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Abstract
Silver sulfadiazine (SSD) is a useful antimicrobial agent for wound treatment. However, recent
findings indicate that conventional SSD cream has several drawbacks for use in treatments.
Bacterial cellulose (BC) is a promising material for wound dressing due to its outstanding
properties of holding water, strength and degradability. Unfortunately, BC itself exhibits no
antimicrobial activity. A combination of SSD and BC is envisaged to form a new class of
wound dressing with both antimicrobial activity and biocompatibility, which has not been
reported to date. To achieve antimicrobial activity, SSD particles were impregnated into BC by
immersing BC into SSD suspension after ultrasonication, namely SSD–BC. Parameters
influencing SSD–BC impregnation were systematically studied. Optimized conditions of
sonication time for no less than 90 min and the proper pH value between 6.6 and 9.0 were
suggested. The absorption of SSD onto the BC nanofibrous network was revealed by XRD and
SEM analyses. The SSD–BC membranes exhibited significant antimicrobial activities against
Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus evaluated by the disc
diffusion method. In addition, the favorable biocompatibility of SSD–BC was verified by MTT
colorimetry, epidermal cell counting method and optical microscopy. The results demonstrate
the potential of SSD–BC membranes as a new class of antimicrobial and biocompatible wound
dressing.

(Some figures may appear in colour only in the online journal)

1. Introduction

Infection is one of the most frequent complications in the
wound-healing process. Infection control is very important
not only in the prevention of secondary infection, but also
in maintaining a proper wound healing process [1]. Besides,
infections caused by bacteria usually result in exudation
around the wound site [2]. Improved wound dressings
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that provide an inherent antimicrobial effect by eluting
germicidal compounds have been developed to respond to
the problems associated with conventional topical treatments
using ointments and creams [3]. Hydrogels, hydrocolloids,
films, gauzes, alginates, biologics and foams are among the
many classes of dressings available to healthcare professionals
[4]. Wound dressings help maintain the proper moisture level
and constant temperature of the wound bed, accelerate healing,
activate autolytic debridement of the wound, protect newly
formed cells, facilitate angiogenesis and re-epithelization,
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alleviate pain and protect the wound against bacteria and
contamination [5].

Bacterial cellulose (BC) is a kind of extra cellular
polysaccharide produced by several bacteria, such as
Acetobacter xylinum, the genus Gluconoacetobacter, Sarcina,
etc, into long non-aggregated nanofibrils [6, 7]. BC was used
traditionally in the food industry [8, 9], later in the fabrication
of reinforced paper [10]. Recently, it was investigated as
a material for medical applications e.g. cartilage scaffolds
[11, 12], wound dressings [5, 13], dental implants [14–16],
nerve regeneration [17], vascular grafts [17–20] and drug
delivery systems [21, 22]. Regardless of the identical chemical
composition, the mechanical properties and microstructure
of BC differ from those of vegetable cellulose (VC). BC
possesses higher tensile strength and modulus, higher water-
holding capacity, higher crystallinity and a finer fibril network
[23, 24]. Besides, owing to its fibril network structure similar
to the extracellular matrix of human skin, BC is under
investigation as a potential skin substitute in treating extensive
burns. The never-dried cellulose membrane is a highly nano-
porous material that allows for the potential transfer of
antibiotics or other medicines into the wound, meanwhile
serving as an efficient physical barrier against any external
infection [25]. Other advantages of BC as a wound dressing
have been reported, in that it can control wound exudates and
provide a moist environment to a wound, resulting in better
wound healing [5]. However, BC itself has no antimicrobial
activity and cannot prevent wound infection, which is a major
factor common to all wound care, especially the burn wounds,
traumatic injuries and surgical procedures [26]. To date,
researchers have researched different systems with BC for
wound dressing applications: BC–Ag nanocomposites (in situ
synthesis) [5, 24, 27], BC dry films containing benzalkonium
chloride (simple impregnation) [28], BC–AgCl membranes (in
situ synthesis) [29], BC/chitosan, BC/PEG and BC/gelatin
composites (simple impregnation) [30].

The gold standard in topical burn treatment is
silver sulfadiazine (SSD), which is most commonly
deployed for partial- and full-thickness burns [31, 32].
Among antimicrobial agents, SSD is a broad spectrum
antimicrobial agent that controls yeasts, molds, other types
of fungi, and bacteria, typically including: Pseudomonas
aeruginosa, Escherichia coli as well as Staphylococcus aureus
[33, 34]. SSD readily ionizes to release silver ions, which
intercalate into the microbial DNA forming a relatively strong
bonding. Sulfadiazine interferes with many cellular metabolic
processes, including DNA synthesis, folic acid pathways and
the respiratory electron transport system, and can also interact
with thiol groups on microbial proteins [35, 36]. Traditionally,
SSD is applied with cream which causes several drawbacks
in the treatment. Increased inflammation observed with SSD
is caused by the water soluble cream base itself [31]. The
hydrophobicity of the cream base tends to form an adhesive
pseudo-eschar which is difficult to distinguish from a burn
eschar and inhibits the penetration of SSD into burn wounds
[37–40]. Clinically, the drainage of the exudates is also very
important, especially in the management of severe burns
where necrotic tissue is present, since an accumulation of

the exudates beneath the dressing promotes bacterial growth
[41]. Unfortunately, the SSD cream itself cannot absorb the
exudates.

In the above context, we hypothesize that the association
of SSD organic complex with biopolymers such as BC
may represent an interesting approach to developing
new antimicrobial biomaterials which may overcome the
shortcomings of current wound dressings and also find
a variety of other applications. To our knowledge, SSD–
BC membranes have not been used or investigated
for antimicrobial wound dressing applications. Although
researchers have contributed a lot to reveal the singular
properties of BC and its composites with antimicrobial activity,
the cytocompatibility of these antimicrobial composites such
as BC–Ag, BC–benzalkonium chloride and BC–AgCl have
not been reported [5, 24, 27–30]. The aim of this work is to
testify this hypothesis by developing SSD impregnated BC and
understanding the antimicrobial and biocompatible properties
of SSD–BC.

We put forward an ultrasonication-assisted impregnation
method of introducing SSD particles into BC nanofibrous
network. To achieve good antimicrobial properties, a range
of conditions of impregnating SSD complex with BC were
performed and optimized, e.g. ultrasonication time, pH value
of the environment as well as the zeta potential of BC and SSD.
XRD and SEM techniques were applied to reveal the structure
and morphology of SSD–BC after the impregnation. The
antibacterial activity of SSD–BC membranes in the presence
of P. aeruginosa, E. coli and S. aureus were characterized.
The favorable biocompatibility of SSD–BC was verified by
MTT colorimetry, epidermal cell counting method as well as
optical microscopy.

2. Materials and methods

2.1. Preparation and purification of BC membranes

BC membranes were purchased from Hainan Yida Food
Co. Ltd (China). Deionized water was used to flush the
BC membranes several times to remove culture solution and
impurities on the surface. Then the membranes were immersed
in NaOH solution (0.1 M, Beijing Reagent Factory) maintained
at 90 ◦C for an hour in a thermostatic water bath to get rid of
the biomass and residual culture medium in the pellicles.
Subsequently, the membranes were thoroughly rinsed with
deionized water until the pH of the washing liquid was neutral
and finally immersed in deionized water prior to use.

2.2. Impregnation of SSD into BC membranes

SSD content of 1–2 wt% has been shown to have excellent anti-
bacterial and anti-inflammatory effects on wounds. This may
explain the fact that the concentration of SSD in the products
on the market is in the similar range. In this work, 2 wt%
SSD–water suspension (pH = 7.0, Yancheng Cunyi Chemical
Co. Ltd, China) was also prepared. Before impregnating SSD
with BC, proper conditions were studied as follows.
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2.2.1. Ultrasonication. To acquire more homogeneous
particles in size, 2 wt% SSD suspension (pH = 7.0) was
firstly stirred by a SZCL magnetic stirrer (YUHUA R©, China)
for 1 d. SSD suspension was then ultrasonicated by a
SCIENTZ R© JY92-II,Ultrasonic Cell Pulverizer (China) for
different periods of time to achieve SSD particles with various
diameters. The diameter of SSD particles was determined
using a DelsaTM Nano C Particle Analyzer (Beckman
Coulter R©, USA). The particle size of each sample was
measured three times, and the measurement results were
analyzed in terms of mean diameter ± standard deviation.
In addition, the morphology of SSD particles was assessed by
an Optec BK300 Optical Microscope (China).

2.2.2. pH value. The groups of SSD suspension sonicated
for 90 min were selected for study on the effect of different pH
environments. HCl solution was applied to adjust the solution
to be acidic with pH = 5, 3 and 1; NaOH solution was applied
to adjust the solution to be alkaline with pH = 9, 11 and
13. After 6 h, the particle diameter of each sample (including
the original pH = 7.0 sample) was measured using the same
particle analyzer described above.

2.2.3. Zeta potential. Zeta potential of SSD particles
sonicated for different periods of time was measured in an
aqueous medium. In addition, the zeta potential of the group
sonicated for 90 min was analyzed in different pH solutions
along with BC. All these experiments were also carried
out using the DelsaTM Nano C Particle Analyzer (Beckman
Coulter R©, USA).

To find out the proper impregnation conditions, SSD
particles were impregnated into BC membranes by immersing
BC pellicles into SSD suspension which had been sonicated
at pH = 8.0 for different periods of time, up to 24 h.
The proportion of BC mass/SSD suspension volume is
approximately 2/7 (g mL−1). Following this, samples were
sealed from light and kept at 4 ◦C in a refrigerator for
future use. The amount of SSD particles impregnated into BC
was quantified by an atomic absorption spectrometer (AAS)
(Beijing, Beijing Kechuang Haiguang Instrument Co., Ltd,
GGX-600). Samples were dissolved in 98% sulfuric acid and
then diluted with deionized water to 20 times their original
volume. The Ag content in the solution was measured by AAS
and the SSD content in the sample was calculated according
to the percentage of Ag in SSD as follows:

mSSD = ρAgV

S
× 100 ÷

(
MAg

MSSD

)
= 19.96ρAg, (1)

where mSSD is the amount of SSD particles (mg/100 cm2)
impregnated in BC, ρAg is the mass concentration of
Ag (μg mL−1) in the solution measured by AAS, V is the
volume of the solution (mL), S is the area of BC sample (cm2),
MAg is the relative atomic mass of Ag and MSSD is the relative
molecular mass of SSD.

2.3. Characterization

2.3.1. X-ray diffraction. X-ray diffraction (XRD) tests of
pure BC, SSD and SSD–BCs (all samples were freeze-dried

at −40 to −50 ◦C) sonicated for different periods of time were
performed using a Rigaku D/max-RB x-ray diffractometer
(Japan) with a thin pellicle attachment. The samples were
placed in the sample holder and scanned at a rate of
9◦ min−1 from 5◦ to 80◦ (2θ ).

2.3.2. Scanning electron microscopy. Samples of BC
and SSD–BCs were freeze-dried (−40 to −50 ◦C) to
constant weight before being examined by scanning electron
microscopy (SEM). For improved contrast, the specimens
were sputtered with a thin layer of evaporated gold. The
morphology of BC and SSD–BC was observed by an Apollo
300 scanning electron microscope (UK) equipped with an
electron optical system with a 10 keV capacity electron gun
and an electron detector. Elemental maps of the composite
in BC were obtained using an energy dispersive spectrometer
(EDS, Oxford, INCA).

2.4. Assay of antimicrobial activity

Antibacterial activity of the SSD–BCs was determined for P.
aeruginosa (ATCC10211), E. coli (ATCC44113) and S. aureus
(ATCC26085) using the disc diffusion method (AATCC-90).
Initial cultures of these strains were prepared by incubating
at 37 ◦C for 24 h: Staphylococcus medium for S. aureus;
eosin-methylene blue medium for E. coli; blood agar medium
for P. aeruginosa. After that, the cultures were appropriately
diluted to the density of 1 × 105 cm−2 by sterile saline
solution. Subsequently, BC (control sample) and SSD–BC
discs with uniform size (6.5 mm diameter) were placed on
the bacteria-seeded agar plates (8 per plate) and cultured in an
incubator at 37 ◦C for 24 h. The inhibition zone was estimated
by measuring the diameter of the nearest whole millimeter of
the inhibited growth around the sample disc and was performed
in triplicates.

2.5. Assay of biocompatibility

2.5.1. Cell culture. Westar fetal rat epidermal cells
(Experimental Animal Center of Military Medical Sciences,
China) were incubated in 2 mL Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (GIBCO). Samples of SSD–BC discs were prepared
by soaking in SSD suspension sonicated for different periods
of time over 24 h and were then cut into 15 mm diameter to
fit 24-well cell culture polystyrene plates. Before usage, the
membranes were sterilized by γ -irradiation. The BC and SSD–
BC samples were placed in 24-well cell culture polystyrene
plates seeded with 1 mL Westar fetal rat epidermal cells
(1 × 104 mL−1) per disc and cultured in 5% CO2 at 37 ◦C for
1 d, 4 d, 7 d and 10 d. The culture medium was changed on
the fourth and seventh day.

2.5.2. Cell morphology observation. To observe cell
morphology and distribution, epidermal cells cultured for 1
d, 4 d, 7 d and 10 d were observed, using a Leica DMI 4000
semi-automatic inverted biological microscope (Germany).
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Figure 1. The curve of 2% SSD particle diameter versus sonication time. The inset is a SEM image of original bacterial cellulose.

2.5.3. Cell proliferation assay. Cells cultured in wells
without membranes served as controls in this study. To
investigate cell proliferation effect, epidermal cells were
counted with a hemocytometer at 1 d, 4 d, 7 d and 10 d. The
nutrient solution was removed and then cells were detached
with 0.5 mL 0.25% Trypsin-0.02% EDTA (SCIENTIFIC
RESEARCH SPECIAL). 10 min later, 0.5 mL DMEM–FBS
was added to end cell digesting. The number of cells in
suspension was counted with a hemocytometer. MTT assay
was carried out at 1 d, 4 d, 7 d and 10 d. 100 μL of
MTT solution (5 mg mL−1) was added to each well and
incubated for 4 h at 37 ◦C. Mitochondrial dehydrogenases of
viable cells selectively cleaved the tetrazolium ring, yielding
blue/purple formazan crystals. The medium was then replaced
with 500 μL of DMSO to completely dissolve the MTT
crystals formed previously by shaking homogeneously for
about 10 min. Solubilized formazan products were quantified
by spectrophotometry at 570 nm using a UNICOTM WFZ UV-
2100 Spectrophotometer (China).

2.6. Statistical analysis

All experiments were repeated at least three times with the
number of antimicrobial and biocompatible assay samples:
n = 8. Data are presented as means ± standard deviation.
The statistical assay was performed using Student’s t-test
and the differences were considered statistically significant at
P < 0.05.

3. Results and discussion

3.1. Parameters influencing SSD–BC impregnation

3.1.1. Particle diameter. Particle diameter of SSD decreased
as the sonication time increased and then reached a stable

value around 300 nm after sonicating for 120 min, at pH = 7.0
(figure 1). A SEM image of an original BC inset in figure 1
shows the unique three-dimensional fibrous structure of BC,
with average pore size around 500 nm. Thus, to impregnate
SSD into the network of BC, the optimized sonication time
between 90 and 150 min was chosen, in which case the particle
diameter was in a range from 250 to 500 nm. Otherwise, SSD
particles would be too large to permeate through the fibrous
network of BC.

With increasing sonication time, the morphology of SSD
particles became more regular and uniform (figure 2). It
is important to note that particles sonicated for 90 min
became approximately spherical in shape. Such spherical
morphology is envisaged to make the diffusion, permeation
and impregnation of SSD easier. Therefore, the sonication
time is recommended to be at least 90 min.

The influence of pH value on SSD particle diameter was
then studied under the condition of sonication for 90 min.
Figure 3 shows a series of photos of SSD suspension under
different pH environments (standing for 6 h). Results indicated
that pH had a great impact on the particle diameter of SSD.
SSD particles appeared to agglomerate and precipitate easily
when pH was either 1 or 13, in which case particle diameter was
3 μm on average. This may be due to precipitation reactions
in different conditions. When HCl (pH = 1 or 3) was added
into SSD suspension, Ag+ could react with Cl− to form AgCl
([Ag+][Cl−]>Ksp(AgCl)). In the case of pH = 13, strong
basicity offered enough OH− to react with Ag+ to generate
Ag2O. Either AgCl or Ag2O precipitates were suspected to
result in a larger particle diameter in the suspension. Obviously,
SSD suspension could not be easily impregnated into BC under
strongly acidic and alkaline conditions for the reason that SSD
particles were unstable and too large to get into the pores of
BC. Hence, pH value between 5.0 and 9.0 was considered
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Figure 2. Optical microscopic images of 2% SSD particles of different sonication time: (O1)(O2) 0 min; (a1)(a2) 10 min; (b1)(b2) 30 min;
(c1)(c2) 60 min; (d1)(d2) 90 min.

Figure 3. The curve of 2% SSD (sonicated for 90 min) particle diameter versus pH value.

optimum, under which circumstance SSD particle diameter
was 500 nm on average.

3.1.2. Zeta potential. BC possessed weakly positive surface
charges since its zeta potential was measured to be merely
0.24 mV. Its zeta potential kept consistent despite the change
of pH value as shown in figure 4(a). At a fixed pH condition (pH
= 7.0 in figure 4), the negative zeta potential of SSD particles
remained more or less unchanged during different periods of

sonication as shown in figure 4(b). On the other hand, the
surface charges of SSD particles were under the control of
the solution condition. The strong influence of pH value was
clearly evident on the dramatic changes of the zeta potential
of SSD particles from positive to negative and then back to
positive in the range of pH from 1 to 13 (figure 4(c)). Notably,
SSD’s zeta potential reached the most negative value of
–46 mV at pH ≈ 9.7. As a consequence, electrostatic
interaction [42] developed between the negatively charged
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Table 1. Impregnation conditions and relevant data (2% SSD, pH = 8.0).

Sonication time of Diameter of SSD content
Groups Samples pH SSD Particles (min) particles (nm) (mg/100 cm2)

C0 BC 8.0 — — 0
S0 BC + SSD 8.0 0 >10 μm 10.10 ± 1.86
S1 BC + SSD 8.0 90 491.3 ± 84.3 15.35 ± 3.10
S2 BC + SSD 8.0 120 310.2 ± 109.7 20.24 ± 1.72
S3 BC + SSD 8.0 150 282.3 ± 9.2 23.60 ± 2.54

(c)

(a)

(b)

Figure 4. (a) BC zeta potential versus pH; (b) 2% SSD zeta
potential versus sonication time; (c) 2% SSD (sonicated for 90 min)
zeta potential versus pH.

surface of SSD particles and the cationic surfaces of BC
which would facilitate absorption of SSD particles into
the BC network. And the electrostatic attraction increased
as the absolute value of BC and SSD’s zeta potential
increased. Moreover, high negative values of the zeta potential
indicated that the strong electrostatic repulsion between
particles would prevent their aggregation and thereby stabilize
the nanoparticulate dispersion [43]. Zeta potential values in
the range −15 to −30 mV were common for stabilized
nanoparticulates [44]. For all the reasons discussed above,
the favorable range of pH was selected as 6.6–11.5. In this
pH range, SSD and BC owned opposite signs of charge
and their absolute value was more than 20 mV, which could
render sufficient electrostatic interaction between themselves
and result in effective absorption and impregnation of SSD
particles into the BC fibril network. Another benefit was that
the high electrostatic repulsion between SSD particles due
to their negative charged surface with the zeta potential less
than −20 mV could prevent SSD particles from aggregating
during the process of impregnation.

3.2. Impregnation conditions

Taking into account the effects of both pH value and zeta
potential on the impregnation of SSD with BC studied above,
an optimum range of pH was suggested as 6.6–9.0. A further
experiment was performed under conditions shown in table 1.

Figure 5. XRD patterns of BC (C0), SSD and SSD–BCs (sonicated
for different periods of time: S0–0 min, S1–90 min, S2–120 min,
S3–150 min).

pH = 8.0 was selected since SSD particles stayed stable and
the zeta potential value was low (approximately −37 mV) in
this environment.

Results of SSD content in BC are shown in table 1. The
SSD content increased along with the increase of sonication
time of SSD particles which corresponded to the conclusions
made in 3.1.1.

3.3. Structure and morphology of SSD–BC composite
membranes

3.3.1. Crystal structure of SSD–BC composite membranes.
Pure BC, SSD particles and SSD–BCs sonicated for different
periods of time were analyzed using XRD in order to evaluate
the structural evolution of the composite during sonication
(figure 5). For original BC, two apparent broad peaks and
one less obvious one in between were observed and located
at diffraction angles of 14.8◦, 16.3◦ and 22.6◦, respectively.
These broad peaks corresponded to the primary diffraction of
the crystal plane such as (1 1 0), (1 1 0) and (2 0 0), attributed
to the structure of well-defined cellulose I crystal [45]. For
the small molecule SSD, its characteristic peaks appeared
sharper and located at values of 8.8◦, 10.21◦ and 18.49◦

corresponding to (0 0 2), (0 1 1) and (0 2 0) planes. For SSD–
BC composites, sample S0 without being sonicated displayed
only the characteristic peaks of BC with little SSD features,
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(a) (b) (c)

Figure 6. Scanning electron micrographs of (a) bacterial cellulose, (b) bacterial cellulose impregnated with 2% SSD (sonicated for 90 min)
and (c) energy dispersive spectrometer (EDS) spectra of the BC-SSD sample (sonicated for 90 min).

(a) (b) (c)

Figure 7. Representative photos of the inhibition zone of SSD-BC composites against (a) Escherichia coli (ATCC44113),
(b) Staphylococcus aureus (ATCC26085) and (c) Pseudomonas aeruginosa (ATCC10211).

which indicated that original SSD hardly permeated into BC
without any assistance. In contrast, the characteristic peaks of
SSD at angles of 10.21◦ and 18.49◦ started to emerge in sample
S1 after sonication for 90 min, and the intensity of these peaks
increased in samples S2 and S3, with increasing sonication
time. It is noteworthy that peak intensities rose profoundly
in sample S3 after sonication for 150 min, as evidence of an
increase of the load of SSD in the composites. The reason for
explaining these combined diffraction peaks may be attributed
to improved diffusion, permeation and absorption of SSD
particles with smaller diameter, more regular and uniform
shape resulting from prolonged ultrasonication, in consistence
with the results discussed in section 3.1.1. Furthermore, BC’s
characteristic peaks remained in the composites, implying the
impregnation process had little effect on the crystal structure
of the cellulose microfibrils, which is highly desirable in order
to preserve those outstanding properties of BC.

3.3.2. Morphology of BC and SSD–BC composite membrane.
Pristine BC has a fine and dense 3D network of nanofibrils
and a highly porous structure, as shown by the SEM image
in figure 6(a), resulting in a large surface area and high
porosity of the BC membrane [25]. Such a unique network
plus its intrinsic hydrophilicity explains BC’s outstanding
properties of holding water (up to 200 times of its dry mass)
and strength [25]. After the impregnation of SSD into BC’s
ultrafine network, the overall 3D nanofibril network of BC was

well retained in spite of the formation of some thick fibrous
bundles at the surface of the network after the ultrasonic
process (figure 6(b)). Some fibrils appear to be a very thin
layer with some bright particles attached, which represent the
impregnated SSD particles in SSD–BC composites confirmed
by EDS results. From EDS results, the S/Ag atomic ratio is
approximately 1, corresponding to the SSD molecular formula
result. The observation from figures 6(b) and (c) further
supports the above impregnation conditions.

3.4. Antimicrobial activity of SSD–BC composite membranes

The antimicrobial activity of SSD–BC composite membranes
for P. aeruginosa, E. coli and S. aureus was measured
by the disc diffusion method (figure 7). The diameter of
inhibition zone (DIZ) reflects a magnitude of antimicrobial
ability of the microorganism. It was found that, in every
test, SSD–BC composite exhibited an obvious inhibition zone
against the three kinds of typical bacteria; in contrast, no
inhibition zone was observed for the pure BC (figure 8).
This demonstrates that antimicrobial activity is attributed to
SSD particles impregnated inside BC rather than BC itself.
The DIZ was also strongly affected by the sonication time.
A similar trend was presented in the tests of all three kinds
of bacteria in figure 8, in that the longer sonication time
was applied and the larger DIZ developed. Clearly, this is
directly related to increasing SSD load in the composites with
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Figure 8. Diameter of inhibition zone of BC and SSD-BC (original
diameter of sample was 6.5 mm). Significance: ∗: P < 0.05;
∗∗: P < 0.01.

increasing sonication time, in evidence of the SSD content
results in table 1. Moreover, all the composite samples tested
against P. aeruginosa, E. coli and S. aureus showed significant
differences (P < 0.05) compared with the pure BC. The SSD–
BC composites exhibited similar antibacterial effectiveness
against P. aeruginosa and S. aureus. In the case of E. coli, the
DIZ of S0, S1, S2, S3 was respectively 2%, 6%, 12% and 5%
greater than that in the case of P. aeruginosa. In comparison

with S. aureus, the values became 3%, 8%, 2% and 9%. Hence,
based on the DIZ values against the model bacteria, the highest
antimicrobial activity was demonstrated on E. coli.

3.5. Biocompatibility of SSD–BC composite membranes

3.5.1. Cell morphology. Epidermal cells cultured for differ-
ent periods of time were stained with the Rhodamine/Nile
blue and were then observed using an inverted biological mi-
croscope (figure 9). After culturing for 1 d, epidermal cells
were sparsely spreaded more or less everywhere with some
notable dense cell domains. Most epidermal cells had a round
shape. There were no significant differences between groups.
On the fourth day, the number of cells increased obviously
with more rounder and larger flat epidermal cells produced,
demonstrating that epidermal cell proliferation had begun. In
the meantime, epidermal cells started to give rise to fibroblasts
in each group, which were spindle-shaped or irregular triangu-
lar. Cell growth continued in well spread ways on the seventh
day. At this stage, epidermal cells were still in round and flat
shape, but fibroblast growth differed from group to group. A
fibroblast fusion started to take place in C07 and S07 groups in
the appearance of denser domains of spindle-shaped and irreg-
ular triangular cells distributed in the culture medium between
the epidermal cells. In contrast, there were few signs of cell
fusion in S17, S27 and S37 groups. Nevertheless, after culturing
for ten days, more fibroblasts grew in all groups and then con-
verged to form large areas in the culture medium. As a result,
epidermal cells were gradually masked by many fibroblasts.
There were no significant differences between groups.

Figure 9. Epidermal cell morphology of different samples after 1 d, 4 d, 7 d and 10 d. C0: pure BC membrane; S0: SSD-BC composites
(SSD sonicated for 0 min); S1: SSD-BC composites (SSD sonicated for 90 min); S2: SSD-BC composites (SSD sonicated for 120 min); S3:
SSD-BC composites (SSD sonicated for 150 min). C01, C04, C07, C010: cell cultured for 1d, 4d, 7d and 10d of C0 sample; S01, S04, S07,
S010: cell cultured for 1d, 4d, 7d and 10d of S0 sample; S11, S14, S17, S110: cell cultured for 1d, 4d, 7d and 10d of S1 sample; S21, S24, S27,
S210: cell cultured for 1d, 4d, 7d and 10d of S2 sample; S31, S34, S37, S310: cell cultured for 1d, 4d, 7d and 10d of S3 sample.
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Figure 10. Epidermal cell counting results of control and SSD-BC
after 1 d, 4 d, 7 d and 10 d. Significance (P < 0.05): � greater than
all the others, � greater than control; (P < 0.01): ∗ greater than the
other days.

The observation above showed that there were no
significant differences between pure BC (C0) and SSD–
BC composites (S0, S1, S2 and S3), indicating SSD–BC
composites possessed good biocompatibility similar to BC.
The favorable environment provided by SSD–BC encouraged
a small amount of fibroblasts to emerge in each group in the
early days of the culturing. Regardless of the impregnation of
SSD, SSD–BC composites showed low toxicity and supported
the growth of epidermal cells and fibroblasts. This will be
further proven by the following statistic analysis of cellular
proliferation and viability of cell growth.

3.5.2 Cell count. To investigate the SSD’s influence on the
cellular proliferation, the hemocytometer was used to carry out
the test and the results were analyzed in figure 10. Regardless
of different SSD loads obtained by varying sonication time
from 90 (S1) to 150 min (S3), the presence of SSD particles
in the membranes decreased the proliferative capacity of cells
to a certain extent, as compared with controls (figure 10).
In comparison, 7 out of 16 samples of SSD–BC composites
showed significant differences (P < 0.05). Nevertheless, the
cell number of all the groups was still 75% greater than the
control sample, indicating that the harmful effects of SSD–BC
composites on cell proliferation were relatively low. Although
the SSD–BC samples inhibited the cell growth to some degree,
the number of epidermal cells increased progressively with
the increase in the culture time with great significance (P
< 0.01). This statistic measurement further quantifies the
growth of epidermal cells observed in figure 9. Hence, the
effects of SSD–BC composites on cellular proliferation are
limited, which should encourage further investigation of SSD–
BC membranes as a promising wound dressing.

3.5.3. MTT assay. The MTT data describe the relative
viability of epidermal cells growing on different samples.
The results analyzed in figure 11 are comparable since the
same number of cells was added to all samples. The formazan

Figure 11. MTT results of control and SSD-BC composites after
1 d, 4 d, 7 d and 10 d. Significance (P < 0.05): � greater than
control; (P < 0.01): ∗ greater than the other days.

absorbance indicates that the epidermal cells seeded onto
the control sample (the polystyrene cell culture plate) and
different membranes were able to convert MTT into a blue
formazan product. It was observed that the S0 sample exhibited
the best cytocompatibility among all the membranes overall.
Furthermore, with increasing culture time, the viability of
cells on each membrane increased significantly (P < 0.01), as
shown in figure 11. Notably, most SSD–BC samples showed no
significant differences against the control in MTT absorbance
except two samples of 1d and 7d (P < 0.05). Therefore, it can
be concluded that the addition of the SSD to BC membranes
did not affect the cytocompatibility greatly, and the SSD–BC
membranes have the potential to be used for antimicrobial
wound dressing.

Although the biocompatibility of BC, silver and SSD have
been studied extensively in the literature, the cytocompatibility
of antimicrobial composites like BC–Ag, BC–benzalkonium
chloride and BC–AgCl have not been reported [5, 24, 27–29].
Thus, the BC–SSD’s positive effects on cells in vitro may shed
light on future investigation.

4. Conclusions

A potential new SSD–BC wound dressing acquiring
antimicrobial and biocompatible abilities has been developed
and systematically studied. An ultrasonication-assisted
process to produce SSD impregnated BC membranes has been
developed and optimized. Sonication time of SSD particles,
pH value of the environment and zeta potential of SSD or
BC all have great influences on the impregnation process
and thus SSD load. Sufficient sonication time (�90 min)
and suitable pH value (between 6.6 and 9.0) assisted the
formation of uniform and stable SSD particle suspension
with desired particle size and negatively charged surface and
therefore facilitated the diffusion, permeation and absorption
of SSD through BC’s 3D fibril network. In the optimized case
of pH = 8.0, stable SSD particles with low negative zeta
potential value (approximately −37 mV) ensured effective
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impregnation of SSD with BC, meanwhile preserving its
cellulose crystal structure and fibril network, proven by
structure and morphology results using XRD and SEM. By
applying the disc diffusion method and comparing with the
BC samples, SSD–BC composite membranes showed effective
antimicrobial activities against P. aeruginosa, E. coli and S.
aureus, among which, the highest antimicrobial activity was
found on E. coli. The favorable biocompatibility of SSD–
BC was verified by MTT colorimetry and the epidermal
cell counting method, along with optical microscopic images.
Results indicated that the effects of SSD impregnation and load
on cytocompatibility of the BC membrane were limited and
acceptable. Therefore, SSD–BC membranes have been proven
to be promising antimicrobial dressing for wound treatment.
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