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Bacterial cellulose (BC) is a good material candidate for wound dressing because of its fine 3-D network structure,
high mechanical strength and water holding capability, and good biocompatibility. In this study, a composite
hydrogel was prepared by using 1,4-butanediol diglycidyl ether (BDDE) to cross-link BC and hyaluronic acid
(HA). Cross-linked BC/HA composites exhibited a denser and smoother surface. This dense morphology

BDDE
Biocomposite improved water retention capability and dimensional stability. BDDE cross-linked BC/HA composite with 2% HA
Biocompatibility and 1% BDDE showed better overall properties, including water stability (12.7 % water solubility), mechanical

properties (tensile strength: ~ 0.61 MPa and Young’s modulus: ~1.62 MPa) and thermal stability (maximum
degradation temperature: 360 °C), as compared to BC/HA without crosslinking. In addition, cell toxicity assays
and morphology indicated the BDDE cross-linked BC/HA composite significantly promoted cell proliferation and
adhesion. This chemically cross-linked BC/HA composite may have many new biomedical applications in wound

care.

1. Introduction

Cellulosic materials have been widely studied and used because of
their good renewability, availability, biodegradability, and biocompat-
ibility (Dong et al., 2020). Bacterial cellulose (BC), an exopolysaccharide
biosynthesized by certain bacteria (such as Gluconacetobacter hansenii,
Rhizobium and Rhodobacter), has widespread use in biomedical appli-
cations such as artificial skin, wound dressings, artificial vessels, and
scaffolds for tissue engineering due to its high crystallinity, water
holding capacity (up to 99 %), ultrafine network structure, robust me-
chanical properties, and excellent biocompatibility (Carvalho, Guedes,
Sousa, Freire, & Santos, 2019; W. K. Czaja, Young, Kawecki, & Brown,
2007; Shah, Ul-Islam, Khattak, & Park, 2013). However, without further
modification or functionalization, some inherent disadvantages, such as
low activity, difficulties in bioabsorption, and restricted cell adhesion,
have limited its wider application in medicine (Chiaoprakobkij, San-
chavanakit, Subbalekha, Pavasant, & Phisalaphong, 2011; Wang, Wan,
Luo, Gao, & Huang, 2012).

One widely adopted strategy is to prepare BC-based composite ma-
terials that could overcome the aforementioned shortcomings and ach-
ieve the synergetic effect between BC and other components. Various
multifunctional BC-based composites have been developed, including
BC/hemicelluloses (Chi & Catchmark, 2017), BC/hyaluronic acid (de
Oliveira et al., 2017; Li, Qing, Zhou, & Yang, 2014), BC/chitosan (Lin,
Lien, Yeh, Yu, & Hsu, 2013), BC/gelatin (Treesuppharat, Rojanapanthu,
Siangsanoh, Manuspiya, & Ummartyotin, 2017), BC/silk sericin (Lam-
boni, Li, Liu, & Yang, 2016) and BC/ alginate (Chiaoprakobkij et al.,
2011). These physical compounding or chemical crosslinking ap-
proaches have benefited the resulting BC-based composites in terms of
biocompatibility, cell attachment, and fibroblast growth that open up
new opportunities in applications such as artificial blood vessels, wound
dressing, and tissue regeneration.

Hyaluronic acid (HA) is a high-molecular weight, linear poly-
saccharide, composed of repeating disaccharide units of p-1,4-p-glu-
curonic acid (GlcUA) and p-1,3-N-acetyl-p-glucosamine (GlcNAc) linked
alternately (Necas, Bartosikova, Brauner, & Kolar, 2008; Weissmann &
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Fig. 1. Schematic representation of the proposed BDDE cross-linked BC/HA composite network.

Meyer, 1954). HA, as a major extracellular component, plays a critical
role in several phases of the skin would repair process. Studies have
shown that HA enhances the proliferation and differentiation of endo-
thelial cells and facilitates cell migration, angiogenesis and inflamma-
tion regulation during wound healing (Cen, Neoh, Li, & Kang, 2004;
Prosdocimi & Bevilacqua, 2012). However, HA has poor mechanical
properties and suffers from rapid degradation and clearance in vivo,
limiting its application in its natural state (Jeon et al., 2007; Pitarresi,
Palumbo, Tripodo, Cavallaro, & Giammona, 2007). These unsatisfactory
shortcomings can be compensated for by implementing a chemical
crosslinking approach A frequently used method today for cross-linking
HA is the reaction with 1,4-butanediol diglycidyl ether (BDDE) under
alkaline conditions to yield a stable covalent ether linkage between HA
and the cross-linker (De Boulle et al., 2013). For example, HA has been
immobilized on polyethylene terephthalate (PET) surface via BDDE to
enhance blood compatibility and endothelialization (Ramachandran,
Chakraborty, Kannan, Dixit, & Muthuvijayan, 2019). In previous
studies, BC/HA composites have been prepared by simple soaking,
which is essentially a physical compounding approach, and have shown
good biocompatibility (Jia et al., 2015; Li et al., 2015). Similarly, due to
the similar saccharide structure and abundant hydroxyl groups, such
BDDE-induced cross-linking can also occur between BC and HA. HA can
either be associated on the surface or imbedded within the network
structure of BC by BDDE-induced cross-linking. To the best of our
knowledge, the chemical crosslinking approach has yet to be reported in
the BC/HA system. In other BC/polysaccharide systems, it has been
demonstrated that excellent mechanical properties of composite
hydrogels can be achieved by chemical cross-linking. For example,
double-network (DN) hydrogels with high mechanical strength have
been synthesized using BC and gelatin by EDC crosslinking (Nakayama
et al., 2004). Glutaraldehyde was employed as a cross-linking agent to
form a hydrogel by copolymerization between BC and gelatin (Tree-
suppharat et al., 2017). BC offers a large surface area and low bulk
density, as well as hydrophilicity. HA can penetrate into BC and
cross-link. The existence of BC in HA-based hydrogels can offer
enhancement with regard to their tensile strength and dimensional
stability when employed under externally applied forces. The combi-
nation of BC and HA is expected to improve BC as a biomaterial while
increasing the duration of HA in the body or wound site.

In the present study, a chemical crosslinking was established in the

BC/HA system by using BDDE for the first time. The major goal of this
study is to obtain better-performing BC-based materials for biomedical
applications. Different HA concentrations and BDDE incorporation
levels were studied to optimize the properties of the resulting BC/HA
composite hydrogel. The morphological, structural, mechanical, and
thermal response variations of BC/HA composites were analyzed.
Improvement in compression modulus and water retention capacity, and
tailored porosity have been observed. In addition, the cross-linked BC/
HA composite hydrogel facilitated the growth of mouse fibroblast cells,
demonstrating their low toxicity.

2. Materials and methods
2.1. Materials and reagents

The bacterial strain Gluconacetobacter hansenii (G. hansenii, ATCC
53582) was obtained from the bioresource center of American Type
Culture Collection. Hyaluronic acid sodium salt (HA; Mw 1.3 x 10° Da)
was purchased from Shandong Freda Biopharm Co., Ltd. (Jinan, China).
BDDE was purchased from Sigma Aldrich (MN, USA). All other
employed reagents were A.C.S. grade and used without modification.

2.2. Production of BC pellicles

BC was biosynthesized by G. hansenii by growing the bacteria in a
Hestrin and Schramm (HS) medium containing 5 g/L yeast extract, 20 g/
L glucose, 5 g/L peptone, 1.15 g/L citric acid, and 2.7 g/L NapHPO4 as
reported previously (Chi & Catchmark, 2017; Liu & Catchmark, 2019a).
Briefly, before incubation, the pH was adjusted to 5.0 and the medium
was sterilized for 20 min at 121 °C. A 5% pre-culture of G. xylinum was
inoculated into the liquid HS-medium and incubated statically in rect-
angular containers (20 cm x 15 cm x 5 cm) or 96-well plates for pro-
duction of BC pellicles. After 4-day cultivation, BC pellicles were formed
at the air-medium interface, then harvested and purified in 0.1 M NaOH
aqueous solution at 80 °C overnight to remove any live cells and cell
debris followed by rinsing with ultra-pure water (Millipore Milli-Q UF
Plus) until a pH of 7 was achieved. The washed and sterilized BC pelli-
cles were stored in ultra-pure water at 4 °C for further use.
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2.3. Preparation of BC/HA composites ¢

BC/HA composites were prepared by solution impregnation. BC
pellicles were added (to a concentration of 20 % (w/w)) to a HA solution
containing 0.1 M NaOH at a concentration of either 0.5, 1 or 2 % (w/v)
for 24 h at room temperature. Then, the composite was immersed in
BDDE solution containing 0.1 M NaOH for 12 h at 30 °C to allow
chemical crosslinking to occur. The BDDE concentration was varied
from 0.1 to 1% (w/V). After the reaction, the samples were dipped into
0.1 M HCI to change the pH rapidly and then the samples were washed
with ultra-pure water to remove the residual chemicals. The samples
were named as BC/HAy.y, where x and y are the concentration (wt %) of
HA and BDDE, respectively. A schematic illustration of BC-HA interac-
tion is proposed in Fig. 1. After incorporating HA in a physically mixed
BC/HA system, covalent ether linkage could be formed among adjacent
HA-HA, BC-HA, BC-BC polymer chains. In addition, other interactions
such as hydrogen bonding and macromolecule entanglements are
speculated to occur due to abundant surface hydroxyl groups and
interconnected BC-HA network structure.

2.4. Characterization of BC and BC/HA composites

2.4.1. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR)

Fourier-transform infrared spectra (FT-IR) were recorded at room
temperature in adsorption mode from an accumulation of 32 scans at 4
cm ! over the wavenumber range of 4000—400 cm?, using a VERTEX
70 V (Bruker, Germany) spectrometer with an attenuated total reflection
(ATR) diamond sensor.

2.4.2. Field emission scanning electron microscopy (FE-SEM) analysis

The surface morphology and microstructure of BC and BC/HA
composites were characterized by field emission scanning electron mi-
croscopy (Nova NanoSEM, USA) with an accelerating potential of 5.0
kV. All the freeze-dried samples were sputter-coated with a thin layer of
iridium (~5 nm) for 30 s before imaging.

2.4.3. X-ray diffraction (XRD)

The crystallinity index (Crl) and crystallite dimensions of BC and BC/
HA composites were assessed by a PANalytical Empyrean diffractometer
(PANalytical, USA) with Cu Ko radiation generated at 45 kV and 40 mA.
The lyophilized BC and BC/HA composites were pressed into flat pieces
and mounted onto a quartz sample holder. The data was recorded in
reflection mode at a rate of 2° min~' from 5°-40° with a step size of
0.026°. The Crl was calculated by the peak deconvolution method ac-
cording to our previous study (Chi & Catchmark, 2017). The crystallite
sizes were calculated from the three major lattice planes using the
Scherrer equation:

kA
Dy =———
hkt B/,k/'COSH
where k is the Scherrer constant (k = 0.9), A is the wavelength of inci-
dent X-rays (A =0.15418 nm), By is the full-width at half-maximum of
the reflection hkl in radians, and 6 is the Bragg angle.

2.4.4. Thermogravimetric analysis (TGA)

The thermal stability of BC and BC/HA composites was analyzed by a
thermo-gravimetric analyzer TGA Q50 (TA Instruments Inc., New
Castle, USA). Approximately 5 mg of lyophilized sample was loaded into
an aluminum pan and heated from 35—600 °C at a heating rate of 20 °C
min~! under nitrogen atmosphere (60 mL/min). The maximum thermal
degradation temperature (Tmax) Was determined from the peak of the
derivative thermogravimetric (DTG) curve. All the experiments were
performed at least in duplicate under these experimental conditions.
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2.4.5. Mechanical tests

A tensile-compressive tester (Instron model 3345) was used to
measure the mechanical properties of BC and BC/HA wet pellicles. For
the compression tests, the samples were cut into a 10 mm wide square
and compressed perpendicular to the BC layers by two parallel metal
plates at a strain rate of 1 mm/min. Tests were performed at room
temperature. Stress (6 was calculated by F/A where F is loading force
in Newton (N) and A is the cross-section area measured as width x
thickness of sample. Strain (et) was calculated by /A\L/Lg where Ly is the
initial length and AL is exerted compression from the starting point.
Modulus under compression was calculated by stress/strain in the linear
region. For the tensile tests, the samples were cut into 40 x 4 mm (length
x width) plates and the thickness was measured prior to loading the
samples for testing. All the samples were tested at a stretching speed of 2
mm/min. The tensile strength (MPa), Young’s modulus (MPa) and strain
at break (%) were recorded. Stress and strain between et = 15 % and 25
% were used to calculate the initial elastic modulus (E). For each ma-
terial, the results reported are the average values for n = 4
measurements.

2.5. Weight loss experiments

The water on the surface of BC and BC/HA composites was quickly
removed with filter paper, then samples were placed on aluminum pans
and weighed. The wet samples were subsequently dried at 25 °C until
their weight became stable. The percent weight loss of the films was
determined using w = (wo-w¢)/wo, where wy is the initial weight and w
is the weight of wet pellicles at different time, respectively.

2.6. Water swelling experiments

For the water swelling test, samples were cut into a 10 mm wide
square and compressed perpendicular to the BC layers by two parallel
metal plates with a force of 200 N. Then compressed samples were
immersed in deionized water for 24 h to allow them to recover naturally.
The percentage of recovery is determined using: R = (to-t¢)/tpx100 %,
where t is the initial thickness and tt is the thickness of samples after
compression or recovery, respectively.

2.7. Water solubility experiments

The stability of samples in an aqueous environment was determined
by the weight method. The gel samples of BC, BC/HA;_( and BC/HA,_;
measuring at 2 x 2 cm after freeze-drying were obtained by the method
described herein. Each sample was weighed to determine the initial dry
weight (Wo) and was placed in a glass beaker containing 100 mL of
distilled water, and gently shaken at 37 °C for 24 h. Then, the sample in
distilled water was dried at 105 °C for 6 h until a constant weight was
recorded to determine the final dry weight (W¢). The cumulative per-
centage release was calculated as follows: Cumulative percentage
release (%) = (Wo-Wg)/Wox 100 %.

2.8. Biocompatibility assessment

For cell proliferation assays, mouse fibroblast (L929) cells were
thawed and grown as monolayer in the high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10 % fetal bovine serum (FBS)
and 1% Pen-Strep, and incubated in a humidified air with 5% CO; at 37
°C. Cells should be passaged at least 3 times before using them in the
biocompatible application. L929 cells were cultured in 96-well plates (1
x 10* cells per well) on BC, BC-HA composite films for 1 day, 3 days, and
5 days. Finally, 10 pL of CCK-8 reagent was added to each well and
further incubation took place over 1 h at 37 °C & 5% CO,. After incu-
bation, the CCK-8 solution in each well was transferred into a new 96-
well plate for plate reader (iMark (168-1130), Bio-Rad, USA) reading
at 450 nm.
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Fig. 2. ATR-FTIR spectra of BC, HA, BDDE and BC/HA composites.

A fluorescence microscope was used to record cell fluorescence im-
ages. The live/death of cells on the surface of the BC/HA composite is
detected by the dual fluorescent Calcein AM/Ethidium homodimer-1
analysis reagent. After cell cultivation for 5 days, 200 pL of fluores-
cent reagent was added into each well, followed by 20 min incubation at
37 °C in a 5% CO5 incubator. The cells were visualized under a Nikon
Eclipse fluorescent microscope (Eclipse Ti2, Nikon, Japan).

Cells adhesion on scaffolds for 5 days was imaged using SEM. BC/HA
composite substrates containing cells were washed with Dulbecco’s
phosphate buffered saline (DPBS) twice and fixed with 2.5 % formal-
dehyde overnight at 4 °C. Next, a series of gradient concentrations of
ethanol containing 25%, 50%, 70%, 85%, 95%, and 100% ethanol (each
for 10 min) was applied one by one to dehydrate samples in a biological
hood. Dried samples were coated with gold and then observed by SEM
(Zeiss, Oberkochen, Germany) operating at 3 Kv.
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2.9. Statistical analysis

All experiments were carried out at least in triplicate, and results
were expressed as mean + SD. Statistical analysis was performed using a
student’s t-test and SPSS 20 software. The difference with P < 0.05 was
considered statistically significant.

3. Results and discussion
3.1. Characterization of BC and BC/HA composites

3.1.1. ATR-FTIR analysis

The ATR-FTIR spectra acquired from the various samples and BDDE
are shown superimposed in Fig. 2. Typical polysaccharide —OH signals
can be identified at the region between the 3000 cm™! -3700 cm™'.
However, the peak shape of the original BC is significantly different from
that of the HA-containing samples, which may be due to the -NH vi-
bration in HA also occurring in this region. The peak at 1605 cm ™! and
1425 cm™! were attributed to the antisymmetric stretching vibration
and symmetric stretching vibration of —COO.— According to reports,
the —CN —of the amide II group and the —COO —have an over-
lapping vibration region at around 1425 cm™ (Ramachandran et al.,
2019). None of these characteristic peaks existed in the original BC, and
the peak at 1028 cm ™! in the BC/HA composite is very similar to HA,
indicating that HA was successfully incorporated into the BC. For
BC/HA;_1, two new peaks representing symmetrical and asymmetric
stretching vibration of CH, appeared at 2865 cm ! and 2935 cm ™},
which are mainly due to the cross-linked BDDE molecule. These results
are very similar to those of a previous study (Zhang et al., 2014). The
results of the FT-IR spectra assay proved that HA successfully
cross-linked with BC in the presence of BDDE.

3.1.2. Morphology of BC and BC/HA composites

The fabricated BC and BC/HA composites were freeze-dried, and
their surface morphological characteristics were observed by FE-SEM as
presented in Figs. 3 and S1. Surface images show that freeze-dried BC
exhibits a 3-D network of nanofibrils in the form of a heterogeneous
porous structure (Fig. 3A) which agrees with the typical morphology
reported for BC (Dayal & Catchmark, 2016). This highly developed pore
size is not conducive to cell proliferation, differentiation and adhesion

Fig. 3. FE-SEM surface images of (A) pure BC, (B) BC/HA,  and (C) BC/HA,; with magnifications of 1000 and 10 000 times (inset).
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Fig. 4. (A) XRD curves of BC, HA and BC/HA composites, (B) TG and DTG curves of BC, HA and BC/HA composites.

(Sanchavanakit et al., 2006). The surface structure of the BC film was
changed by adding HA. The BC/HA composite without crosslinking was
completely different from the pure BC surface, showing a relatively
smooth surface. HA tends to associate with BC and bundle BC fibers as
shown in Figs. S1A and S1B. As the concentration increases, HA covers
the entire fiber layer, forming a relatively flat surface. However, because
HA itself is water-soluble, it will be slowly released into the solution and
form uneven holes (Fig. 3B), reducing the useful life of the material.
When BDDE is present, the surface of the material changed dramatically.
The crosslinking of the material via BDDE process has produced a denser
surface. When the HA concentration was 0.5 %, more fibers were
wrapped into a thicker bundle by the cross-linked HA. When the con-
centration was increased to 2%, it was difficult to find BC fibers. The
surface of the BC film has been completely covered by cross-linked HA,
forming a dense structure (Fig. 3C). Therefore, the stability of BC/HA
composites can be achieved by chemical crosslinking. Pure HA cross-
linking has also been reported for tissue filling (Yang, Tan, Cen, &
Zhang, 2016). HA is highly hydrophilic, which can increase cell
migration during wound healing and promote wound healing (Cheng
et al., 2013). In summary, BC/HA composites formed by cross-linking
agents may have several advantages over pure BC in many current
and future medical applications.

3.1.3. XRD analysis

The XRD patterns of BC, HA, and BC/HA composites are shown in
Fig. 4A. Both BC and BC/HA composites displayed three major crystal-
lographic planes <100 >, <010 >, and <110> at 20 angles of around
14.7°,17.2°, and 22.8°, respectively. The higher intensity of the peak at
20 = 14.7° than that of the peak at 20 = 17.2° indicated the predominant
cellulose Ia allomorph (one-chain triclinic crystal structure) character-
istic of cellulose produced by G. hansenii. These results were in agree-
ment with our previous studies (Chi & Catchmark, 2017; Liu &
Catchmark, 2019b). For HA, no obvious peak was observed on its XRD
pattern, suggesting that it is amorphous. The CrI and crystal size of three
major crystallographic planes were summarized in Table S1, and there
was no significant difference for BC and BC/HA composites, implying
that the crystallization and co-crystallization of cellulose microfibrils
were not impacted. In our previous study (Chi & Catchmark, 2017),
different additives (such as xyloglucan, xylan, exopolysaccharides, etc.)
were incorporated into BC through an in-situ approach, i.e. adding
material into the culture medium during BC biosynthesis and showed
different interfering roles, resulting in changes in Crl, crystalline di-
mensions and allomorph content (cellulose Io/ If ratio). These additives
could either interact with cellulose fibrils via hydrogen bonding and van
der Waals interactions during BC crystallization or co-crystallization
process (in the case of xylan and xyloglucan) or disrupt the physical
aggregation process of BC (in the case of exopolysaccharides) (Chi &
Catchmark, 2017). In another study, BC/HA composites were produced

by co-culturing G. hansenii and Lactococcus lactis APJ13, which was
essentially an in-situ modification of BC (Liu & Catchmark, 2019b). The
XRD data suggested that the presence of HA was unable to impact the CrI
of cellulose but increased the crystalline dimensions in <100> and
<010> planes, suggesting HA aided in co-crystallization of BC. Herein,
HA was incorporated into the BC network using an ex-situ process,
which was unable to interfere with the BC biosynthesis process as evi-
denced by the similar Crl and crystalline dimension data (Table S1).
Interestingly, a peak was observed at 20 = 31.8° for BC/HAy_¢ and
BC/HA,_1 composite, and this peak was more obvious in BC/HA; .
This peak was unidentified but may arise from the co-crystallization or
some ordering associated with the interaction between the BC and HA.
After addition of BDDE, the crosslinking role of BDDE may interfere with
the hydrogen-bonding induced co-crystallization between BC and HA.

3.1.4. Thermal stability

The thermal stability of BC/HA composites is another important
parameter considering its potential biomedical applications, which
would require antiseptic treatment at high temperature. Fig. 4B showed
the TG and DTG curves of BC, HA, and BC/HA composites at the tem-
perature range from 35 to 600 °C. All samples displayed an initial weight
loss between 35 and 100 °C due to the evaporation of absorbed moisture.
A higher weight loss was found for HA at this temperature range, which
might be caused by its higher water sorption ability from the environ-
ment. At the temperature range from 100 to 500 °C, the native BC
sample showed typical one-step thermal degradation with the maximum
degradation temperature (Tpax) at 378 °C. For HA, the one-step thermal
decomposition was also observed with Tp,x (246 °C) much lower than
that of BC, possibly ascribed to its amorphous nature as seen from XRD
data. It has been reported that thermal stability is impacted by several
physical and chemical factors including crystalline structure, surface
chemistry, degree of polymerization (Chi & Catchmark, 2017). We
speculate crystallinity, surface chemistry (functional groups and charge
density), and degree of polymerization (DP) are the most important and
relevant parameters for thermal stability analysis of BC/HA composites
in the current study. For example, BC and HA are different in crystal-
linity (83 % vs. 0%), surface chemistry (OH groups vs. COOH/OH
groups), and DP (8000-12000 vs. 3000-4000). These major structural
and chemical differences and their interplay have caused the observed
thermal stability difference (e.g. maximum thermal degradation tem-
perature) for BC and HA, as indicated in TGA curves. In the case of
BC/HA composites, two thermal degradation peaks were found on the
DTG curves at ~215 °C and between 300—400 °C. The decomposition at
215 °C could be related to the surface coated, freely associated HA,
while a higher degradation temperature (350 °C for BC/HA5_( and 360
°C for BC/HA3_1) might result from the intimately associated BC/HA
network. It is also indicative that BDDE-induced crosslinking could
improve the Tpax of the resulting composites.
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3.1.5. Mechanical properties

The effect of HA and crosslinkers on the compression properties of BC
composites is presented in Table 2. Fig. 5 shows typical compressive
stress-strain curves for BC and BC/HA composites. In the initial stage of
compression, the change of stress is not obvious with the increase of
strain, especially for the original BC. As the load increases, the stress
increases sharply. During compression, when pressed in a direction
perpendicular to the stratified structure of BC, water is forced out of the
BC samples. For BC/HA composites without crosslinking, this situation
is relatively complex, because HA itself has strong water retention ca-
pacity and extremely high viscosity. BC is a multi-layer structure with a
layer distance of about 5 pm between layers, making it difficult to form
hydrogen bonds (Henning & Catchmark, 2017; Suryanto, Muhajir,
Sutrisno, Zakia, & Yanuhar, 2019). So, another key issue is that HA fills
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the network voids within BC and forms high-density hydrogen bonds
with BC. In this case, HA and water are difficult to squeeze out from the
BC, which greatly increases the compression resistance of the material.
This result is consistent with other BC composite materials (Dayal &
Catchmark, 2016). By chemically crosslinking with BDDE, the
compressive modulus and compressive stress of the material are further
enhanced. As the concentration of the cross-linking agent increases, a
modest increase in compressive modulus and compressive stress is
observed (Table S2). This indicates that the stability of HA in BC is
further enhanced by cross-linking, which hinders the expulsion of HA
and water under compressive stress. As shown by the FE-SEM (Fig. 3G),
a high-density, low-void surface structure was formed. At the same time,
HA will be cross-linked with BC through BDDE, and this part of HA
cannot be squeezed out of BC. Therefore, HA and BDDE increase the
compression modulus of the material, which is directly related to the
binding affinity of the filler and BC and their own water holding
capacity.

Many biomedical materials also require specific tensile behavior.
The typical stress-strain curves, tensile strength, Young’s modulus and
strain at break of the samples tested are shown in Fig. 6. Pure BC showed
the highest tensile strength and Young’s modulus. The addition of HA
reduces the overall strength of the material. With the increase in HA
concentration, the strength of the material further decreases. When the
concentration increases from 0.5 % to 2%, the tensile strength decreases
from 0.73 MPa to 0.54 MPa, and the Young’s modulus decreases from
1.74 MPa to 1.25 MPa. The breaking point elongation (breaking strain)
of the HA composite film is higher than that of pure BC, showing an
increasing trend with increasing HA concentration. As shown by XRD
(Fig. 4A), HA itself is amorphous and lacks mechanical strength. It has
been reported that blending generally amorphous materials with higher
mechanical strength materials often results in a reduction in the overall
mechanical strength of the composite material (Chiaoprakobkij et al.,
2011; Lietal., 2015; Wu et al., 2004). This phenomenon may be related
to changes in the hydrogen bonding of the composite material. The
participation of HA formed new hydrogen bonds and reduced the strong
hydrogen bonds between the original BC fibers. The tensile test is
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Fig. 7. (A) Water loss from BC and BC/HA composites as a function of time, (B) Recovery of compressed BC and BC/HA composites in water, and (C) Water solubility

test of BC and BC/HA composites.

different from the compression test and involves the breaking strength of
the flat layers that comprise the BC pellicle. To improve this lack of
strength of composite material, BDDE is used to crosslink macromolec-
ular chains. The BDDE cross-links HA and HA, HA and BC or BC and BC
fibers together, which improves the material’s resistance to fracture. The
elongation at the breaking point of the composite was significantly
increased in the presence of HA, and was positively correlated with the
HA concentration. When HA concentration is 2%, the elongation at the
break point of the BDDE cross-linked BC/HA composite is higher than
that of pure BC, but lower than that of the uncross-linked BC/HA com-
posite with the same HA concentration. This may result from increased
rigidity = of the  composite  material from  additional
BC-BC/BC-HA/BC-HA-BC bonds formed via crosslinking, which are
stronger and more numerous than in non-cross-linked BC/HA compos-
ites, but less numerous than BC-BC bonds in pure BC. Due to its excellent
mechanical strength, BC has been used as a wound dressing and skin
repair material (Czaja et al., 2007; Li, Kim, Lee, Kee, & Oh, 2011). In
summary, the addition of BDDE makes up for the loss of strength caused
by HA addition.

3.2. Water retention property, water absorptivity and water solubility

Water content and water holding capacity are important indicators
of biological materials (Xu et al., 2016). The fibers of BC are stacked
alternately to form a highly porous structure. This structure allows BC to
have high-water content (more than 99 %), which makes it widely used
as a wound dressing biomaterial (Ul-Islam, Shah, Ha, & Park, 2011).
However, well-developed voids will accelerate the release of moisture.
Therefore, BC composite membranes can often be prepared to reduce
water release. As shown in Fig. 7A, the addition of HA greatly reduced
weight loss. With the increase of HA content, the water loss rate de-
creases. This is possible because HA itself has good water absorption and

water retention capabilities. At the same time, HA will fill the voids in
BC to reduce the emission of moisture. Interestingly, the cross-linking of
BDDE further alleviates the loss of water. This may be due to the better
coverage of the BC film by the cross-linked HA, as shown by FE-SEM
(Fig. 3), forming a dense surface layer. In summary, the cross-linked
BC/HA composite can reduce the loss of water in wound care applica-
tions, keeping the wound moist for a longer time, which would improve
wound healing.

The material’s water absorption capacity and structural stability may
play an important role in its practical use in biomedical applications.
Resilience was examined by compressing a sample, and then observing
its dimensional recovery in water. As shown in Fig. 7B, different samples
exhibit different degrees of deformation after exposure to compressive
stress, which is consistent with the mechanical strength test. When the
sample was immersed in water again, the pure BC recovered from 3.0 %
after compression to 59.8 %. BC/HAy_o rebound is relatively difficult,
only recovering from 12.7 % after compression to 30.0 %. After BDDE
cross-linking, recovery is also poor, returning from a compression of
16.9%-24.8%. Pure BC may recover well because the large voids can
quickly absorb water and swell. The presence of HA leads to a reduction
in the amount of BC pores, and BDDE cross-linking further results in
denser HA coverage. The unique physical and chemical structure formed
between HA and BC will also affect the stretch of BC fibers (Oliveira
Barud et al., 2015). The swelling capacity of the material can be adjusted
by HA, which may be of interest in the treatment of wounds with
different levels of exudation.

The stability of the material is also an important parameter, espe-
cially considering its biological applications. Due to the inherent hy-
drophilicity and water solubility, HA is readily dissolved in aqueous
solution. On the other hand, the highly ordered crystallites packing and
high crystallinity has made BC completely insoluble in water. As shown
in Fig. 7C, the solubility of the uncross-linked BC/HA composite is as
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Fig. 8. Percentage of cell viability by CCK-8 assay in L929 cells after coculture
with the BC and BC/HA composite films in 1, 3 and 5 days (n = 6). *p < 0.05
and **p < 0.01 compared with original BC group.

high as 38.34 %, which mainly arises from the solubility and release of
HA from the BC fiber network. However, after BDDE cross-linking, the
water solubility of the composite is largely reduced, measuring only
12.72 %, implying that the chemical crosslinking bridged by BDDE has
significantly restricted the polymer chain mobility of HA even when HA
will partially degrade under alkaline conditions. This reduced water
solubility shows that the cross-linked BC/HA composite has better sta-
bility and is more suitable for practical applications.

(A) Live cells
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3.3. Cell evaluation

BDDE cross-linked HA has been proven to be safe for tissue engi-
neering and dermal fillers (Baek et al., 2018; Yang et al., 2016). In the
present study, the cell viability of BC and BC/HA composites created
were tested using 1929 cells after 1, 3, and 5 days. Previous studies have
confirmed that BC has no cytotoxic effect on a variety of cells (Czaja,
Krystynowicz, Bielecki, & Brown, 2006; Svensson et al., 2005). The
result of the CCK-8 assay is presented in Fig. 8. Compared with the
original BC, the BC/HA composite does not inhibit cell growth. The
BC/HA composite without crosslinking shows similar cellular activity to
the original BC. On the first day of culture, the cell viability was slightly
higher than the original BC. With the increase of culture time, although
the cell viability was reduced, it still maintained 90 % activity relative to
the original BC. This may be because the cells have grown to the inside of
the material, and not all cells were isolated during the measurement.
When BDDE is involved in cross-linking, the BC/HA composites shows
superior ability to promote cell growth. With the increase of the culture
time, this advantage becomes more obvious, and the cell viability
increased by up to 30.1 % when cultured for 5 days. This result may be
attributed to the surface flatness of the material (Washburn, Weir,
Anderson, & Potter, 2004). According to the FE-SEM results (Fig. 3), the
BDDE cross-linked BC/HA composites exhibit a rough surface structure.
A certain roughness can increase the surface area of cell adhesion and
promote cell adhesion, growth, and proliferation (Rosales-Leal et al.,
2010). These results indicate that the BDDE-cross-linked BC/HA com-
posites not only maitain a high degree of biocompatibility, but also
enhance the proliferation of the cells. The composite material may
release part of the HA, and HA plays a positive role in enhancing
mitochondrial repair capacity and cell viability (Grishko et al., 2009).

Cell viability assays of BC/HA composites were visually validated
using live/dead staining of L929 cells via fluorescence microscopy and
compared to native BC (Fig. 9A). After five-day cultivation, the surface

Dead cells B)

BC

BC/HA2-0

BC/HA21

Fig. 9. (A) Fluorescence microscopy images of calcein AM/EthD-1 stained L929 cells after five-day culture on the surface of BC and BC/HA composite films (scale
bar, 200 pm). Live cells were stained green and dead cells were stained red. (B) L929 cells adhesion morphology on the surface of BC and BC/HA composite films after
five-day cultivation (scale bar, 5 pm) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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of all samples exhibited green fluorescence, indicating that the cells
have good viability on the surface of BC-based material. A further
analysis indicates a preferable viability of L929 cells in cross-linked BC/
HA composites, as indicated by the increased number of live cells on the
surface. We hypothsize that this preferable viability may be due to the
increased surface density and texture of BDDE crosslinked BC/HA
composites, implying that a denser and smoother surface covered by HA
may faciliate cells to grow.

We further characterized the adhesion of L929 cells on BC and BC/
HA composite by SEM imaging (Fig. 9B). The porous network of native
BC fibers can direct cell growth to the surface. However, the porous
network may not be conducive to cell adhesion. In contrast, the cells on
the surface of BC/HA composites had many pseudopodia and formed a
layer on the surface. These results indicated that the cells stretched their
morphology and were proliferating, possibly due to the formation of a
flatter or denser surface area that improve the cell attachment. The
growing cells on the cross-linked BC/HA composite demonstrated a
morphology closer to the surface, achiving a better scattering attach-
ment on BC/HA specimen. Thus, cell morphology study suggests that
formation of a more even or denser surface area in crosslinked BC/HA
composite results in a different surface structure, such as porosity or
stiffness, to improve cell attachement. Combining with its superior
mechanical strength, the cross-linked BC/HA composite may be useful
as a wound dressing material.

4. Conclusions

A series of bacterial cellulose/hyaluronic acid (BC/HA) composites
were obtained by varying concentrations of HA and crosslinking agent
(1,4-butanediol diglycidyl ether, BDDE). Through crosslinking, a
smooth and dense HA surface layer was successfully formed on the
surface of BC. The BDDE cross-linked BC/HA composite has better water
retention capacity, lower deformation and water solubility than uncross-
linked BC/HA. The improved compression modulus may improve the
ability of BC to protect the wound from external friction or impact
injury. in vitro experiments on mouse fibroblast cells indicated that the
BDDE cross-linked BC/HA composites enhanced cell proliferation and
attachment as compared to pure BC. In summary, improved mechanical
properties and better cell compatibility make BC/HA composite
hydrogels a good candidate for skin repair wound dressings. Further
work is needed to understand the practical applications of these
composites.
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