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Abstract: Novel wound dressing materials are required to non-cytotoxic with a viable cell ra-
tio of above 92%. Herein, the cytotoxicity of hyaluronic acid/chitosan/bacterial cellulose-based
(BC(CS/HA)) membranes are evaluated and compared to that of alginate/chitosan/bacterial cellulose-
based (BC(CS/Alg)) membranes was investigated. Multilayer membranes with up to ten CS/HA or
CS/Alg layers were prepared using the layer-by-layer (LBL) method. Scanning electron microscopy
showed that the diameters of the fibers in the BC(CS/Alg) and BC(CS/HA) membranes were larger
than those in a BC membrane. The cytotoxicity was analyzed using BALB-3T3 clone A31 cells (mouse
fibroblasts, 1 × 104 cells/well). The BC(CS/HA)5 and BC(CS/HA)10 membranes exhibited high
biocompatibility, with the cell viabilities of 94% and 87% at 5 d, respectively, compared to just 82%
for the BC(CS/Alg)5 and BC(CS/Alg)10 membranes with same numbers of layers. These results
suggested that BC(CS/HA)5 is a promising material for wound dressings.

Keywords: layer by layer; alginate; wound dressing

1. Introduction

Nontoxicity is an essential property of biomaterials because they are in contact with
living cells. Biomaterials should not exhibit toxicity or cause allergic reactions, and thus, nat-
ural materials such as chitosan (CS), bacterial cellulose (BC), alginate (Alg), and hyaluronic
acid (HA) have received more attention than synthetic materials. CS is a linear polysac-
charide consisting of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine units. It
is obtained by the N-deacetylation of chitin and is the most common chitin derivative.
CS-based biopolymers have excellent properties, such as biodegradability, biocompatibility,
low cytotoxicity, and antimicrobial activity. Due to its unique properties, CS has attracted
attention for biomedical applications [1–5]. The use of CS in wound healing has also been
investigated [6–8]. BC and microbial cellulose also exhibit excellent biocompatibility, as
well as good mechanical properties, high crystallinity, and film-formation abilities [9]. BC
has been proven to help skin recover from burns and chronic wounds [10–12]. Alg, also
called alginic acid, is a linear unbranched polysaccharide comprising (1–4)-linked β-D-
mannuronic acid and its epimer α-D-guluronic acid. Owing to its outstanding properties
(antimicrobial activity, gelation, biocompatibility, moisture adsorption, and hydrophilicity),
Alg has been used in the food, cosmetic, pharmaceutical, and biomedical industries [13,14].
Alg-based materials are also promising for use as wound dressings [15–18].

For biomedical applications, cytotoxicity is a key factor for material design. In 2013,
Archana et al. reported that the materials with cell viabilities of more than 75% could
be applied as non-cytotoxic materials in various biomedical applications [19]. Later, in
2019, Xue et al. proposed a higher viable cell ratio criterion of 92% for wound dressing
materials [20]. Therefore, during the development of novel wound dressing materials, a
viable cell ratio of above 92% is required.
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Layer-by-layer (LBL) technology has been successfully applied to prepare multilayer
films. Driving forces, including electrostatic interactions, hydrogen bonds, Schiff base
linkages, host–guest interactions, antibody–antigen interactions, and charge transfer in-
teractions play essential roles in the LBL technique [21]. The amino and hydroxyl groups
of CS can form bonds via electrostatic interactions with the negatively charged groups of
other materials. For example, the –NH3

+ group of CS interacts with the –COO− group of
Alg to form bilayer or multilayer films via the LBL technique [22–24]. In 2012, Gomes et al.
successfully prepared an CS/Alg multilayer membrane on cotton gauze using the LBL
method [25]. They later added antimicrobial peptides to the CS/Alg multilayer membrane
and investigated its suitability for medical applications [26]. More recently, our group
prepared an alginate/chitosan/bacterial cellulose-based (BC(CS/Alg)) membrane via the
LBL method for electric capacitor applications [24]. Other wound healing materials have
also been prepared by the LBL method [27,28]. Moreover, Mandapalli et al. prepared
CS/Alg multilayer film by the LBL method and loaded it with the drug pirfenidone (PFD).
Notably, the prepared film provided a higher wound healing efficiency than polyethylene
glycol and CS hydrogels loaded with PFD [29]. This higher wound healing efficiency
suggests that the multilayer materials by the LBL method are appropriate for producing
novel wound dressing.

HA is a linear polysaccharide of disaccharide units composed of N-acetyl-D-glucosamine
and D-glucuronic acid. HA has antimicrobial, antiadhesive, biodegradable, biocompatible,
immunostimulatory, lubricating, and viscoelastic properties [30] and has been used in
many biomedical fields, including bone generation, drug delivery, dental applications, and
scaffolds for tissue engineering [31–34]. Li et al. reported that a BC/HA composite film
with 0.1% HA showed better wound healing performance than both a pristine BC film
and cotton gauze [35]. CS also interacts with HA via electrostatic interactions, making it
possible to prepare CS/HA multilayer films by the LBL technique [21,36]. Therefore, in this
study, we prepared and characterized hyaluronic acid/chitosan/bacterial cellulose-based
(BC(CS/HA)) membranes and alginate/chitosan/bacterial cellulose-based (BC(CS/Alg))
membranes by the LBL method and compared their properties for wound dressing ap-
plications, including their cytotoxicity, morphology, tensile strength, functional groups,
moisture content, and thermal stability.

2. Materials and Methods
2.1. Materials

Gluconacetobacter xylinus (G. xylinus; ATCC 53582) was purchased from Sumishin
Pharmaceuticals International Corporation (Tokyo, Japan). CS FL-80 (lot. 181003, DAC87,
6 mPa·s) was provided by Koyo Chemical Co., Ltd. (Osaka, Japan). Peptone and yeast
extract (extract of autolyzed yeast cells) were purchased from Becton, Dickinson and
Company (Franklin Lakes, NJ, USA). Alg (sodium salt; 80–120 cP), HA (sodium salt),
sodium hydrogen carbonate (NaHCO3), and L-glutamic acid were purchased from Fujifilm
Wako Pure Chemical Corporation (Japan). Eagle’s minimum essential medium (EMEM)
was purchased from Nissui Pharmaceutical Co., Ltd., Tokyo, Japan. Fetal bovine serum
(FBS) was purchased from Biowest company, Miami, FL, USA. BALB-3T3 clone A31 cells
(mouse fibroblasts, Resource No. RCB0005, Lot No. 16, Passage: 3) were purchased from
Riken BRC Cell Bank, Ibaraki, Japan. All chemicals were used without further treatment.

2.2. Preparation of BC Membranes

Hestrin–Schramm (HS) medium containing 2% D-glucose, 0.5% yeast extract, 0.5%
peptone, 0.115% sodium hydrogen phosphate, and 0.27% citric acid in deionized (DI) water
(w/v) was sterilized at 121 ◦C for 15 min. G. xylinus (1 mL) was added to 200 mL of HS
medium and incubated at 37 ◦C for 7 d. After that, 1 mL of pre-culture was added to 20
mL of fresh HS medium and poured into a plastic Petri dish with a diameter of 8.5 cm.
The mixture was cultured at 37 ◦C for 7 d to produce circular membranes. Subsequently,
the obtained BC membrane was washed with DI water and then treated with 4% NaOH
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solution at 97 ◦C for 3 h. The treated BC membrane was washed with DI water until the
pH of the filtrate was 7 to obtain the circular BC membrane with a diameter of 8.5 cm.

2.3. Preparation of Chitosan-Modified Bacterial Cellulose (BC/CS) Membranes by
Periodate Oxidation

During LBL membrane formation, the material to be coated should be positively or
negatively charged. Therefore, in this study, the BC membrane surface was modified by
coating with CS using periodate oxidation, according to the method of Kotatha et al. [24].

First, the swollen circular BC membranes prepared in Section 2.2 were immersed and
stirred in 400 mL KIO4 aqueous solution (1 mg/mL) in a water bath at 60 ◦C for 1 h. The
BC membrane was washed with DI water for 1 h and then soaked in DI water overnight. In
this step, BC was converted to dialdehyde BC (DABC). Second, the CS powder was added
to 400 mL of 0.1% acetic acid to obtain a CS concentration of 0.1% (w/v). Then, the DABC
membrane was immersed in the 0.1% CS solution and stirred at 60 ◦C for 1 h, followed by
washing with DI water for 1 h. Finally, the membrane was allowed to stand in DI water
overnight. The preparation of the BC/CS membranes is depicted in Figure 1.
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Figure 1. Preparation of the BC/CS membrane.

2.4. Preparation of Chitosan–Alginate and Chitosan–Hyaluronic Acid Laminated BC Membranes
Using the LBL Method

The preparation of the CS/Alg- and CS/HA-laminated BC membranes using the LBL
method is shown in Figure 2. Five types of membranes were prepared, the details of which
are listed in Table 1.

Table 1. Details of each sample.

Sample Name Coating Cycles

BC -
BC(CS/Alg)5 5
BC(CS/Alg)10 10
BC(CS/HA)5 5
BC(CS/HA)10 10
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Figure 2. Preparation of the laminated membranes using the LBL method.

2.4.1. Preparation of Chitosan-Alginate Laminated Membranes

Alg and CS were laminated onto the prepared BC/CS membranes using the LBL
method. Alg powder (0.4 g) was added to 400 mL of DI water to prepare a 0.1% Alg
solution. The BC/CS membrane prepared in Section 2.3 was immersed in the 0.1% Alg
solution and stirred at 60 ◦C for 1 h. The membrane was then removed from the solution
and washed with 400 mL of DI water at 60 ◦C for 1 h. The resulting membrane was named
BS(CS/Alg)1. For the second-round coating, the BS(CS/Alg)1 membrane was immersed in
a 0.1% CS solution and stirred at 60 ◦C for 1 h, followed by washing with DI water at 60 ◦C
for 1 h. Subsequently, the membrane was immersed in the 0.1% Alg solution with stirring
at 60 ◦C for 1 h and washed with 400 mL of DI water at 60 ◦C for 1 h. The membrane was
laminated with up to 10 Alg/CS layers (BS(CS/Alg)n, where n is the number of coating
cycles) by repeating the coating cycle up to 10 times. Finally, the circular BC(CS/Alg)5 and
BC(CS/Alg)10 membranes with a diameter of 8.5 cm was obtained and the thickness of the
membranes is shown in Table 2.

Table 2. Thickness of BC and laminated membranes in the swollen states and moisture content of the
dried BC and laminated membranes.

Sample Name Thickness (mm)
in the Swollen State

Thickness (mm)
of Dried Membrane

Moisture Content (%)
of Dried Membrane

BC 0.49 ± 0.08 0.007 ± 0.004 3.20 ± 0.07
BC(CS/Alg)5 0.49 ± 0.06 0.042 ± 0.013 4.36 ± 0.13
BC(CS/Alg)10 0.34 ± 0.04 0.062 ± 0.022 4.73 ± 0.23
BC(CS/HA)5 0.30 ± 0.06 0.015 ± 0.005 3.99 ± 0.06
BC(CS/HA)10 0.32 ± 0.06 0.027 ± 0.015 4.25 ± 0.10

2.4.2. Preparation of Chitosan-Hyaluronic Acid-Laminated Membranes

HA and CS were laminated onto the prepared BC/CS membranes using the LBL
method. HA powder (0.08 g) was added to 400 mL of DI water to prepare a 0.02% HA
solution. The BC/CS membrane prepared in Section 2.3 was immersed in the 0.02% HA
solution and stirred at 60 ◦C for 1 h. The membrane was then removed from the solution
and washed with 400 mL of DI water at 60 ◦C for 1 h. The obtained membranes were named
BS(CS/HA)1. For the second-round coating, the BS(CS/HA)1 membrane was immersed
in a 0.1% CS solution and stirred at 60 ◦C for 1 h, followed by washing with DI water at
60 ◦C for 1 h. Subsequently, the membrane was immersed in the 0.1% Alg solution with
stirring at 60 ◦C for 1 h and washed with 400 mL of DI water at 60 ◦C for 1 h. The coating
cycle was repeated up to 10 times for lamination (BS(CS/HA)n, where n is the number of
coating cycles). Eventually, the circular BC(CS/HA)5 and BC(CS/HA)10 membranes with a
diameter of 8.5 cm were obtained and the thickness of the membranes is shown in Table 2.
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2.5. Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR measurements were performed on a JASCO FTIR-4200 instrument (Tokyo,
Japan) using the KBr method to qualitatively analyze the compositions of the laminated
membranes. The swollen membranes were freeze-dried before testing. A measurement
range of 4000–400 cm−1, accumulation count of 32, and resolution of 2.0 cm−1 were used in
all measurements.

2.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using an EXSTAR6000 instru-
ment (Hitachi High-Tech Science Co., Ltd., Tokyo, Japan). The nitrogen flow rate was
200 mL min−1, the heating rate was 20 ◦C min−1, and the measurement temperature range
was 22–600 ◦C. The moisture content of each sample was calculated from the TGA results.
The reported values are the average of three measurements.

2.7. Scanning Electron Microscopy (SEM)

The sample surface was observed by field-emission scanning electron microscopy
(FE-SEM; JSM6700, JEOL, Tokyo, Japan) after freezing the membranes in liquid nitrogen.
The fiber diameter distribution and average fiber diameter were determined from 100 fibers
from the SEM images using ImageJ.

2.8. Thickness

The sample thickness was measured in nine random locations (in the swollen state)
using a digital micrometer (IP65, Mitutoyo, Kanagawa, Japan), and the average value was
calculated and reported.

2.9. Tensile Properties

The tensile properties were tested using a material testing machine (STA-1150, A&D
Co., Ltd., Tokyo, Japan). The swollen BC membrane was cut into strips with a width of
4.0 mm and length of 30.0 mm because it was difficult to shape it into a JIS dumbbell shape.
The measurements were performed at a tensile speed of 10 mm/min, and the average
tensile stress (N) and elongation at break (%) were obtained from 15 measurements. The
tensile strength (Pa) was calculated using Equations (1) and (2).

Tensile strength (Pa) =
Average tensile strength (N)/Average cross-sectional area

(
m2),

(1)

Average cross-sectional area
(
m2) =

Average thickness sample in swollen state (m) × Sample width (m),
(2)

The sample width was equal to 4 × 10−3 m.

2.10. Cytotoxicity Evaluation
2.10.1. Cell Propagation for Cytotoxicity Test

BALB-3T3 clone A31 cells (mouse fibroblasts) were used as the cell model to analyze
the cytotoxicity of the membrane by MTT method [37]. First, 4.7 g of EMEM and 0.75 g
of NaHCO3 were dissolved in 440 mL of DI water. After that, 0.146 g of L-glutamic acid,
50 mL of FBS solution, and 10 mL of DI water were added. The obtained solution was
sterilized and used as the new medium. Then, 1 mL of BALB-3T3 clone A31 cells was
added to 10 mL of the sterilized medium and incubated at 37 ◦C for 24 h. Finally, the old
medium was removed, replaced with fresh medium, and incubated for 72 h. The obtained
solution was sterilized and referred to in this study as the medium. After incubation, the
live cells were counted by a traditional cell counting method (counting cells by eye using a
brightfield microscope). The dilution method yielded BALB-3T3 cells with a concentration
of 1 × 104 cells/well.
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2.10.2. Cytotoxicity Test

Prior to testing, small pieces of the sample with a diameter of 7 mm were sterilized by
soaking in 70% ethanol for 3 h in triplicate. The sample was then soaked in PBS (pH 7.4)
for 6 h in triplicate to remove the ethanol. Meanwhile, BALB-3T3 cells (1 × 104 cells/well)
were cultured as described in Section 2.10.1. Subsequently, 100 µL of BALB-3T3 cells were
inoculated in 96-well plates and incubated for 1, 3, and 5 d under the same conditions.
After incubation, the cell counts were determined using a Cell Counting Kit 8 (Dojindo,
Kumamoto, Japan). The cell viability was calculated using Equation (3) according to the
method of Oe et al. [37]:

Cell viability (%) = Abssample/Absblank × 100, (3)

where Abssample and Absblank are the absorbances of samples with the laminated membrane
and no membrane, respectively.

3. Results and Discussion
3.1. FT-IR Analysis

The chemical structures of BC, CS, Alg, and HA and schematic illustrations of the
BC(CS/Alg) and BC(CS/HA) membranes are shown in Figure 3a–f, respectively. The
FT-IR spectra of the BC, BC(CS/Alg)5, BC(CS/Alg)10, BC(CS/HA)5, and BC(CS/HA)10
membranes are shown in Figure 4. A typical spectrum was observed for BC with peaks at
3345 cm−1 (–OH), 2896 cm−1, 1370 cm−1 (–CH), 1032 cm−1 (β-1,4 glycosidic bond, C–O–C),
and 1162 cm−1 (C–O–C stretching) [38]. CS exhibited peaks at 1156 cm−1 (C–N stretching)
and 1653 cm−1 (amide I) [2]. Alg powder peaks were observed at 1616 and 1419 cm−1,
corresponding to the carboxylic group (–COO−) [23]. For unmodified HA, peaks are
typically present at 1666 and 1659 cm−1, corresponding to the C–N stretching of amide I
and II, respectively. Moreover, peaks are typically observed at 1619, 1417, and 1322 cm−1,
which are attributed to the stretching of asymmetric and symmetric bands of the carboxylate
groups and the stretching of C–N [39]. In this study, pure HA exhibited peaks at 1619, 1409,
and 1319 cm−1. Furthermore, a shoulder was observed at 1577 cm−1, which was attributed
to amide II, and another characteristic peak of HA was observed at ~1042 cm−1 [38]. The
characteristic peaks of BC were observed in all the laminated membranes.

For the BC(CS/Alg)5 and BC(CS/Alg)10 membranes (Figure 4a), a peak was observed
at 1599 cm−1, possibly representing the electrostatic interaction between the –COO− group
of Alg and –NH3

+ group of CS. In addition, the peak at 1736 cm−1 (non-ionized COOH)
was not present, possibly because the non-ionized COOH group changed to –COO− in the
presence of the –NH3

+ group of CS [24]. The two membranes did not exhibit any difference
in peaks. The FT-IR spectra confirmed that coating CS and Alg on BC using the LBL method
was successful. A schematic of the BC(CS/Alg) membrane structure and interactions is
shown in Figure 3e.

For the BC(CS/HA)5 and BC(CS/HA)10 membranes (Figure 4b), the peak at 1633 cm−1

represents the amide I of either CS or HA. A shoulder at 1574 cm−1, corresponding to
the amide II of HA, and a characteristic peak of HA at 1053 cm−1 were observed in
both membranes [38]. The shifted peaks of amide I and II from pure CS powder and
pure HA imply an interaction between CS and HA. The two membranes did not exhibit
any difference in peaks. According to the FT-IR spectra, no relevant peak differences
can be observed between HA and non-ionized HA [40]. Therefore, the FT-IR spectra
only confirmed the functional groups of BC, CS, and HA in the BC(CS/HA) membrane.
The electrostatic interactions between CS (cation) and HA (anion) have been studied
and reported previously [40]. HA is usually considered an anionic polysaccharide. HA
consists of repeating disaccharide subunits of anionic d-glucuronic acid and weakly cationic
N-acetyl-d-glucosamine, which give HA a very low isoelectric point of approximately
2.5 [41]. The electrostatic interactions between CS (cation) and HA (anion) are believed to
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be the main reason for the successful preparation of the BC(CS/HA) membrane, as shown
in Figure 3f.
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3.2. Thermal Analysis

The thermal stabilities of the BC, BC(CS/Alg)5, BC(CS/Alg)10, BC(CS/HA)5, and
BC(CS/HA)10 membranes were reflected by their mass-loss profiles and degradation rates
obtained from TGA. The TGA and differential thermogravimetric curves for each membrane
are shown in Figure 5a,b, respectively. From the initial stage until 110 ◦C, broad weight
loss peaks were observed for all samples, representing water evaporation. The moisture
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content of each sample is listed in Table 2. The pristine BC membrane exhibited a one-step
decomposition at 374 ◦C, corresponding to the dehydration and decomposition of cellulose
molecules [24]. Weight loss peaks were observed at 224 and 222 ◦C for the BC(CS/Alg)5
and BC(CS/Alg)10 membranes, respectively, belonging to the decomposition of sodium
Alg [42], while the weight loss peaks of the BC(CS/HA)5 and BC(CS/HA)10 membranes
appeared at 224 and 222 ◦C, respectively, owning to the polysaccharide degradation of HA
at 225 ◦C [38]. The decomposition peak of CS at 305 ◦C was not present in all the laminated
membranes [24]. Meanwhile, the decomposition peak of BC, which typically occurs at
around 374 ◦C, shifted to a lower temperature for all laminated membranes, implying that
the interaction between CS and BC occurred successfully.
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3.3. Physical Appearance and Morphology of the Membrane

The physical appearance of each membrane is shown in Figure 6. The SEM images
of the membrane surfaces and the fiber diameter distributions are shown in Figure 7. The
fiber diameters were determined from the SEM images using ImageJ. The BC membrane
(Figure 7a) comprised an interwoven mesh with an average fiber diameter of 41 nm, which
is typical for BC materials [38]. The BC(CS/Alg)5 membrane contained relatively thin
fibers with an average diameter of 67 ± 31 nm, whereas the fibers in the BC(CS/Alg)10
membrane had an average diameter of 104 ± 36 nm. As for the BC(CS/Alg) membranes,
the average fiber diameter was smaller for the BC(CS/HA)5 membrane (93 ± 30 nm) than
that for the BC(CS/HA)10 membrane (135 ± 50 nm). These results agree with those of
Huang et al., who studied CS/tannic acid-deposited cellulose nanofibrous mats and found
that the average fiber diameter increased with the number of layers [2].
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Figure 7. (a–e) SEM images of the membrane surface and (a’–e’) fiber diameter distribution of (a,a’) BC,
(b,b’) BC(CS/Alg)5, (c,c’) BC(CS/Alg)10, (d,d’) BC(CS/HA)5, and (e,e’) BC(CS/HA)10 membranes.

3.4. Thickness in the Swollen State, Moisture Content and Tensile Properties

The thicknesses of the membranes in the swollen and dried states and the moisture
contents of the dried membranes are listed in Table 2, and their tensile properties are shown
in Figure 8. Herein, the laminated membranes in the swollen state were only used for the
tensile strength measurements. As shown in Table 2, since the number of layers increased,
the thickness of both dried BC(CS/Alg) membranes and BC(CS/HA) membranes tended
to increase, which aligns with previous reports [43]. In addition, the laminated membranes’
moisture contents were higher than that of the BC membrane. The tensile strength and
elongation at break results can be divided into three ranges based on the raw materials.
The tensile strength of the BC membrane was 1.04 MPa, and the elongation at break was
approximately 42%. Laminating with CS and Alg increased the tensile strength (from 1.04
to 1.39–1.42 MPa) but decreased the elongation at break (from 42 to 25%), which contrasts
with the results of previous works. Cao et al. reported that the elongation at break of bilayer
sodium alginate (SA)/CS membranes (28.74 ± 1.47%) was higher than that of single-layer
CS and SA membranes (22.38 ± 0.52% and 8.25 ± 1.24%, respectively), which agreed with
the results of previous work [44,45]. However, the bilayer SA/CS membranes in these
works were fabricated with glycerol as a plasticizer [44,45]; by contrast, in this study, the
BC(CS/Alg) membranes were fabricated without plasticizer, so the decrease in elongation at
break (as compared to the bare BC membrane) is understandable. Interestingly, laminating
with HA and CS increased both the tensile strength (from 1.04 to 1.60–1.64 MPa) and
elongation at break (from 42 to 54%). To our knowledge, there is little research on the
tensile properties of bilayer and multilayer CS/HA membranes. Yao and Wu (2010) found
that the tensile strength and extensibility of the CS/HA-blended membranes decreased
with increasing HA content when the blending ratio was under 1:0.05. By contrast, the
tensile strength and extensibility increased with increasing HA content to above that of a
pure CS membrane when the CS/HA-blending ratio was above 1:0.1 [46]. The enhanced
elongation of the BC(CS/HA) membranes implies that CS/HA ratio in the membrane
is optimal for improving the tensile properties. The increase in tensile strength in the
BC(CS/Alg) and BC(CS/HA) membranes is believed to be due to the interactions between
CS and Alg and between CS and HA, respectively [22,40]
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3.5. Cytotoxicity Analysis

The cytotoxicity was analyzed using BALB-3T3 clone A31 cells (mouse fibroblasts,
1 × 104 cells/well). The BALB-3T3 clone A31 cells were cultured for 1 week. After that,
100 µL of BALB-3T3 cells were inoculated in 96-well plates and incubated for 1, 3, and
5 d. Representative fluorescence micrographs of live strained membranes and the viability
percentage of each membrane at 1, 3, and 5 d are shown in Figures 9 and 10, respectively.
A representative fluorescence micrograph of the blank culture (without any membrane)
exhibited the same number of live cells at 1, 3, and 5 d (100% cell viability). For the BC
membrane (control), the cell viability was around 100%, similar to the blank culture. By
contrast, the cell viabilities of the BC(CS/Alg)5 and BC(CS/Alg)10 membranes were both
approximately 82% after 5 d, whereas the BC(CS/HA)5 and BC(CS/HA)10 membranes
yielded cell viabilities of 94 and 87% under the same conditions. The higher biocompatibility
of the BC(CS/HA) membranes was ascribed to the ability of HA to reduce the injury to cells
caused by CS and to improve the biocompatibility of the membrane [46]. Our finding is
similar to that of Tamer et al., who reported that the cytotoxicity of CS/HA membranes and
CS/HA/glutathione membranes showed the cell viability (NIH3T3, mouse fibroblast cells
with the initial concentration of 4 × 103 cells/well) at 2 d of 93.1 and 94.4%, respectively.
The percentages of viable cells were calculated comparing with the control culture without
the membranes [47]. In summary, the BC(CS/HA)5 membrane exhibited the highest
biocompatibility of the laminated membranes, with a cell viability of 94% at 5 d, which is
higher than the 92%, indicating that this membrane is safe for wound dressing [20]. This
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result also showed the high possibility to add some antibiotic substances to either CS or
HA layers to improve the wound healing property of this BC(CS/HA)5 membrane.
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Figure 10. Cell viability percentage of blank, BC, BC(CS/Alg)5, BC(CS/Alg)10, BC(CS/HA)5, and
BC(CS/HA)10 membranes at 1, 3, and 5 d.

4. Conclusions

BC(CS/HA) and BC(CS/Alg) membranes were successfully prepared via the LBL
method and characterized. The decomposition temperatures from the TGA and FT-IR
spectra confirmed the electrostatic interactions between CS and Alg in the BC(CS/Alg)
membrane and the interactions between CS and HA in the BC(CS/HA) membrane. SEM
images revealed that the fiber diameters of the BC(CS/Alg) and BC(CS/HA) membranes
were larger than those of the BC membrane. In addition, the BC(CS/Alg) membrane
exhibited higher tensile strength but lower elongation at break as compared to the BC mem-
brane, whereas the BC(CS/HA) membrane had improved tensile strength and elongation
at break compared to the BC membrane. The BC(CS/HA)5 membrane exhibited the highest
biocompatibility with a cell viability of 94% at 5 d, which is higher than 92%, indicating its
potential for use as a wound dressing material. However, in vivo evaluation is suggested
to further study in the future.
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