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Abstract

Chronic wounds are a serious worldwide problem, which are often accompanied by wound infec-

tions. In this study, bacterial cellulose (BC)-based composites introduced with tannic acid (TA) and

magnesium chloride (BC-TA-Mg) were fabricated for anti-biofilm activities. The prepared compo-

sites’ surface properties, mechanical capacity, thermal stability, water absorption and retention

property, releasing behavior, anti-biofilm activities and potential cytotoxicity were tested. Results

showed that TA and MgCl2 particles closely adhered to the nanofibers of BC membranes, thus in-

creasing surface roughness and hydrophobicity of the membranes. While the introduction of TA

and MgCl2 did not influence the transparency of the membranes, making it beneficial for wound in-

spection. BC-TA and BC-TA-Mg composites displayed increased tensile strength and elongation at

break compared to pure BC. Moreover, BC-TA-Mg exhibited higher water absorption and retention

capacity than BC and BC-TA, suitable for the absorption of wound exudates. BC-TA-Mg demon-

strated controlled release of TA and good inhibitory effect on both singly cultured Staphylococcus

aureus and Pseudomonas aeruginosa biofilm and co-cultured biofilm of S. aureus and P. aerugi-

nosa. Furthermore, the cytotoxicity grade of BC-TA-6Mg membrane was eligible based on standard

toxicity classifications. These indicated that BC-TA-Mg is potential to be used as wound dressings

combating biofilms in chronic wounds.
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Introduction

Chronic wounds are a serious worldwide problem, which bring a

heavy burden to the patient and healthcare system. The wound is

considered a chronic wound when the healing period is one month

or more [1]. Chronic wounds mainly include diabetic foot ulcers,

bedsores or pressure sores, venous leg ulcers and non-healing surgi-

cal site infections [2, 3]. In China, it has been shown that the leading

cause of chronic wounds was diabetes [3]. In Europe, over 55 mil-

lion patients suffered from diabetes, and 8 million of them may de-

velop a diabetic foot ulcer. What’s worse, if the patients got poor

treatment, they would progress to lower limb amputation [4].

Infection and inadequate blood supply to blood vessels can lead to

chronic wounds. Infection is caused by microbial reproduction in

the wound bed, resulting in prolonged inflammatory response,

delayed collagen synthesis and epithelial formation, thus damaging

the skin tissue [5]. Chronic infection is a persistent and progressive

pathology mainly caused by inflammation around the biofilm in the

body [6]. It was found that the prevalence of biofilms in acute

wounds was only 6% [7], while as many as 78.2% of chronic

wounds contained biofilms [8]. Enterococcus faecium,

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-

mannii, Pseudomonas aeruginosa and Enterobacter species. (i.e.

ESKAPE pathogens) have been shown to be the key pathogens in-

volved in chronic wounds infections and biofilms [9–11]. There is a

consensus in the wound care community that among most wound

infections, bacteria attach to wound surfaces and proliferate in the

infected wound, delaying healing [12] and causing failure of treat-

ment of wound infections [2]. Biofilms are intricate bacterial aggre-

gates, producing an extracellular polymeric substance (EPS, a three-

dimensional physical matrix formed of exopolysaccharides, lipids,

proteins, and extracellular deoxyribonucleic acid, empowering bac-

teria with excessive resistance or tolerance against antibiotics) [13].

EPS encloses the cells, adheres to wounds, and prevents the penetra-

tion of antibiotics [9, 11].

Therefore, there is an urgent demand for novel therapeutic

strategies that can defeat the bacteria and their biofilms in chronic

wound infections. Bacterial cellulose (BC) is a natural polymer se-

creted by certain bacteria [14]. It has many unique physical, chem-

ical, and biological properties, such as ultrafine nanofiber

network, high tensile strength and elastic modulus, high water ab-

sorption and retention capacity, high crystallinity, and good bio-

compatibility [14, 15]. BC-based wound dressings functionalized

with different antibacterial agents have been proved to be ideal

materials for dealing with chronic wound infections. For example,

Picolotto et al. [16] synthesized BC/red propolis composite and uti-

lized the composite to treat diabetic mice wounds. In vivo experi-

ments revealed that BC/red propolis accelerated wound healing of

diabetic mice by inducing a decreased lesion size, less inflamma-

tion, an increase of TGF-b levels, and complete epithelization. Liu

et al. [17] chemically anchored BC with quaternary ammonium

salt through 2-methacryloyloxyethyl trimethylammonium chlo-

ride. The composite membrane displayed good antibacterial activi-

ties against S. aureus and Escherichia coli, and it improved healing

of mouse wounds infected with E. coli. Wu et al. [18, 19] produced

BC/silver nanoparticles composite, and the composite showed

strong antibacterial activities. Moreover, in comparison with BC

and blank control, it induced less inflammation and promoted

burn wound healing in dealing with a second-degree rat scald

wound. However, none of the above studies evaluated the anti-

biofilm activities of the prepared materials.

In our previous work, BC-based membranes incorporated with

tannic acid (TA) and magnesium chloride (BC-TA-Mg) were pre-

pared for the purposes of antimicrobial and anti-biofilm [20]. TA is

an excellent inhibitor against various bacteria [21], which could also

inhibit S. aureus and P. aeruginosa biofilm formation [22]. The com-

posites displayed a controlled release of TA, depending on the incor-

porated Mg2þ concentration. The released rate of TA was decreased

through introducing more Mg2þ into the composites, resulting in

lower cytotoxicity to L929. The BC-TA-Mg composites demonstrated

intense antibacterial activities against S. aureus, P. aeruginosa and E.

coli and excellent inhibition on S. aureus and P. aeruginosa biofilm

formation. In our previous work, microtiter plate method was used to

test the effects of the BC-TA-Mg composites on the formation of sin-

gly cultured S. aureus and P. aeruginosa biofilms [20]. However, the

chronic wound environment is complex and rich in nutrients, and

chronic wound infection is often associated with varieties of bacteria,

both gram-positive and gram-negative species [10, 11, 23]. Therefore,

it will be more meaningful to test the effects of the materials on bio-

film formation of co-cultured gram-positive and gram-negative bacte-

ria system, which is closer to a real wound environment. To achieve

this, a model that can simultaneously support the growth of gram-

positive and gram-negative bacteria species should be applied.

Moreover, as discussed above, the material was utilized as a wound

dressing to deal with chronic wounds. It will be ideal to build an

in vitro artificial wound bed model to test the effects of wound dress-

ings on biofilm formation, which is particularly important for the

early-stage research and development of wound dressings. Some stud-

ies reported the development of multispecies biofilm models.

However, relatively few studies reported applying in vitro models in

testing the inhibitory effects of wound dressings or some other materi-

als on biofilm formation. Hammond et al. [24] inoculated cellulose

discs with burn wound bacterial isolates (S. aureus and P. aeruginosa)

and then placed them on agar plates. After incubation for 24h, a burn

wound biofilm model was established. The model was then covered

with antibiotic ointments-soaked gauze to check the influence of anti-

biotic ointments on biofilm formation. Kucera et al. [25] employed a

famous ‘Lubbock chronic wound biofilm (LCWB) model’ [26] to es-

tablish multispecies (i.e. S. aureus, Enterococcus faecalis, Bacillus sub-

tilis and P. aeruginosa) biofilm and then moved the prepared biofilm

onto an artificial wound bed. They demonstrated that this model was

applicable to novel therapeutics intended for combating chronic

wound biofilms.

In this study, BC-TA-Mg composites were fabricated, and sur-

face properties, mechanical capacity, thermal stability, water ab-

sorption and retention property, releasing behavior of the prepared

composite membranes were tested. Thereafter, a modified LCWB

model was used to develop a multispecies biofilm, and then the

biofilm was moved onto an artificial wound bed. BC-TA-Mg com-

posites were covered on biofilm to evaluate its anti-biofilm activi-

ties. Gram staining, FITC-ConA staining and plate colony-

counting method were conducted to assess the effect of BC-TA-Mg

composites on the formation of biofilm of co-cultured S. aureus

and P. aeruginosa. Finally, the potential cytotoxicity of prepared

composites was detected. Results demonstrated that the compo-

sites were transparent and exhibited improved mechanical proper-

ties, water absorption and retention capacity compared with pure

BC. Moreover, they displayed potent anti-biofilm activities, sug-

gesting that they are potential to be used as wound dressings to

treat chronic wounds. Figure 1 described the anti-biofilm activities

of BC-TA-Mg composites and the anti-biofilm tests performed in

this study.
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Materials and methods

Preparation and characterization of BC-TA-Mg

composites
BC membranes, with a thickness of 3 mm and a state of hydrogel,

were acquired from Hainan Yida Food Co. Ltd. (Hainan, China).

BC-TA-Mg composites were prepared using the same method de-

scribed in our previous work [20]. In brief, BC was first purified to

remove impurities using the same approach as He et al. [27]. After

purification, BC was cut into round pieces (diameter of 10 mm) and

immersed in 15 ml, 4 mM TA solution. Thereafter, 15 ml MgCl2 so-

lution in 4, 8 or 12 mM was added to the TA solution.

Subsequently, 1 M NaOH solution was dropped into the mixture to

adjust the pH to 6. The mixture was stirred for 10 min, and then

BC-TA-Mg composites were obtained after the mixture was kept for

24 h. For BC-TA composite, no MgCl2 or NaOH solution was

added.

Scanning electron microscope (SEM) was used to observe the

surface morphology of BC and composite materials. Wet mem-

branes were freeze-dried, coated with carbon layers, and then ob-

served under SEM (Hitachi SU8020, Japan). The distribution of Mg

element on the surface of the membranes was determined by an elec-

tron microprobe analyzer (EMPA, JXA-8230, JEOL, Japan).

The amount of TA loaded to BC was determined by the follow-

ing formula:

Weight of TA ¼ W1– W2

where W1 and W2 are the amounts of TA before and after BC was

immersed in TA solution. W2 was measured by UV spectrophotome-

try. In brief, the TA solution was collected after BC membranes

were taken out from the solution. The samples were washed thrice

with distilled water, and the cleaning solution was also collected.

TA solution and cleaning solution were mixed together, and then

the absorbance at 276 nm of the mixture was tested under a UV-VIS

spectrophotometer. The amount of TA contained in the mixture

(W2) was determined by comparing the absorbance to the standard

curve. Furthermore, the quantitative amount of Mg element con-

tained in BC-TA-Mg composites was tested by inductively coupled

plasma mass spectrometry (ICP-MS, Agilent 7500ce, USA).

The elemental composition of samples was analyzed by X-ray

photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo

Scientific, USA). The survey scan of BC, BC-TA and BC-TA-6Mg

and high-resolution scan of Mg 2p of BC-TA-6Mg were recorded.

Aliphatic carbon (C 1s¼284.8 eV) was used to calibrate all binding

energies.

Atomic force microscope (AFM, Bruker, USA) was utilized to

test surface topography of the air-dried samples with a scanned area

of 5.0 lm�5.0 lm. The water contact angle of the air-dried mem-

branes was tested using a contact angle meter (OCA20, Dataphysics

Inc., Germany). The membranes were also recorded by a TENSOR

II Fourier transform infrared spectroscopy (FTIR) (Bruker,

Germany). A thermal analyzer (SDT Q600, TA Instruments, USA)

was applied to measure the thermal properties of air-dried mem-

branes. Membranes were heated from 30�C to 585�C in nitrogen.

Tensile stress–strain properties of wet membranes were tested under

a Stable Micro Systems TAHD plus Texture Analyzer. Membranes

were cut into dumbbell shapes consisting with ASTM D 638-2003

Type IV specimens.

The water absorption of air-dried membranes was measured us-

ing a gravimetric method [28]. The initial dry weights of the mem-

branes (W0) were tested. Thereafter, membranes were dipped into

deionized water (with a pH of 5 and 8 adjusted by HCl and NaOH,

respectively) and then kept at 37�C. After some time, the weights of

membranes (Wi) were tested after water on surfaces was removed.

Water absorption was determined as follows:

Water absorption ¼ ðWi �W0Þ=W0 � 100%

The water retention capacity of the membranes was also tested

according to our previous report [28]. The initial weights of dry

membranes were measured (W0). Afterward, the samples were

dipped into deionized water and then kept at 37�C for 24 h.

Subsequently, water on surfaces of membranes was absorbed, and

then membranes were put into centrifuge tubes. After centrifuging

for 3 min (500 r/min), the weights of membranes were measured

again (W1). The water retention capacity was determined by the fol-

lowing equation:

Water retention ¼ ðW1 �W0Þ=W0 � 100%

The releasing behavior of TA from BC-TA and BC-TA-Mg com-

posites was monitored by UV spectrophotometry. Membranes were

placed in a 24-well plate, and 2 ml PBS was added to each well. The

samples were then put into an incubator at 37�C. After 2 h, for each

Figure 1. Schematic illustration of the anti-biofilm activities of BC-TA-Mg composites and the related tests performed in this study
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sample, supernatant PBS was collected, and then 2 ml fresh PBS was

added. The same operations were repeated, and supernatants at

fixed intervals were obtained. The absorbance at 276 nm of the col-

lected supernatant was measured under an UV-VIS spectrophotome-

ter. By comparing the absorbance to that of the standard curve, the

release of TA was determined. The cumulative release of TA was de-

termined by the superposition principle.

Establishment of in vitro multispecies biofilm model
S. aureus (ATCC 23923) and P. aeruginosa (ATCC 27853) were

obtained from the American Type Culture Collection. They were

maintained in sterilized tryptic soy broth (TSB) medium and modi-

fied M9 medium for 24 h, respectively. Afterward, the medium was

diluted to achieve a 1�106 CFU/ml bacterial concentration, thus

obtaining the standard bacterial suspension. In vitro chronic wound

biofilm was obtained by adopting a modified LCWB method

according to Sun et al. [26]. In brief, 6 ml medium containing 45%

TSB medium, 50% bovine plasma and 5% lysed horse blood was

added into a polystyrene test tube. Then, 10 ll standard bacterial

suspension was inoculated into the medium. The bacteria were incu-

bated at 37�C with shaking (150 r/min) for 48 h.

Establishment of a biofilm on an artificial wound bed
An artificial wound bed was established according to a previous re-

port [25]. The sterilized Luria broth base (LB) medium was poured

into the petri dish to obtain a thickness of 2 mm. After the medium

was solidified, a sterilized 20 mm�8 mm polytetrafluoroethylene-

coated magnetic stir bar was placed in the center of the petri dish.

Then the second layer of LB medium was added, and its thickness

was kept 2 mm. After the medium was completely solidified, the

magnetic stir bar was carefully removed from the agar medium,

resulting in an oval artificial wound bed. The preformed mature bio-

film was moved with a pipette and then placed on an artificial

wound bed in LB solid medium. Finally, the artificial wound bed

was covered with a piece of BC-TA-Mg composite. The artificial

wound bed was incubated at 37�C for 24 h. The group without cov-

ering was used as a control. After that, the biofilm was photo-

graphed and then carefully collected with a sterilized forcep and a

dipper. The collected biofilm was homogenized and then used for

staining and quantification of bacteria amount.

SEM observation of biofilm
The biofilm of the control group was collected for SEM observation.

In brief, biofilm was rinsed with PBS and then fixed in 2.5% glutar-

aldehyde. Afterward, it was immersed in a series of graded ethanol

(30, 50, 75, 85, 95 and 100 v/v%) for dehydration. After that, the

biofilm was treated with a series of tertiary butyl alcohol (25, 50, 75

and 100 v/v%) for solvent replacement. At last, it was freeze-dried,

sputtered with platinum, and then observed by SEM (GeminiSEM

300, ZEISS, Germany).

Gram staining
Briefly, a drop of sterilized water was dropped on a sterilized glass

slide. Then, 10 ll bacterial biofilm was added and mixed with the

water droplet on the glass slide using a pipette, forming a bacterial

suspension. Therefore, the glass slide was coated with a thin layer of

bacterial suspension and dried in air. Afterward, the glass slide was

passed through the outer layer of the flame of the alcohol lamp three

times, and the glass slide was kept on the flame for 2–3 s each time

for fixation. Biofilm was stained by immersing the glass slide in 2%

crystal violet for 1 min. Subsequently, the sample was rinsed with

sterilized water several times and then observed under an optical mi-

croscope (DYF 800, Dianying Optics, China). The stained area of

each sample was quantified based on the image data using the soft-

ware Image-Pro Plus Version 6.0. The reduction rate of biofilms was

calculated as the following:

Reduction rate of biofilms ¼ ðm0– m1Þ=m0 � 100%

where m0 and m1 are the amounts of stained biofilms of the control

and experimental group, respectively.

FITC-ConA staining
Samples were prepared, dried and fixed as described above. After

that, bacteria were fixed with paraformaldehyde (4% (w/v)),

washed thrice with PBS and then dried in air. Subsequently, they

were stained with 50 lg/ml FITC-ConA (Invitrogen, USA) and 1 lg/

ml DAPI. After being washed thrice with PBS, samples were ob-

served under an inverted fluorescence microscope (Zeiss, Germany).

The intergraded optical density of polysaccharides and nuclei was

quantified based on the image data using the software Image-Pro

Plus Version 6.0. The reduction rate of intergraded optical density

was calculated as the following:

Reduction rate of intergraded optical density
¼ ðn0– n1Þ=n0 � 100%

where n0 and n1 are the amounts of intergraded optical density of

the control and experimental group, respectively.

Plate colony-counting method
Bacterial biofilm measuring 10 ll was taken by using a pipette and

placed in a sterilized centrifuge tube. Next, 1 ml TSB medium was

added into each tube, and the bacterial suspension was ultrasoni-

cally shaken for 5 min to make the bacteria evenly dispersed. The

homogenized bacterial suspension was then diluted with TSB me-

dium in a ratio of 1:10 000. Then 100 ll diluted bacterial suspension

was re-inoculated in LB agar medium (for co-cultured biofilm, the

medium contains particular inhibitors for S. aureus or P. aerugi-

nosa). After incubation for 24 h, images were taken to record the

number of colonies. Finally, the number of bacteria per unit volume

(CFU/ml) was calculated.

In vitro cytotoxicity tests of BC-TA-Mg composites
The possible cytotoxicity of BC-TA-Mg composites on human em-

bryonic dermal fibroblasts (CCC-ESF-1) was evaluated in vitro.

Cells were purchased from the China Infrastructure of Cell Life

Source. They were kept in high-glucose Dulbecco’s Modified Eagle’s

medium (H-DMEM, Hyclone, USA) supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin solution. The

medium was refreshed every other day. Cells at passage 12 were ap-

plied in this study. Before experiments, samples were sterilized by

exposure to 60Co irradiation. Afterward, the extracts of samples

were obtained according to the international standard ISO 10993-

12:2002. In brief, membranes were added with H-DMEM medium

in 1.25 cm2/ml ratio and then incubated for 24 h. Cells were first

seeded at about 30% confluency. The next day cell culture medium

was replaced by the extract supplemented with 10% FBS and 1%

penicillin/streptomycin solution. Cells cultured in the normal me-

dium served as the control. To evaluate the proliferation of CCC-

ESF-1, Calcein-AM (Dojindo, Japan) staining was carried out after

cells were treated with extract for 1, 2 and 3 day(s). In brief, cells
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were washed with PBS, added with the work solution, and kept in

the incubator for 15 min. After that, they were observed under an

inverted fluorescence microscope (Zeiss, Germany).

Furthermore, Cell Counting Kit-8 (CCK-8, Dojindo, Japan) as-

say was performed to detect the potential cytotoxicity of the extract

on cells. Cells were seeded and treated as described above. After in-

cubation for 1, 2 and 3 day(s), the cell medium was changed with

110 ll normal medium containing 10 ll CCK-8. After 2 h, optical

density (OD) at 450 nm was measured under a microplate reader

(BioTek, USA).

Statistical analysis
IBM SPSS statistics 22 was used to analyze the data statistically. All

the experiments were conducted in triplicate. One-way analysis of

variance (ANOVA) followed by post hoc comparisons with the least

significant difference (LSD) method was adopted, and P<0.05 was

considered statistically significant.

Results and discussion

Surface morphology and compositions of BC-TA-Mg

composites
The surface morphology of membranes was displayed in Fig. 2a. BC

showed a nanofiber network structure, and the orientation of nano-

fibers was random. As for the composite membranes, TA and

MgCl2 particles were found to adhere to the nanofibers. With the in-

crease of Mg2þ concentration, the number of attached particles in-

creased. BC-TA-6Mg composites showed the largest number of

particles attached to the nanofibers, and some of the nanofibers

were even totally covered by the particles.

Figure 2b exhibits the distribution of Mg element on different

samples detected by EPMA. There was no Mg on the BC and BC-

TA membranes. Mg elements were found on BC-TA-Mg mem-

branes, and they were distributed homogeneously across the surface.

Furthermore, the Mg content varied for different samples. Just as

expected, BC-TA-2Mg showed the lowest content of Mg, and BC-

TA-6Mg displayed the highest content of Mg. The results verified

the successful introduction of TA and Mg2þ on BC.

The surface composition of BC, BC-TA and BC-TA-6Mg sam-

ples was determined by XPS. The survey spectra (Fig. 2c) revealed

two major peaks at 286.7 and 533.1 eV, assigned to C 1s and O 1s,

respectively. This suggested that C and O were the main elements of

BC, BC-TA and BC-TA-Mg membranes. The high-resolution spectra

of Mg 1s in BC-TA-6Mg composite were detected, and the fitted

curve displayed a peak at 1304.80 eV, indicating the existence of

MgCl2 in BC-TA-6Mg composite [29].

The content of TA and Mg in different samples was shown in

Fig. 2d. BC-TA and BC-TA-Mg composites showed almost the same

amount of TA (1.984 6 0.001mg/cm2 for BC-TA, 1.9816 0.003 mg/

cm2 for BC-TA-2Mg, 1.978 6 0.001 mg/cm2 for BC-TA-4Mg and

1.977 6 0.002 mg/cm2 for BC-TA-6Mg), while the content of Mg was

different for different samples. The content of Mg for BC-TA, BC-TA-

2Mg, BC-TA-4Mg and BC-TA-Mg was 0.006 0.001, 1.546 0.15,

2.546 0.20 and 4.396 0.31ng/cm2, respectively. The results were in

agreement with those detected by EPMA.

Surface roughness and surface wettability of BC-TA-Mg

composites
AFM was conducted to record the surface roughness of the mem-

branes. Figure 3a presents the three-dimensional AFM images of five

Figure 2. SEM images (a) and Mg elements distribution detected by EPMA (b) of BC, BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg membranes. (c) XPS survey

spectra of BC, BC-TA and BC-TA-6Mg membranes. (d) High-resolution XPS spectra of Mg 1s. (e) The content of TA and Mg in different samples
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different membranes, and Fig. 3c displays the histogram of Ra. All

the samples revealed the nanofiber network structure. The Ra of

BC-TA (24.0 6 0.3 nm) and BC-TA-2Mg (25.5 6 3.1 nm) was not

significantly different from that of pure BC (21.4 6 1.8 nm).

However, the Ra of BC-TA-4Mg (25.5 6 1.2 nm) and BC-TA-6Mg

(31.0 6 3.9 nm) significantly increased compared to that of pure BC.

More MgCl2 particles were anchoring on the surfaces of BC nano-

fibers for BC-TA-4Mg and BC-TA-6Mg samples, resulting in in-

creased Ra of the composites.

Figure 3b and d exhibit surface wettability of membranes. Pure

BC, with a water contact angle of 24.0 6 3.4�, displayed high hydro-

philicity, which may be attributed to large hydroxyl groups (–OH)

contained in BC molecules. After the introduction of TA, the water

contact angle of the membranes (25.5 6 3.0�) was not significantly

changed. Since TA molecules contain lots of phenolic hydroxyl

groups, the BC-TA composite membranes also showed high hydro-

philicity. The membranes got less hydrophilic when Mg2þ was in-

corporated into the BC matrix. As the content of Mg2þ increased,

water contact angle increased from 40.0 6 4.0� for BC-TA-2Mg to

58.9 6 6.4� for BC-TA-6Mg. It was considered that some hydro-

philic groups contained in BC-TA membranes were covered by the

incorporated MgCl2 particles, resulting in decreased hydrophilicity

of the composites.

The inserted pictures in Fig. 3b were the photographs of five dif-

ferent membranes. Pure BC was transparent, and the introduction of

TA and MgCl2 did not influence the transparency of the mem-

branes. Most BC-based membranes would become opaque after in-

corporating with antibacterial agents like silver nanoparticles [18]

and copper nanoparticles [30], making it inconvenient for wound in-

spection when used as wound dressings. In comparison, the fabri-

cated BC-TA-Mg in this study was still transparent, which was

beneficial for wound inspection.

FTIR spectrum, thermal stability, mechanical properties,

water absorption, water retention capacity and

releasing behavior of BC-TA-Mg composites
FTIR spectrum of all the samples was shown in Fig. 4a. The FTIR

spectrum of BC exhibited two characteristic peaks at 3343 and

2893 cm�1, corresponding to stretching vibration of –OH and –

CH2– group, respectively [27, 30]. In addition, the peaks at 1158

and 1054 cm�1 were consistent with skeletal vibration of C–O–C

pyranose ring [27, 30]. For TA, a broad adsorption between 3500

and 3000cm�1 was detected, ascribed to the stretching vibration of

phenolic group. A peak located at 1712 cm�1 was ascribed to C¼O

stretching, and peaks at 1615, 1536 and 1449 cm�1 corresponded to

Figure 3. AFM images (a) and water contact angles images (b) of BC, BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg membranes. The inserted pictures in (b)

were the photographs of five membranes. The histogram of Ra (c) and water contact angle (d) of different samples. *P<0.05 compared with BC group,

**P< 0.01 compared with BC group
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aromatic C–C stretching. Peaks at 1207 and 1034 cm�1 were associ-

ated with vibration of substituted benzene ring, and those at 1342

and 759 cm�1 were attributed to O–H vibration [20, 31, 32]. The

spectrum of BC-TA and BC-TA-Mg composites displayed BC’s char-

acteristic peaks at 3345, 2893, 1158 and 1054 cm�1. Moreover, typ-

ical peaks of TA at 1615, 1207 and 759 cm�1 were also detected on

BC-TA and BC-TA-Mg composites, indicating successful introduc-

tion of TA in BC.

The thermal stability of pure BC and composite membranes was

detected by thermogravimetric analysis test, and results are pre-

sented in Fig. 4b and c. The thermal degradation curve of all the five

membranes displayed only one significant weight loss stage at

300�C to 400�C. During this stage, BC went through depolymeriza-

tion and decomposition of glucosyl units [33]. It can be observed

from the thermal degradation curve that the residue for different

samples was different. BC showed a residue of 25.09%. The amount

of residue for BC-TA membranes was lower than that of pure BC,

namely 15.46%. Concerning samples containing Mg2þ, the residue

ranged from 22.97% for BC-TA-2Mg to 32.87% for BC-TA-6Mg,

indicating that the more Mg2þ in the samples increased the mem-

brane residue.

Figure 4d presents the tensile stress–strain curves of BC, BC-TA

and BC-TA-Mg membranes. A tensile strength of 0.29 6 0.03 MPa

and an elongation at break of 73.26 6 4.21% were reported for

pure BC membranes (Fig. 4e). All the composite membranes dis-

played significantly higher tensile strength and elongation at break

compared to pure BC membranes. BC-TA-4Mg membranes exhib-

ited the highest tensile strength (0.61 6 0.01 MPa), and BC-TA-6Mg

membranes demonstrated the highest elongation at break

(117.98 6 7.07%) (Fig. 4e). The improved mechanical properties

may be attributed to the TA and MgCl2 particles attached to BC

nanofibers. As shown in Fig. 2a, TA and MgCl2 particles closely ad-

hered to BC nanofibers, which contributed to the improved mechan-

ical properties of the membranes. Similar phenomena have been

found in BC/poly(dopamine) composite membranes [34]. The en-

hancement of mechanical properties promoted the flexibility and

malleability of the membranes, which were beneficial for its applica-

tion in biomedical fields.

Water absorption of the materials at pH 5 and pH 8, mimicking

the pH of the healthy and wound skin, respectively, were tested, and

the results are shown in Fig. 4f and g. At pH 5 and pH 8, all dry

membranes exhibited a sharply increased water absorption ratio

Figure 4. (a) FTIR spectrum of BC, BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg membranes. Weight loss (b) and derivative weight (c) of different samples.

Tensile stress-strain curves (d) and histogram of tensile strength and elongation at break (e) of different samples. Water absorption capacity of different samples

at pH 5 (f) and pH 8 (g). (h) Water retention rate of different samples. (i) In vitro release curve of TA from BC-TA and BC-TA-Mg composites. *P< 0.05 compared

with BC group, **P<0.01 compared with BC group
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within the first 22 h. After that, the water absorption ratio in-

creased gently with time. BC displayed much lower water absorp-

tion ratio compared to BC-TA and BC-TA-Mg composites. The

final water absorption capacity for pure BC was quite low

(452.12 6 5.35 and 477.25 6 18.81% at pH 5 and pH 8, respec-

tively). As shown in Fig. 2a, the dried BC membranes displayed

collapsed structure. A large number of H-bonds were contained in

BC, and H-bonds tightly connected nanofibers of BC. Therefore,

the dried membranes displayed smaller inner space [35], which

was adverse for water molecules to enter into. Moreover, strong

H-bonds stopped water molecules from breaking them. Thus less

water entered into the membranes [28]. The introduction of TA

and Mg2þ significantly improved the water absorption ratio of the

membranes, and the more Mg2þ contained in the membranes, the

higher water absorption ratio the membranes displayed. At pH 5,

the water ratio was 991.33 6 13.49%, 1036.79 6 89.70%,

1142.76 6 69.38% and 1434.05 6 79.42% for BC-TA, BC-TA-

2Mg, BC-TA-4Mg and BC-TA-6Mg, respectively. At pH 8, the

value for BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg was

878.52 6 70.73%, 934.16 6 51.84%, 945.93 6 10.58% and

1377.74 6 55.64%, respectively. The incorporated TA and MgCl2
particles were covered on the surfaces of the nanofibers, thus re-

ducing the H-bonds between them [28], making it easier for water

to enter into the matrix. The above data revealed that BC-TA-Mg

composites exhibited strong water absorption capacity in a healthy

and wound skin environment.

Figure 4h presents the water retention rate of the samples. BC-

TA-4Mg (304.34 6 25.34%) and BC-TA-6Mg (403.59 6 58.98%)

displayed higher water retention rate compared with pure BC

(185.38 6 22.58%). Ideal wound dressings with high water absorp-

tion and retention capacity are beneficial for the absorption of

wound exudates. BC-TA-Mg composites displayed higher water ab-

sorption and retention capacity than BC, making it better for them

to absorb wound exudates when used as wound dressings.

Figure 4i displays the release curve of TA from BC-TA and BC-

TA-Mg composites. All membranes revealed a rapid release of TA

during the first 2 h. The release of TA decreased gradually as time

went on. Moreover, as Mg2þ concentration in the materials in-

creased, the release of TA decreased. The results were consistent

with our previous results [20], suggesting that the controlled release

of TA depended on Mg2þ concentration. The incorporation of

Mg2þ in BC-TA membranes conduced to the chelation of BC, TA

and Mg2þ, interfering with TA release [20]. Similar results have

been shown by a previous study, verifying that the release of TA

from carboxylated agarose composite hydrogels was decreased by

ionic interaction [31]. Hydrogels containing Zn2þ cross-links dis-

played more TA release, while materials without Zn2þ revealed less

TA release.

Establishment of a multispecies biofilm model in vitro
Few studies have investigated the interspecific relationship between

S. aureus and P. aeruginosa, primarily due to the difficulty of getting

the two strains to grow together under experimental conditions.

Previous studies had shown that when P. aeruginosa was cultured

with S. aureus in LB broth, trypsin soy broth, brain heart extract, or

other media, it quickly killed S. aureus [36, 37]. Although S. aureus

and P. aeruginosa could not grow together under the experimental

plankton-like environments, they are usually simultaneously found

in wound infections [38]. The co-presence of S. aureus and P. aerugi-

nosa lead to disordered and delayed wound healing, thus bringing a

heavier burden to patients [39].

The establishment method of multispecies biofilm model in vitro

is shown in Fig. 5b, and bacteria species incubated in ordinary TSB

medium (Fig. 5a) was used as control. For the control group, after

incubation for 48 h, S. aureus suspension became turbid, and the pri-

mary biomass was deposited at the bottom of the test tube (Fig. 5c).

As for P. aeruginosa, a pale green biofilm formed at the gas–liquid

junction, and the liquid in the test tube also became cloudy (Fig. 5c).

The co-culture of S. aureus and P. aeruginosa for 48 h resulted in the

combination of the above two: the primary biomass of S. aureus de-

posited at the bottom of the test tube and a pale green biofilm of P.

aeruginosa formed at the gas–liquid junction (Fig. 5c).

The modified medium consisted of lysed red blood cells, plasma,

and a medium made from minced meat (TSB medium), which was

used to simulate the nutrients in the wound environment. After incu-

bation for 48 h in the modified medium, S. aureus formed a jelly-like

substance, and the bacterial colonies evenly dispersed in the jelly-

like gelatin (Fig. 5d). Unlike the control group, there was no biomass

deposition at the bottom of the test tube. After 48 h culture, P. aeru-

ginosa formed a pale green biofilm at the gas–liquid junction, and

the liquid in the test tube remained liquid without condensation

(Fig. 5d). As for the co-cultured S. aureus and P. aeruginosa, bacte-

rial colonies of S. aureus evenly dispersed in the gel, and a pale green

biofilm formed at the gas–liquid junction (Fig. 5d).

The results showed that if the inoculant contained a coagulase-

positive bacterial species (e.g. S. aureus), the liquid medium would

coagulate into a jelly-like substance after incubation for about 16 h

(Fig. 5d). This is because S. aureus could activate the coagulation

cascade through secreting staphylococcus coagulase. Staphylococcus

coagulase binds to prothrombin, forming a complex named

Staphylococcus thrombin. Thereafter, the complex converts soluble

fibrinogen into insoluble fibrin chain [40]. P. aeruginosa could grow

in this medium, but the medium does not coagulate because P. aeru-

ginosa lacks the ability to secret coagulase, thus unable to activate

the coagulation cascade. Therefore, in this study, coagulated plasma

can be used as a carrier for bacterial adhesion and residence, which

was considered to be more close to the actual wound environment

of the human body.

In this in vitro model of multispecies biofilm, the bacterial bio-

film of co-cultured S. aureus and P. aeruginosa grew, developed and

matured rapidly. Furthermore, this method is easy to operate and is

with low cost, thus displaying certain advantages in the field of de-

veloping chronic wound biofilm models.

Establishment of a biofilm on an artificial wound bed
As far as we know, quite a few studies reported applying in vitro

model to test any materials’ anti-biofilm function. An anti-biofilm

model is urgently needed to evaluate the efficiency of solid antibac-

terial materials. In this study, the in vitro multispecies biofilm model

established by the above methods was adopted. The pre-cultured

biofilm was transferred to an artificial wound bed, and the applica-

bility of wound dressings on the model was tested as shown in

Fig. 6a. Figure 6b shows that chronic wounds biofilm of S. aureus,

P. aeruginosa, and co-cultured S. aureus and P. aeruginosa efficiently

proliferated and matured on the artificial wound bed. This efficient

proliferation and maturation demonstrated that the in vitro artificial

wound bed model with a biofilm on its surface can be used to evalu-

ate the anti-biofilm activities of wound dressings. This model is cru-

cial for the early-stage research and development of wound

dressings. Moreover, it was simple and economical to evaluate the

anti-biofilm activities of any material except wound dressings.

8 He et al.



SEM observation of biofilm
The biofilm of singly cultured S. aureus, P. aeruginosa, and co-

cultured S. aureus and P. aeruginosa was observed by SEM after in-

cubated on an artificial wound bed for 24 h. Figure 7 shows that for

all the three groups, the bacterial cells were embedded with some

EPS. The co-cultured strains displayed both rod-shaped P. aerugi-

nosa and spherical S. aureus in the matrix. Besides, the biofilm was

constituted of cross-linked bacterial cells and the EPS. The results

were similar to a previous report [25].

Effects of BC-TA-Mg composites on biofilms in vitro
Figure 6b shows that singly cultured S. aureus on the artificial

wound bed in the control group quickly proliferated and matured,

and there were many biofilms in the middle and edge of the wound

bed. The amount of biofilm formation was significantly reduced in

all the experimental groups. The biomass reduction was the most

significant in the BC-TA composite-treated group. In the BC-TA-

2Mg and BC-TA-4Mg composite-treated group, a small number of

biofilms existed in the middle and edge of the artificial wound bed.

There were still some bacterial biofilms in the middle and edge of

the wound bed for the BC-TA-6Mg group. The results indicate that

BC-TA composite material showed the best inhibitory effect on S.

aureus biofilms, followed by BC-TA-2Mg, BC-TA-4Mg and BC-

6Mg in sequence.

Singly cultured P. aeruginosa on the artificial wound bed in the

control group also proliferated rapidly and matured. Many of the

produced biofilms presented in the middle and the edge of the

wound bed, and some areas at the edge of the wound bed became

significantly green, indicating a lot of pyocyanin production in the

biofilms. BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg sig-

nificantly inhibited biofilm production and BC-TA exhibited the

best inhibitory effect.

Figure 5. Schematic illustration for the establishment method of multispecies biofilm model in vitro: bacteria were incubated in ordinary tryptic soy broth me-

dium (a) and modified medium (b). The formation of chronic wound biofilms in vitro: bacteria were incubated in ordinary TSB medium (c) and modified medium

(d)
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The results were similar for the co-cultured S. aureus and P. aeru-

ginosa with efficient proliferation and maturation in the wound bed.

The edge area of the wound bed appeared to be green, suggesting

the production of pyocyanin. The number of biofilms for the group

treated with BC-TA was significantly reduced, followed by BC-TA-

2Mg and BC-TA-4Mg treated group. For the BC-TA-6Mg treated

group, there was still a tiny piece of slimy bacterial biofilms existing

in the middle of the wound bed, indicating that the inhibitory effect

of BC-TA-6Mg on biofilm was inferior to that of BC-TA-2Mg and

BC-TA-4Mg.

Gram staining

In this study, gram staining was used to evaluate the inhibitory effect

of BC-TA-Mg composite materials on bacterial biofilm formation.

After gram staining, gram-positive S. aureus biofilms appeared pur-

ple, while gram-negative P. aeruginosa biofilms showed a red color.

Figure 8a shows a large number of S. aureus or P. aeruginosa bio-

films formed in the control group. The amount of biofilm was signif-

icantly reduced after treatment with the composite materials. A few

sporadic biofilms appeared in the experimental groups, indicating

that BC-TA-Mg composites displayed a good inhibitory effect on S.

aureus or P. aeruginosa biofilm formation. The reduction rate of

BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg against S. au-

reus biofilm was quantified to 95.56% 6 0.71%, 94.40% 6 1.67%,

93.92% 6 1.53% and 93.55% 6 1.85%, respectively (Fig. 8b).

Besides, for P. aeruginosa biofilm, BC-TA, BC-TA-2Mg, BC-TA-

4Mg and BC-TA-6Mg showed a reduction rate of 91.96% 6 3.78%,

86.35% 6 6.98%, 74.12% 6 8.33% and 71.36% 6 7.84%, respec-

tively (Fig. 8b).

When S. aureus and P. aeruginosa were co-cultured on the

wound bed, a large number of P. aeruginosa biofilms were stained

red and surrounded by purple S. aureus biofilms in the control

group. This colored orientation confirmed that S. aureus and P.

Figure 6. (a) Schematic illustration for the establishment of biofilm on the artificial wound bed. (b) Photographs of biofilms on artificial wound bed before and af-

ter treatment with BC-TA-Mg composites for 24 h
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aeruginosa could be co-cultured in this modified medium, and they

could proliferate and mature rapidly. After being treated with com-

posite materials, biofilm formation was significantly reduced, and

only small areas were stained purple, indicating that the number of

S. aureus biofilms was higher than that of P. aeruginosa biofilms. In

addition, the quantified results (Fig. 8b) show that BC-TA, BC-TA-

2Mg, BC-TA-4Mg and BC-TA-6Mg exhibited an inhibition rate of

94.94% 6 0.32%, 93.42% 6 0.33%, 92.51% 6 0.38% and

89.89% 6 0.25% against co-cultured biofilms, respectively.

FITC-ConA staining

Figure 9a shows that for the singly cultured S. aureus and P. aerugi-

nosa, there were lots of exopolysaccharides secreted by bacteria in

the control group. Treatment with composite materials significantly

reduced the number of exopolysaccharides. In the BC-TA group, the

amount of green fluorescence was the least. The stained area was

also the smallest, suggesting that BC-TA composite material demon-

strated the best inhibitory effect on the secretion of exopolysacchar-

ides. When S. aureus and P. aeruginosa were co-cultured, the

number of exopolysaccharides was significantly decreased in all the

groups, demonstrating that co-culture of the two bacteria influenced

the production of exopolysaccharides.

The integral optical density of stained polysaccharide and nucleus

were quantified, and the reduction rate of integrated optical density

compared with the control was calculated as displayed in Fig. 9b and

c. For singly cultured S. aureus, the number of exopolysaccharides

and cell nucleus was significantly decreased when the biofilms were

treated with composite materials. Compared to control, the reduction

rate of polysaccharide for BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-

TA-6Mg was 92.44% 6 0.68%, 89.18% 6 0.48%, 88.37% 6 0.32%

and 88.27% 6 0.70%, respectively. The amount of cell nucleus de-

creased to 96.20% 6 0.17%, 94.54% 6 0.29%, 93.57% 6 0.38%

and 92.31% 6 0.23% for BC-TA, BC-TA-2Mg, BC-TA-4Mg and

BC-TA-6Mg, respectively. P. aeruginosa showed a similar reduction

in the amount of polysaccharide and cell nucleus after treatment with

composite materials. BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-

6Mg displayed a polysaccharide reduction rate of 91.02% 6 0.44%,

87.25% 6 2.52%, 63.25% 6 11.26% and 59.08% 6 1.00%, respec-

tively. The reduction rate of cell nuclei for BC-TA, BC-TA-2Mg, BC-

TA-4Mg and BC-TA-6Mg was 94.40% 6 0.20%, 94.07% 6 0.46%,

93.23% 6 0.68% and 89.57% 6 1.37%, respectively. As for co-

cultured S. aureus and P. aeruginosa, the amount of polysaccharide

and cell nucleus also decreased when bacteria were treated with

composite materials. The amount of polysaccharides of BC-TA,

BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg treated groups de-

creased to 56.38% 6 2.37%, 56.08% 6 5.35%, 49.98% 6 4.43%

and 43.34% 6 3.41% of control, respectively. The number of cell

nucleus for BC-TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg

was 95.47% 6 0.57%, 93.61% 6 0.66%, 89.97% 6 0.98% and

88.60% 6 0.71%, respectively.

From the above data, it was concluded that BC-TA-Mg compos-

ite materials had an excellent inhibitory effect on the secretion of

EPS and proliferation of singly cultured S. aureus, P. aeruginosa,

and co-cultured S. aureus and P. aeruginosa. Besides, BC-TA dis-

played the best inhibitory activities.

Plate counting method

Plate counting method was used to evaluate the inhibition rate of BC-TA-

Mg composite materials on the bacterial number in the in vitro chronic

wound biofilm. The number of bacterial colonies on the agar plate can di-

rectly reflect the inhibition rate of various samples on the in vitro chronic

wound biofilms. For singly cultured S. aureus, in the control group, there

were a large number of colonies (7.51�1096 2.88�108 CFU/ml), and

colonies are densely distributed on the agar plate (Fig. 10a and b). The

number of colonies was largely decreased after treatment with composite

materials, namely 2.87�1076 1.73�106, 3.16�1076 1.24�106,

5.23�1076 2.38�106 and 6.78�1076 3.93�106 CFU/ml for BC-

TA, BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg, respectively (Fig. 10b).

The calculated antibacterial rate for BC-TA, BC-TA-2Mg, BC-TA-4Mg

and BC-TA-6Mg was 99.62% 6 0.03%, 99.58% 6 0.02%, 99.30% 6

0.04% and 99.10% 6 0.06%, respectively (Fig. 10b). The data further

confirmed that BC-TA-Mg composites exhibited excellent antibacterial

Figure 7. SEM images of the biofilm model of singly cultured S. aureus, P. aeruginosa, and co-cultured S. aureus and P. aeruginosa. The images were taken at

two different magnifications of 5000� and 20000�
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activities against S. aureus, among which BC-TA had the best inhibitory

effect on S. aureus biofilm formation. The materials also demonstrated

strong anti-biofilm activities against singly cultured P. aeruginosa. The

number of colonies for control, BC-TA, BC-TA-2Mg, BC-TA-4Mg and

BC-TA-6Mg was 3.24�1086 3.27�107, 1.90�1066 5.57�105,

2.57�1066 5.69�105, 7.20�1066 8.19�105 and

1.09�1076 1.81�106 CFU/ml, respectively (Fig. 10b). Besides, BC-TA,

BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg showed an antibacterial rate

of 99.41%6 0.17%, 99.21%6 0.18%, 97.78%6 0.25% and

96.63%6 0.56%, respectively (Fig. 10c). For the co-cultured S. aureus

and P. aeruginosa, the inhibition percentage of BC-TA, BC-TA-2Mg, BC-

TA-4Mg and BC-TA-6Mg composites against S. aureus biofilm was

82.13%6 1.17%, 74.58%6 1.39%, 68.90%6 2.34% and

61.99%6 1.60%, respectively (Fig. 10c). The inhibition rate of BC-TA,

BC-TA-2Mg, BC-TA-4Mg and BC-TA-6Mg composites against P. aerugi-

nosa was 99.10%6 0.13%, 97.85%6 0.22%, 96.41%6 0.61% and

94.94%6 0.38%, respectively (Fig. 10c).

The plate counting method results demonstrated that BC-TA-Mg

composite materials exhibited potent inhibitory activities on biofilm

of singly cultured S. aureus, P. aeruginosa, and co-cultured S. aureus

and P. aeruginosa. Moreover, BC-TA composite material remained

the best inhibitory material, followed by BC-TA-2Mg, BC-TA-4Mg

and BC-6Mg in sequence.

Considering the interactions between BC composites and the

in vitro biofilm model, the membranes were further observed by SEM

after treating the biofilm. Supplementary Fig. S1 showed that for sin-

gly cultured S. aureus, P. aeruginosa, and co-cultured S. aureus and P.

aeruginosa, no bacteria or biofilm adhered or penetrated on BC-TA

and BC-TA-Mg composites. Therefore, based on the results of Gram

staining, FITC-ConA staining and plate counting method, it was con-

cluded that BC-TA composite showed the best inhibitory effect on the

formation of biofilms of singly cultured S. aureus, P. aeruginosa, and

co-cultured S. aureus and P. aeruginosa. The introduction of Mg2þ de-

creased the anti-biofilm activities of the composite since it showed a

Figure 8. (a) Gram staining for bacterial biofilm treated with different membranes for 24 h. (b) The quantified reduction rate of stained area based on image data

using the software Image-Pro Plus Version 6.0. **P<0.01 compared with the control group
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more controlled TA release [20]. The results were consistent with our

previous study [20]. As for singly cultured P. aeruginosa and the co-

cultured system, P. aeruginosa secreted a number of phenazine com-

pounds, including green pyocyanin [41]. Figure 5c displays that the

biofilm of singly cultured P. aeruginosa and co-cultured system was

pale green, suggesting the presence of pyocyanin. Pyocyanin plays es-

sential roles in a number of significant biological activities in P. aerugi-

nosa. It influences gene expression, and it maintains fitness of

bacterial cells [42]. It is also involved in bacterial respiration. The bio-

film formation of P. aeruginosa is also maintained by pyocyanin [42].

It increased the resistance of P. aeruginosa to antimicrobial agents

[42]. This study found that the inhibition of BC-TA-Mg composites

on singly cultured S. aureus biofilm was better than that on biofilm of

singly cultured P. aeruginosa and co-cultured system (Figs. 8 and 9a

and b). The reason may be that the secreted pyocyanin by P. aerugi-

nosa increased its resistance to BC-TA-Mg composites. TA has broad-

spectrum antibacterial properties, inhibiting the proliferation of

microorganisms like S. aureus, P. aeruginosa and Escherichia coli

[43]. TA inhibits the proliferation of bacteria by destroying the cell

wall and cytoplasm of bacteria, and it also inhibits protease activities

by inducing complexation with enzymes or substrates [44]. On the

other hand, TA is able to chelate with metal ions, therefore it could

chelate with iron ions contained in the culture medium.

Microorganisms that grow under aerobic conditions need iron for

conducting some essential functions, such as reducing DNA’s ribonu-

cleotide precursor and producing heme. Therefore, the inhibitory ef-

fect of TA on bacterial growth may also be attributed to its strong

ability to chelate with iron ions [45].

It has been reported that TA inhibited the formation of S. aureus

biofilm, and the inhibition rate was up to 60% at 2lM [46]. TA also

shows good inhibition on P. aeruginosa biofilm [47, 48], and the inhibi-

tion efficiency depended on bacterial density and nutrient conditions

Figure 9. (a) FITC-ConA and DAPI staining for exopolysaccharides and cell nucleus of bacteria treated with different membranes for 24 h. The quantified reduction

rate of intergraded optical density of FITC (b) and DAPI (c) based on image data using the software Image-Pro Plus Version 6.0. **P<0.01 compared with control

group
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[48]. Previous studies reported several possible mechanisms about the

inhibitory effects of TA on bacterial biofilms. Chusri et al. [49] clarified

that TA inhibited the formation of S. aureus biofilm by altering the

structure of cell walls and cell surface hydrophobicity of the bacteria.

Lee et al. [22] proved that anti-biofilm activities of TA might be attrib-

uted to suppressed expressions of a quorum-sensing gene (agrA), two

intercellular adhesion genes (icaA and icaD) and two virulence-

regulatory genes (sigB and sarA) in S. aureus. Payne et al. [46] proved

that TA promoted extracellular transglycosylase IsaA levels, thus inhib-

iting the formation of S. aureus biofilm in multiple biofilm models. TA

is a powerful quorum-sensing (QS) inhibitor, which is an anti-biofilm

mechanism of TA [50, 51]. QS system is an essential channel for

Figure 10. (a) Photographs of recultivated S. aureus and P. aeruginosa on agar from singly cultured biofilm or co-cultured biofilm treated with different mem-

branes for 24 h. Number (b) and reduction rate (c) of bacteria from singly cultured biofilm or co-cultured biofilms treated with different membranes for 24 h.

**P< 0.01 compared with control group
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information communication between bacteria. Many bacterial functions

such as virulence factors secretion, secondary metabolites production

and biofilms maturation are regulated by this system [52]. QS inhibitors

can effectively inhibit bacterial adhesion and dispersal [52]. TA inhib-

ited QS in P. aeruginosa by suppressing N-acylhomoserine lactone syn-

thase production, thus inhibiting biofilm formation [52]. An inhibition

in EPS of P. aeruginosa by TA has also been proved to contribute to

TA’s anti-biofilm activities [51]. Further investigations should be done

to disclose the possible mechanism under TA’s anti-biofilm activities.

In vitro cytotoxicity of BC-TA-Mg composites
Calcein-AM staining and CCK-8 assay were conducted to evaluate

the potential cytotoxicity of BC-TA-Mg composites on CCC-ESF-1.

Figure 11a exhibits live cells of different groups during the three

days’ incubation. On day 1, the number of live cells treated with the

extracts of BC-TA and BC-TA-2Mg decreased compared with con-

trol. In comparison, BC-TA-4Mg and BC-TA-6Mg groups showed

almost the same amount of live cells as control. On day 2, cell

number increased for the control, BC-TA-4Mg and BC-TA-6Mg

groups, and the control group displayed the most considerable

amount of live cells, followed by BC-TA-6Mg, BC-TA-4Mg, BC-

TA-2Mg and BC-TA in sequence. The trends almost kept the same

on day 3. BC-TA group showed the smallest cell number, and BC-

TA-Mg composites revealed lower cytotoxicity on CCC-ESF-1.

Figure 11b displays the OD at 450 nm detected by CCK-8 assay,

and Fig. 11c depicts cell viability calculated by normalizing OD to

that of the control. On day 1, the treatment of BC-TA and BC-TA-

2Mg extracts decreased cell viability to 80 6 1% and 88 6 2%, re-

spectively. Treatment with extracts of BC-TA-4Mg and BC-TA-

6Mg did not significantly reduce cell viability compared with con-

trol. As treatment time prolonged, cell viability decreased for all the

experimental groups. Cells treated with BC-TA-6Mg extracts

showed a viability of 78 6 6% and 78 6 0% on days 2 and 3, respec-

tively, indicating that cells treated with BC-TA-6Mg showed stable

cell viability after 2 day’s exposure. Supplementary Fig. S2 verified

that cells displayed stable viability (77% 6 5%) after treatment with

Figure 11. (a) Calcein-AM staining for live cells. Results of CCK-8 assay: OD values(b) and cell viability (c). *P< 0.05 compared with control group, **P< 0.01 com-

pared with control group
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BC-TA-6Mg extracts for 7 days. There was no significant difference

between the cell viability of the BC-TA-6Mg group on the tested

three time points (day 2, 3 and 7).

The above results revealed that the released TA from the mem-

branes displayed a certain degree of cytotoxicity to CCC-ESF-1, and

the cytotoxicity of the membranes depended on the concentration of

Mg2þ incorporated in the BC matrix. Previous studies also showed

that the TA incorporated composites decreased viability of 3T3 fibro-

blast cell lines and murine RAW264.7 macrophage cells after 24h or

48h exposure [31, 53]. As discussed above, the incorporation of

Mg2þ contributed to the controlled release of TA. The concentration

of released TA decreased as the Mg2þ content increased. Therefore,

cell viability increased as the Mg2þ content increased. On the other

hand, BC-TA-Mg composites may also release Mg2þ, and the released

Mg2þ also contributed to improved cell viability as they can serve as a

micronutrient for cells [54]. This study indicated that cells treated

with the extracts of BC-TA-6Mg composites showed stable viability

of 77–78% after 2 days’ exposure. According to the United States

pharmacopeia about toxicity classification, the material was eligible

when it showed cell viability of not lower than 75%. The cytotoxicity

grade for the material was 0–1 [55]. Besides, BC-TA-6Mg showed sig-

nificant inhibition against the biofilm of singly cultured S. aureus, P.

aeruginosa, and co-cultured S. aureus and P. aeruginosa, revealing

that BC-TA-6Mg composites are potential to be used as wound dress-

ings to deal with biofilms in chronic wounds.

Conclusion

In the present study, BC-TA-Mg composite membranes were fabri-

cated by immersing BC in TA and MgCl2 solution in sequence. SEM

images showed that TA and MgCl2 particles adhered to the nanofib-

ers of the BC matrix. EPMA results displayed that Mg elements dis-

tributed homogeneously across the surface of BC-TA-Mg

membranes while no Mg was found on BC and BC-TA membranes.

XPS data verified the existence of MgCl2 in the BC-TA-6Mg com-

posite. The surface roughness and hydrophobicity of the membranes

increased with the increase of Mg content. Moreover, the introduc-

tion of TA and MgCl2 did not influence the transparency of the

membranes, making it beneficial for wound inspection. BC-TA and

BC-TA-Mg composite membranes displayed significantly increased

tensile strength and elongation at break compared to pure BC mem-

branes. BC-TA-Mg exhibited higher water absorption and retention

capacity than BC and BC-TA. Furthermore, BC-TA-Mg revealed

controlled release of TA depending on the concentration of Mg2þ.

Gram staining, FITC-ConA staining, and plate counting method

showed that BC-TA-Mg composites demonstrated excellent inhibi-

tory activities on biofilms of singly cultured P. aeruginosa, S. aureus,

and co-cultured S. aureus and P. aeruginosa. Live cells staining and

CCK-8 assay proved that the cytotoxicity grade of BC-TA-6Mg was

eligible. The above outcomes indicated that BC-TA-Mg composites

are potential to be used as wound dressings to treat chronic wounds.

More broadly, research is also needed to determine TA’s anti-

biofilm activities, which is fruitful for our further work.
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