strain rate of 100 mm/min. Three
samples were measured to obtain the average and
standard deviation (Akturk et al. 2011).

Water absorption and water retention

Dry BC, BC/G and BC/PEG were vacuum-dried for
24 h before testing their water absorption capacity
(WA) and water retention rate (WR). The WA of the
membranes was tested by a gravimetric method
(Akturk et al. 2011). Initially, the membranes were
cutinto 4 cm x 4 cm pieces and the dry weights (W)
were measured. Then each sample was immersed in
200 ml of deionized water at room temperature
(25 °C). The weight of each sample was measured
after removing excess surface water (W,). The WA
was calculated using the following equation:
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WA(%) = (Ws — Wq) /Wy x 100% (1)

The water retention capacity of the membranes was
evaluated by water retention tests (Bodhibukkana et al.
2006). The initial weights of dry BC, BC/G and BC/
PEG were measured (Wq). Then the samples were
immersed in deionized water for 24 h. After that, the
surface water on the samples was wiped away with
filter paper and the samples were placed in centrifuge
tubes and centrifuged at 500 r/min for 3 min. Then the
samples were taken out and weighed again (W,,). The
WR was defined by the following equation (Lin et al.
2013):

WR(%) = (W,, — W,)/ W, x 100% (2)

Triplicate samples from one membrane were tested.
Water vapor transmission

The WVTs of the BC/G and BC/PEG were determined
according to the ASTM E96 standard method (Bod-
hibukkana et al. 2006). The WVTs of the membranes
were determined according to YY/T 0471.2. The tests
were carried out on a PERME W3/010 water vapor
transmission instrument (Jinan Lan Guang Electrical
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and Mechanical Technology Co., Ltd) (Fig. 1A). The
test temperature and humidity were 38 °C and
90%RH, respectively. The test warm-up time was
2 h and the weighing interval was 120 min. To take
into consideration the water absorbed by the mem-
branes, the mass changes of the membranes after the
tests were divided by the sample area and test time and
converted into WVTSs, and then deducted from the
results. Triplicate tests were carried out.

Resistance to bacteria

The process of the bacteria resistance experiment is
illustrated in Fig. 1B. First, Staphylococcus aureus (S.
aureus) was inoculated on a sterile agar plate in a petri
dish in an “x” shape. Each line of the “x” was less
than 2 cm. Afterwards, the membrane (at least 5 cm x
5 cm in surface area) was placed on the petri dish
covering the “x” shape. Then another petri dish with
sterile agar plate was placed on top of the membrane.
A 100 g weight was then added on the upper petri dish
to form a continuous pressure. This set was incubated
at 37 °C for 24 h. Finally, the upper petri dish was
taken down, capped and incubated at 37 °C for another

Fig. 1 A Schematic of the WVTR test. B The procedure of the resistance against bacteria test: (a) first step; (b) second step; (c) final

step
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24 h before being examined for the S.aureus colony.
Triplicate tests were carried out.

Results and discussion
Mechanism of plasticization

The mechanism of plasticization is illustrated in
Fig. 2. BC has a network structure composed of nano
fibers. Upon drying, the three-dimensional structure
collapses to a densely packed structure, and large

Fig. 2 Illustrations of the
microstructures of BC, BC/
G and BC/PEG

BC/PEG
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amounts of hydrogen bonds form between the fibers
(Bickdahl et al. 2006). The large amounts of hydrogen
bonds limit the relative movement between the fibers,
making dry BC a very strong and brittle material. After
incorporating plasticizers, namely glycerol and PEG,
the plasticizers not only cover the surface but also
penetrate the BC fiber networks. The plasticizers form
hydrogen bonds with the BC fibers, preventing the
fibers from forming too many hydrogen bonds with
each other. As a result, the space between the fibers is
enlarged, the interaction between the fibers is
decreased, and the relative movements between the
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fibers are easier (Bocqué et al. 2016; Ghasemlou et al.
2011; Sanyang et al. 2015).

The FT-IR spectra of BC, BC/G and BC/PEG are
shown in Fig. 3. For the spectrum of BC, the
characteristic absorption at 3345 cm™' is attributed
to the O-H stretching vibrations of the hydroxyl
groups present in BC; the absorption around
2895 cm ™' is because of the C-H stretching vibra-
tions; the peak at 1645 cm™' results from the
symmetrical stretching of —OH (Maréchal and Chanzy
2000; Vasconcelos et al. 2017). For the spectra of BC/
G (Fig. 3a), the absorption at 3726-2997 and
1645 cm™' was greatly enchanced, which is in
accordance with the spectrum of glycerol. The
absorption intensified with the increase in glycerol
content. This is due to the large amounts of hydroxyl
groups in glycerol. The double peaks at 2929 and
2884 cm™' are ascribed to the C-H stretching

vibrations in glycerol molecules. The absorption
around 1109 and 1032 cm™' are ascribed mainly to
the C—C and C-O stretching vibrations in glycerol
molecules, respectively (Chen et al. 2008). These facts
together suggest that BC is compounded with glycerol.
For the spectra of BC/PEG (Fig. 3b), the absorption at
3700-3008 and 1645 cm™"' also intensified with the
increase in PEG content, which is due to the hydroxyl
groups in PEG. However, compared with BC/G, the
absorption was much weaker. This is because the
content of hydroxyl groups in PEG is much lower than
that in glycerol.

Morphological characterization

SEM was used to study the microstructure of the
membranes. Dry BC showed a fibrous structure
(Fig. 4a, b). The nanofibers were densely stacked,

Fig. 3 FT-IR spectra of
BC/G (a) and BC/PEG (b).
For interpretation of the
references to color in this
figure legend, the reader is
referred to the web version
of this article
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Fig. 4 SEM images of
BC(a, b), BC/1%G (c), BC/
1.5%G (d), BC/2%G (e),
BC/1%PEG (f), BC/
1.5%PEG (g) and BC/
2%PEG (h)

making the relative movements between the fibers
very difficult (Béackdahl et al. 2006; Lamboni et al.
2016). In contrast, no obvious fibrous structure were
observed for BC/G or BC/PEG, This can be ascribed to
the coverage of plasticizers on the BC fibers (Cai and
Kim 2010). As can be seen, BC/G and BC/PEG were
homogeneous with no visible signs of aggregation.
This means that there is a good compatibility between
the plasticizer and BC. Additionally, BC/G showed an
abundant number of pores (Fig. 4c—e), while fewer

@ Springer

pores and more micro cracks were observed for BC/
PEG (Fig. 4f-h). These structures can contribute to the
exchange of gas and the absorption of wound exudate
(Yin et al. 2012).

The three-dimensional surface images of BC, BC/G
and BC/PEG are shown in Fig. 5a—g. The correspond-
ing surface roughness are shown in Fig. Sh. As can be
seen, dry BC showed a relatively smooth surface, with
alow surface roughness of only 0.125 pum. This can be
explained by the densely stacked structure as shown in
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Fig. 5 Three-dimensional surface images of BC (a), BC/1%G (b), BC/1.5%G (c), BC/2%G (d), BC/1%PEG (e), BC/1.5%PEG (f) and
BC/2%PEG(g); (h) membranes roughness

Fig. 4a. After the incorporation of plasticizers, the increased with the rise in plasticizer content. At 2%

roughness of the membranes significantly increased. plasticizer content, the surface roughness of BC/G and
The surface roughness of BC/G and BC/PEG both BC/PEG were 1.01 um and 0.987 pm, respectively
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(Fig. 5h). The increased surface roughness may result
from the larger space between the BC fibers of BC/G
and BC/PEG. The larger surface roughness is bene-
ficial for cell growth and may therefore benefit the
wound healing (Faucheux et al. 2004).

The contact angle with water (CA) of a wound
dressing reflects its ability to absorb wound fluid. The
CAs of dry BC, BC/G and BC/PEG are shown in
Fig. 6a. Dry BC showed good hydrophilicity with a
small CA of 34.1°, which was derived from the large
amounts of hydroxyl groups present in dry BC
(Fig. 6b). Adding 1% of glycerol increased the CA
to 60°. This is due to the fact that glycerol has a
comparatively smaller hydroxyl content than BC.
However, further adding glycerol led to a decrease of
CA. This is because that, as the amount of plasticizers
increased, the amount of hydroxyls on the surface of
the membrane also increased (Fig. 6¢). As a result, the
hydrophilia in the CA decreased. For BC/2%G, the
CA was about 43.4°, which is very close to that of dry
BC. The CAs of BC/PEG also showed a similar
pattern. However, because PEG has an even smaller
hydroxyl content than glycerol, at the same content,
BC/PEG has a larger CA than BC/G. These results
show that the hydrophilicity of BC/G and BC/PEG can
be tailored for different demands.

Mechanical property and thermal stability
Tensile stress-strain experiments were used to study

the mechanical behavior of the plasticized mem-
branes. As can be seen in Fig. 7, dry BC had a high

90

75 -

tensile strength of 165 MPa. However, the elongation
at break (E %) of dry BC was only 3.4%. This indicates
that it is highly brittle. Comparatively, BC/G showed
lower tensile strength, but the E% value was much
higher (Fig. 7a). With the glycerol content increasing
from 1 to 2%, the tensile strength decreased from 103
to 56.8 MPa, which is still relatively high. Meanwhile,
the E% values increased from 16.7 to 28.1%, indicat-
ing that the flexibility of BC/G was effectively
improved. This can be explained by the inner space
increase caused by the adding of plasticizer (Sothorn-
vit and Krochta 2001; Sreedhar et al. 2005). As is
shown in Fig. 2, the fibers of dry BC are closely
stacked and formed quantities of H-bonds with each
other. There is little space between the fibers and the
fibers are locked to each other. Therefore, the tensile
strength is very high and the E% value is small. With
the addition of plasticizer, the plasticizer molecules
enter the space between the fibers and form H-bonds
with them (Azadimanesh and Mohammadi 2015). The
H-bonds between the fibers are effectively decreased
and the space between the BC fibers is increased. As a
result, the fibers can move away from each other and
the E% value increases.

BC/PEG showed the similar variation (Fig. 7b).
However, compared with BC/G, BC/PEG presented
smaller tensile strength and larger E% values. This
might be because that the PEG molecules has a much
smaller hydroxyl density than Glycerol. Consequently
the there are less H-bonds between the fibers in BC/
PEG than in BC/G. Therefore, the interaction between
the fibers are weaker and the relative movement is

ma
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Fig. 6 (a) Contact angles of the membranes; schematic illustration of the surface hydrophilicity of dry BC (b) and plasticized dry BC
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Fig. 7 Tensile stress-strain curves of BC/G (a) and BC/PEG (b)

easier. The tensile results show that B/G and BC/PEG
had good mechanical properties and that BC mem-
branes of different mechanical properties can be
achieved by verifying the plasticizer type and content.
This is beneficial for their application as wound
dressings as they can withstand the stress during
handling and provide mechanical protection to the
wound (Archana et al. 2013). The detailed results of
the mechanical tests are presented in Table 1.

The thermal stability of the membranes were
assessed by TG analysis, as shown in Fig. 8. For all
membranes, the weight losses in the range of
30-100 °C are attributed to the loss of absorbed
water. BC presented the one-stage decomposition at
250 °C, which is attributed to the degradation of the
main cellulose skeleton (Li et al. 2010). In compar-
ison, both BC/G and BC/PEG display two weight loss
stages. For BC/G, the first stage occurs at 120-270 °C.
This is due to the degradation of the glycerol-gather
phase in BC/G (Montero et al. 2017). For BC/PEG, the
first weight loss stage occurs at 130-290 °C, which
corresponds to the decomposition of PEG (Mishra
et al. 2017). Both BC/G and BC/PEG have the second

Stress (MPa)
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100
80 |
60 |- BC/1%PEG

40 BC/1.5%PEG

BC/2%PEG
20

0 I 1 L ! L | L
0 5 10 15 20 25 30 35 40 45

Strain (%)

weight loss stage at 290-400 °C. This is well consis-
tent with that of BC. The TG results show that both
BC/G and BC/PEG are stable before 100 °C. This
means they have good stability in their application as
wound dressings.

Water absorption and water retention performance

Water absorption capacity (WA) is one of the vital
criteria for wound dressing applications. The WA
results of dry BC, BC/G and BC/PEG are shown in
Fig. 9a, b. As can be seen, dry BC had a very low WA.
This is because the fibers of dry BC are tightly locked
to each other by H-bonds and there is much smaller
space inside the membrane (de Souza et al. 2013). In
addition, the H-bonds between the fibers are so strong
that water molecules are not able to break them. As a
result, the ability of dry BC to absorb water was
limited by its low inner space. In contrast, both BC/G
and BC/PEG showed high water absorption, which
were more than 40 times higher than that of dry BC.
This can still be explained by their inner structure.
After incorporation of plasticizers, the glycerol and

Table 1 Mechanical

Tensile strength (Mpa)

Modules (Mpa)

Elongation at breake (%)

. - Sample

properties of dry BC, BC/G

and BC/PEG Dry-BC 165 + 4.2
BC/1%G 103 £ 2.6
BC/1.5%G 98.7 £2.5
BC/2%G 56.8 £ 14
BC/1%PEG 550 £ 1.6
BC/1.5%PEG 37.8 £ 0.41
BC/2%PEG 24.1 £ 0.61

4032 £91.2 3.46 £ 0.09
698.3 + 16.2 16.7 £ 0.65
448.2 +£ 10.7 21.5 £ 0.97
2174 £ 6.35 28.1 £0.63
307.6 £ 6.26 18.4 £ 0.41
151.1 £ 3.39 37.7 £ 1.28
56.80 £+ 1.05 432 + 1.12

@ Springer



5904

Cellulose (2018) 25:5893-5908

80

60

40

Weight loss (%)

20

——BC

—— BC/1M%G
—— BC/1%PEG

Fig.

100

200 300 400 500

Temperature (°C)

600

8 TG (a) and DTG (b) curves of BC, BC/G and BC/PEG

5000 iy BC/H%G
= BC/1.5%G i i i
0,
4000 [* BCI2%G i
5 i i
."3_ 3000 | iE i []
6 ?i il
i .
© [} H
L2000 - f £
5 :
3
1000 H
l %.o 0.5 time(h) 1.0
EEE B B N | | | | | | | |
or lr 1 1 1 1
0 50 100 150 200
time(h)
3000
2700 |
2400 |
2100 |
o 1800
< 1500 |- I
c
S 1200 [
E =
9
© 300}
&
©
=
0
BC BC/1%G BC/1.5%G BC/2%G

Water absorption%

Water retention (%)

Derivative weight (%/min)

5 0
0 pzayasnerssov-oaa | XXV TS X EFTEERSS
TN r
=y ¥ . W
vl A
= VoW L F---BC
T | koo BCN%G
104 ] '.l‘l ---- BCI11%PEG
L
L} I‘
L 1
-15 i
L)
L
I",
-20
T T T T T
100 200 300 400 500 600
Temperature (°C)
o
5000 | e BC/M%PEG
e BCM.5%PEG 3 ¢ ¢
o BC/2%PEG 3
4000 - ’ (]
[] ¢ ® ¢ % % %
| &® :
3000 li s 8 5 2500
s 28 s
g8 8 52000
2000 | & Frs0
! £1000
H
1000 - ¢ 500[ #
: 004(; 0.5 time(h) 1.0
o | Irll L I | T | | | I n I n T
0 50 100 150 200
time(h)
3000 ﬂ
2700 -
2400
2100
1800 -
1500
1200 I
| I l
0

BC BC/1%PEG BC/1.5%PEG BC/2%PEG
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PEG molecules reduces the H-bonds between the
fibers and effectively enlarge the volume space
between them. As a result, the membranes have more
space to hold water (Stumpf et al. 2013). In addition,
upon absorbing water, the inner space is further
enlarged because the impediment of the H-bonds is
much smaller. Therefore, the water absorption of the
plasticized dry BC membranes was greatly improved.
However, there are differences between BC/G and
BC/PEG. For BC/G, water absorption did not change
much when the glycerol content was further increased
from 1.5 to 2%. Comparatively, the water absorption
of BC/PEG was obviously improved with the same
content change. This might originate from the size
effect of the plasticizers.

The water retention rate (WR) is another important
parameter for wound dressings. As shown in Fig. 9c,
d, BC shows a poor WR of 237%, which is derived
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from its low water absorption. In comparison, BC/
2%G has a high WR of 4560%, which is 18.2 times
higher than that of BC. With the increase of glycerol
content from 1 to 2%, the WR increased from 1616 to
2468%. This might be due to the higher water
absorption at higher glycerol content (Hsieh 1995;
Montero et al. 2017). BC/PEG also showed similar
pattern, but its WR was smaller than BC/G at the same
plasticizer content. This may be due to the lower
hydroxyl content of PEG, which leads to a weaker
interaction with water molecules.

Water vapor transmission and resistance
to bacteria

AWVT o0f 2500 g/m*-24 h would provide an adequate
level of moisture without risking wound dehydration
or accumulating excessive exudates (Mi et al. 2001).
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As can be seen in Fig. 10a, dry BC has a low WVT of
1696 g/m*-24 h. Comparatively, BC/1%G and BC/
1%PEG membranes both had WVTs close to 2500 g/
m?-24 h. The water vapor transmission through a film
is dependent on the diffusion rate and solubility of
water molecules in the film structure (Nawab et al.
2016). Therefore, the higher WVTs of the BC/G and
BC/PEG can be explained by two reasons. On one
hand, because BC/G and BC/PEG have more hydroxyl
groups which can interact with water by hydrogen
bonds, more water molecules can enter the mem-
branes. On the other hand, BC/G and BC/PEG have
larger inner space and a porous structure, which
facilitate the transmission of water molecules (Lainioti
et al. 2016). Therefore, the WVTs of BC/G and BC/
PEG are much higher than that of dry BC. With the
increase of plasticizer content, the WVT also
increased. Hence, the WVT of the membranes can
be tuned by varying the plasticizer content for
different wound types.

The rate of resistance to bacteria (RB) of a wound
dressing is a vital character. Figure 10c shows the
bacteria resistance effect of different membranes, and
the RB results are presented in Fig. 10d. As can be
seen, all membranes showed a good resistance to
bacteria. The RBs of BC, BC/G and BC/PEG are
92.6%, 99.8% and 99.9%, respectively. This is
because the pore diameters of these membranes are
much smaller than that of bacteria and bacteria have
no way to pass through the membranes (Mi et al.
2001). However, since dry BC is brittle, there can be
cracks on the dry BC membranes. As a result, some
bacteria could pass the dry BC membrane through the
cracks. Comparatively, the toughness of BC/G and
BC/PEG is effectively improved by the plasticizers,
and no cracks can easily form on these membranes.
Therefore, both BC/G and BC/PEG have a good RB of
near 100%. This further demonstrates their promising
potential as wound dressings.

Conclusion

In this study, BC/G and BC/PEG were prepared using
two biocompatible plasticizers with different molec-
ular weight and hydroxyl content. Glycerol and PEG
not only covered the BC microfibers but also enlarged
the free space between the fibers, forming a porous
structure. The toughness of BC/G and BC/PEG were

@ Springer

effectively improved. The water absorption and water
retention capacities of BC/G and BC/PEG were
significantly higher than dry BC. The highly porous
structure of the plasticized dry BC membranes
enhanced the water vapor transmission rates of the
membranes. The plasticized dry BC membranes
showed excellent resistance against bacteria. The
different performances of the two plasticized dry BC
membranes originate from the different nature of the
plasticizers, and can be tuned to adapt to different
applications.
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