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Abstract  Bacterial cellulose/lotus root starch (BC/LRS) composites were prepared by cultivating Acetobacter xylinum in 
nutrient media containing gelatinized lotus root starch. Low concentrations of gelatinized LRS had increased BC production 
with the maximum value at 6.67 g/L when 5 g/L of LRS was added in the culture media and the composites had thicker and 
denser fibrils compared with those of BC with low concentrations of LRS (2.5 and 5 g/L). When the concentration of LRS 
was increased above 7.5 g/L, the morphology of the BC/LRS composites contained more fibril layers that were linked with 
LRS. The results from X-ray diffraction (XRD) demonstrated that there was no significant difference in structure between 
BC and BC/LRS composites except a slight increase in crystallinity for BC/LRS composites as the concentration of LRS was 
lifted up. The tensile tests were performed to display BC/LRS composites prepared with LRS concentration at 2.5 and 5 g/L 
in media had the tensile strength of 54 and 60 MPa, respectively, which indicated an improvement in mechanical property 
compared to the unmodified BC (45 MPa). Live/dead assay with chondrocytes seeded on BC/LRS composite revealed higher 
cell viability ranging from 85% to 90% than BC. Furthermore, cell morphology with typical spindle shape was observed on 
the surfaces of BC/LRS composite by confocal microscope. Through the overall results, it shows that this study has provided 
a guidance to prepare BC/LRS composites with better cell biocompatibility and higher mechanical strength than those of BC 
for the potential use in cartilage tissue engineering. 
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INTRODUCTION 

Cellulose is one of the most abundant renewable materials on earth that is synthesized by chemical regents and 
enzymes or diverse groups of organisms ranging from multicellular and unicellular plants to bacteria[1−5]. 
Acetobacter xylinum, a Gram-negative and obligate aerobe, has become a model bacterium for producing 
bacterial cellulose (BC)[4−6]. BC is a hydrogel that possesses many desirable properties, including high 
crystallinity, high purity, and high water content[7−9]. In addition, BC has excellent mechanical properties that 
arise from an ultra-fine three-dimensional fiber network with fibril diameters between 10 and 100 nm. These 
characteristics, combined with BC’s biocompatibility and moldability, have attracted a great deal of attention 
toward BC as a biomedical material. BC materials are currently used for wound dressing, vascular grafts, and 
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cartilage implants[6, 10, 11]. Among them, cartilage implants were actually insufficient since every year over one 
million patients require cartilage-grafts procedures. To extend the utility of BC in cartilage tissue engineering, a 
great deal of effort has been made to modify the physical and biocompatible properties of BC in the past decade. 
For instance, the combination of poly(3,4-ethylenedioxythiophene) and BC has been reported to give BC an 
improved performance in mechanical and electrical property as a simulative extracellular matrix[12, 13]. 
Nevertheless, composite materials that combine BC with naturally derived biomaterials have been more 
commonly used as effective strategies to improve the characteristics and modify the structure of BC 
scaffolds[14−17]. 

Starch is one of the most abundant natural materials and readily extracted from a variety of agricultural 
crops, such as wheat, corn, rice, and potato[18]. Starch is also a renewable and biodegradable polymer that can be 
converted into thermoplastic materials through a gelatinization processing[19]. Starch has been developed as a 
promising candidate for biomedical applications including drug delivery and tissue engineering[20−22]. In an 
earlier study, researchers combined corn or potato starch with BC to generate composites that were aimed to 
improve the biocompatibility and biodegradability of BC for biomedical applications[19, 23, 24]. The composites in 
these studies were made by either adding starch to fully formed BC membranes (solution impregnation) or by 
including the starch in the culture media while the BC was actively synthesized (biosynthesis technique). Among 
these methods, the biosynthesis technique is superior for preserving the naturally ordered structure of BC by 
adding starch with gelatinization processing into the static fermentation medium[23, 25]. However, the existence of 
gelatinized starch can change the viscosity of media which may affect mass or oxygen transfer for BC growth 
and change microorganism movement for the arrangement of BC fibrils. Therefore, one of the main goals in our 
study is to investigate the impact of gelatinized starch on the efficiency of BC production and the microstructures 
of BC/starch composites in the presence of various concentrations of starch so as to ensure the quantity and 
quality for their application in tissue engineering. 

Lotus root starch (LRS) is a natural starch isolated from lotus rhizomes that is primarily composed of 
amylose (20%–30%) and amylopectin (70%–80%). It has better performance in nutritional and medicinal 
properties than common starch[26, 27] and can be partially gelatinized in hot aqueous solutions to form a well-
distributed mixture with low viscosity[28]. Hence, it is worthwhile to construct a biocomposite that consists of 
LRS and BC through culturing Acetobacter xylinum in the media that contains gelatinized LRS. In this report, 
we demonstrated that gelatinized LRS can be introduced into BC culture medium to generate BC/LRS 
composites. The low viscosity of LRS-containing culture medium not only guarantees efficient BC production, 
but also allows unique micro-morphologies with enhanced tensile strength to be generated within BC/LRS 
composites. By conducting in vitro study with cartilage cells on BC/LRS membranes, we showed that the 
composites presented superior biocompatibility to chondrocytes, which promoted cell viability and accelerated 
normal cell morphology formation in comparison to BC, a further step towards the promising application in 
cartilage tissue engineering. 

EXPERIMENTAL 

Materials and Characterization 
The cellulose producing bacterial strain, Acetobacter xylinum 1.1812, was provided by the Institute of 
Microbiology, Chinese Academy of Sciences. LRS was purchased from Hangzhou Paradise food Co. Ltd.        
α-Amylase from Bacillus subtilis was supplied by Sigma Aldrich Co. Ltd. All other reagents were analytical 
grade and were used without further purification from Sinopharm Chemical Reagent Co. Ltd. 

The morphologies of freeze-dried BC and BC/LRS composite samples were visualized using Hitachi         
S-4800 field emission scanning electron microscope (FE-SEM) (Hitachi Ltd., Japan). The samples were cut into 
0.5 cm × 0.5 cm squares and coated with a thin layer of evaporated gold prior to analysis. FTIR-ATR spectra of 
BC and BC/LRS composites in dry form were recorded using a Nicolet NEXUS-670 instrument (Thermo 
Nicolet Ltd., USA) in the absorption mode, covering a wavenumber range of 4000–600 cm−1. XRD in reflection 
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mode for all the test samples was carried over a range of 2°–70° (2θ) using a diffractometer type D/max-rA 
(Rigaku Co., Japan) with a Cu target and Kα radiation (λ = 0.154 nm). The tensile strengths of BC and BC/LRS 
composites were compared by measuring the stress and the strain at break and the Young’s modulus using a 
WDW 3020 Universal Testing Machine at room temperature with a cross-head speed of 5 mm/min.  

BC production was monitored using a previously reported method through the hydrolysis of starch in the 
composite using α-amylase from Bacillus subtilis[29]. Briefly, prior to freeze-drying, clean BC/LRS composites 
were incubated in a beaker with 0.75 units of α-amylase per mL in a buffer containing 0.1 mol/L phosphate 
buffer (pH 6.9) at 60 °C for 24 h with constant shaking. The reaction was terminated by immersing the beaker in 
boiling water for 5 min. The membranes were then suspended in 50% ethanol for 10 h and then rinsed 
extensively with distilled water to remove the residual ethanol. The dry weight of each sample was recorded 
after drying the membranes in an oven at 80 °C until no change in weight could be detected. BC production was 
determined in g/L (grams of dried BC per liter of culture media). The LRS content (WLRS) in the composites was 
calculated from the following equation: WLRS = (W – WBC)/W. Where W is the composite’s dry weight and WBC is 
the dry weight of the composite after α-amylase treatment. For each sample, three measurements were recorded 
and then averaged.  

We used a previously published method of staining BC/LRS composites to identify the presence of 
gelatinized LRS. The membranes were briefly immersed in KI-I2 solution that is used as an indicator for the 
presence of starch at room temperature for 10 min. If they leave blue stain, it can be inferred that gelatinized 
LRS is present in BC/LRS composites[30]. The viscosities of fermentation media supplemented with LRS were 
measured by Physical MCR301 Rheometer (Anton Paar, Austria) at 30 °C. The relative viscosities were 
calculated relative to the viscosity of distilled water at 30 °C. In this study, the viscosity of distilled water was set 
to 0.9 mPa·s.   

Production and Purification of BC/LRS Composites 
The fermentation medium for BC production contains 60 g/L glucose, 6 g/L peptone, 6 g/L yeast extract, 1 g/L 
citric acid, 1 g/L Na2HPO4, 2 g/L KH2PO4, and different concentrations of LRS. LRS was added to the 
fermentation media as the final regent and caused the media to be highly turbid due to its low solubility. To 
solubilize the LRS, the fermentation media was heated with constant stirring at 100 °C for 30 min until the turbid 
media became transparent. This heat treatment effectively gelatinized the LRS. The starter broth was inoculated 
in 50 mL of fermentation media in a 250 mL Erlenmeyer flask, which was statically cultivated at 30 °C for         
7 days. After incubation, the membranes were withdrawn from the culture medium and treated with 0.01 g/mL 
NaOH at 90 °C for 30 min to lyse and dissolve any microbial cells that remained within the BC membrane. After 
NaOH treatment, all the membranes were rinsed extensively with distilled water until the pH was 7.0 and 
followed by being freeze-dried and used for downstream analyses. The membranes that were prepared with 0, 
2.5, 5, 7.5, 10, 12.5 and 15 g/L of LRS in the fermentation media are referred to in the text as BC, BC/LRS-1, 
BC/LRS-2, BC/LRS-3, BC/LRS-4, BC/LRS-5 and BC/LRS-6, respectively.  

The Counting for Free Bacterial Cell Number 
The free bacterial cell number was determined by only the cells suspended in the fermentation medium and 
counted by the plate dilution method as colony uniform units (CFU) after removing the BC or BC/LRS 
membranes from the culture broth. Briefly, 1 mL culture broth was withdrawn from the fermentation medium 
with static incubation of one day to seven days after removing the BC membranes. The culture broth was diluted 
serially with sterile 1× phosphate buffered saline (PBS) solution (137 mmol/L NaCl, 2.7 mmol/L KCl,               
10 mmol/L Na2HPO4, 1.76 mmol/L KH2PO4, pH = 7.4). We divided the surface of agar plates into eight 
quadrants in which each quadrant corresponded to one dilution in the series. Three, 10 μL drops of each dilution 
of the cell suspension were spaced evenly on the agar surface of each quadrant. This process was repeated for 
each day culture broth in the dilution series. After the drops had dried on the plates, we inverted the plates and 
incubated them at 37 °C for 3 days. We counted colonies in each quadrant, determined the number of CFU for 
each cell dilution. 
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In Vitro Biocompatibility of BC/LRS Composites  
Chondrocyte P1 cell line was revived in Corning flask in growth medium. DMEM nutrient mixed F12 
(Invitrogen), with 10% fetal bovine serum (FBS) (Invitrogen) and 1% penicillin/streptomycin solution 
(Invitrogen). BC and BC/LRS composites were rinsed in double distilled water and autoclaved for 30 min. After 
cooling down, the specimens were placed in 24 well plates which contained 1 mL growth medium to facilitate 
cell adhesion that later sat in an incubator at 37 °C for 1 h. Chondrocytes P1 were washed twice with PBS and 
incubated with trypsin/EDTA for 2 min at 37 °C to detach the cells from the culture flask. 200 μL of cell 
suspension at 5 × 104 cells/mL was seeded in each scaffold before the addition of 1 mL of growth media. In the 
next day, the growth media was replaced by the differentiation medium (DMEM nutrient mixed F12 
(Invitrogen), ITS+ (Life Technologies), linoleic acid (5.0 μg/mL; Sigma-Aldrich), human serum albumin (HSA) 
(1.0 mg/mL; Sigma Aldrich), TGF-b1 (10 ng/mL; Sigma Aldrich), dexamethasone (10−7 mol/L; Sigma-Aldrich), 
ascorbic acid (14 μg/mL; Sigma-Aldrich), and 1× penicillin-streptomycin (Life Technologies). The scaffolds 
were then incubated for 1, 7 and 14 days at 37 °C in 5% CO2 and 95% relative humidity and the differentiation 
medium was changed every third day.  

Cell viability of chondrocytes on BC and BC/LRS composites was determined by using a live/dead assay 
kit (Life Technologies). The polyanionic dye calcein AM was well retained within live cells, producing an 
intense uniform green fluorescence in live cells. Ethidium homodimer-1 entered cells with damaged membranes 
to bind with nucleic acids, producing a bright red fluorescence in dead cells. The viability of chondrocytes was 
visualized under a Nikon Eclipse TE2000 inverted fluorescence microscope (Nikon Instrument Inc.) at 10× lens. 
The percentage of viability was determined by calculating the number of live cells (green) normalized to the total 
number of cells (green and red).  

Nikon C1 laser scanning confocal microscope was used for cell morphology observation. Briefly, 
chondrocyte cells were fixed in 4% formaldehyde and permeabilized with 0.1% Triton X-100 in PBS. Cells actin 
filaments were then stained with rhodamine conjugated phalloidin (Life Technologies) and the nuclei were 
stained with DAPI (Thermo fisher). The scaffolds were soaked in PBS until analysis.  

RESULTS AND DISCUSSION 

Preparation and the Effects of LRS Concentration on BC Production 
A variety of biomaterials have been introduced into the BC culture media for the preparation of BC composites. 
Several reports have demonstrated that the addition of starch-based materials can affect cellulose production by 
modifying the behavior of the cellulose producing strain, or by changing the physical properties of the culture 
media[31, 32]. Schematic representation of the synthesis pathway of BC/LRS composites is shown in Fig. 1, while 
the synthesis pathway of pure BC is considered as a control. Initially, LRS granules were introduced into the 
culture media and gelatinized by heating. During this gelatinization process, the LRS granules swell, leach 
amylose into the media and lose their crystalline structure[33]. Hence, a more viscous culture media was formed 
relative to the original media due to the presence of gelatinized LRS. Then Acetobacter xylinum was incubated in 
the fermentation medium, allowing the development of BC/LRS composites. Based on our KI-I2 assay (Fig. 1), 
we confirmed that gelatinized LRS molecules could intercalate within the dense BC fiber network and surround 
the cellulose fibers, which could not be totally removed by the purification process. 

As previously reported, LRS is an additive that is capable of increasing the viscosity after gelatinizing in 
solution[28]. It is known that increasing media viscosity may be a factor that affects BC biosynthesis. Therefore, 
the effects of different concentrations of LRS on the production of BC were investigated. The production values 
of BC by incubating Aectobacter xylinum after 7 days in media containing gelatinized LRS ranging from 0 g/L 
to 15 g/L are presented in Table 1. After 7 days of static incubation, the total BC production was about 6.45, 
6.67, 5.76 and 5.49 g/L at concentrations of 2.5, 5, 7.5 and 10 g/L of LRS, respectively. These values are all 
above the production in the absence of LRS (5.02 g/L). However, a further increase in LRS concentration from 
12.5 g/L to 15 g/L led to reduce BC production with values of 4.03 g/L and 2.66 g/L, respectively. Taken 
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together, our results show that LRS incorporation in the culture media may give the positive impacts on BC 
production in a proper concentration. 

 

 
Fig. 1  Schematic representation of the synthesis pathway of BC and BC/LRS composites 

 
Table 1  Relative viscosities of media, total BC production, the LRS content of composites produced after 7 days static 

incubation with various LRS concentrations added 
 Starch concentration (g/L) Relative viscosity Total BC production (g/L) LRS content (%) 

LRS 

0.0 1.10 5.02 ± 0.35 0 
2.5 1.71 6.45 ± 0.23 1.8 
5.0 2.66 6.67 ± 0.33 4.3 
7.5 3.85 5.76 ± 0.47 6.4 

10.0 5.11 5.49 ± 0.39 8.1 
12.5 7.16 4.03 ± 0.6 10.2 
15.0 11.46 2.66 ± 0.75 12.6 

 
To our knowledge, the introduction of various materials into culture media can cause significant impacts on 

BC production by either providing a supplementary nutritional source or changing media viscosity to affect the 
activities of Acetobacter xylium. As we inoculated bacteria into the glucose-free media but containing 15 g/L 
LRS and observed no BC membrane formed on the top surface of media after 7 days of fermentation, we had 
confirmed that LRS was not a carbon source to facilitate the production of BC. The media viscosity was then 
hypothesized to be a key factor to affect BC production. It has been reported that the presence of acetan can 
improve BC production by increasing the viscosity of culture media. This physicochemical effect of acetan is 
thought to occur because the addition of acetan leads to a higher viscosity and more dispersed culture broth 
where the free bacterial cells number increased[34]. Materials that are chemically similar, but less expensive and 
more available than acetan (such as agar and xanthan), have been introduced to the culture media to significantly 
increase the production of BC by changing the rheological properties of the medium[31, 35]. However, if the 
viscosity of the medium is too high, the growth, movement, and activity of Acetobacter xylinum will slow down, 
resulting in reduced BC production which is just consistent with our results. Table 1 shows the relative viscosity 
of fermentation media containing different amounts of LRS (ranging from 1.10 to 11.46). As the concentration 
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of LRS increases, the relative viscosity values exhibit a positive correlation. As shown in Table 1, the addition of 
LRS at low concentration (2.5, 5, 7.5 and 10 g/L) may lessen the aggregation of water insoluble BC, thus 
enhancing the positive effects on BC production. It is indicated that the addition of an appropriate concentration 
of gelatinized LRS at the start of the static cultivation can enhance BC production. However, at high 
concentrations of LRS, a threshold viscosity is exceeded where BC production becomes lower. The free bacteria 
cell number of Acetobacter xylinum in the cultrue media with different concentrations of LRS shown in Fig. 2 
confirmed the results. When the viscosity of culture media is at lower condition (LRS concentration lower than 
10 g/L), we observed the higher number of free bacterial cells in the culture media than that of BC, the higher 
production of BC. At excessive concentrations of LRS, high viscosity increased resistance to mass transfer for 
the growth of free bacterial cells and finally led to reduction in the BC production. Therefore, the concentration 
of the additives into the culture media should be recognized as an important factor when preparing BC-related 
composites as cartilage scaffolds by using the biosynthesis technique.  

 

 
Fig. 2  Free cell number of Acetobacter xylinum in the culture with and without the addition of LRS 

Structure Analysis 
The prepared BC/LRS composites with different concentrations of LRS in the culture media were characterized 
and FE-SEM images are shown in Fig. 3. It can be seen that pure BC exhibited a loose fibril network just like 
those previously reported[36]. Compared with the mean fiber diameter of BC (35 ± 10 nm), BC/LRS composites 
grown in the presence of 2.5 and 5 g/L LRS appeared to contain a denser and more compact fiber arrangement 
and the size of cellulosic ribbons in BC/LRS composites increased to (60 ± 15) nm for BC/LRS-1 and                
(100 ± 20) nm for BC/LRS-2, respectively. The thicker fiber diameters for BC/LRS composites indicated that 
LRS prompted the secreted cellulose fibrils to associate into larger cellulosic ribbons. However, in the case of 
BC/LRS-3, BC/LRS-4, BC/LRS-5 and BC/LRS-6, with larger LRS concentrations, the hierarchical structure was 
formed to contain compact fiber layers with loose single fibers filling the gaps between compact layers. Under 
low concentrations of LRS, gelatinized LRS easily bound to the surface of cellulose fibrils during their 
biosynthesis; however, further increasing the LRS concentration raised the media viscosity to a non-optimal 
level. This highly viscous medium might retard the movement of bacterial cells, which reduced the rate of BC 
production. The LRS content of all BC/LRS composites was measured and the data are listed in Table 1. The 
LRS content in the composites scaled up from 1.8% to 12.6% with increasing LRS concentration, which is 
consistent with the above hypothesis that more LRS is needed for higher levels of BC compaction. The addition 
of various amounts of LRS in the media yielded composites with different morphologies, which may yield 
BC/LRS composites with superior physio-mechanical properties for the future use in cartilage implants. 

XRD Analysis 
The impact of LRS concentration on the structure and crystallinity of the final composites was further monitored 
by XRD. The diffraction profiles of BC/LRS composites media are shown in Fig. 4. The peak positions in       
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Fig. 4(a) at 14.6°, 16.8° and 22.8° are characteristic of the interplane distances of BC’s Iα and Iβ phases[37, 38]. 
The XRD pattern of LRS with a B-type crystalline structure has characteristic reflections centered at 5.5°, 15.0°, 
17.0°, 19.7°, 22.2° and 24.0°[28]. In comparison, the results in Figs. 4(b)−4(g) demonstrated that all the curves of 
BC/LRS composites with different LRS addition only displayed three distinct peaks similar to the ones observed 
in native BC. There was no featured signal that could be attributed to LRS crystals in the XRD patterns of 
BC/LRS composites. This is consistent with a report from Grande et al., who found that starches can lose their 
characteristic crystalline signals after the starch undergoes a process of gelatinization[25].  
 

       

       

 
Fig. 3  The FE-SEM images of (a) BC, (b) BC/LRS-1, (c) BC/LRS-2, (d) BC/LRS-3, (e) BC/LRS-4, (f) BC/LRS-5 
and (g) BC/LRS-6 

 

 
Fig. 4  The XRD patterns of (a) BC, (b) BC/LRS-1, (c) BC/LRS-2, (d) BC/LRS-3, (e) BC/LRS-4, 
(f) BC/LRS-5 and (g) BC/LRS-6 
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However, our XRD patterns did reveal that the presence of LRS in the culture media altered the crystalline 
index of BC (the crystalline index values of all samples are listed in Table 2). When compared to pure BC, there 
was a slight increase in the crystallinity of the BC/LRS composites. This increase in crystallinity scaled up with 
increasing LRS concentrations. Pure BC gave a crystallinity of 70.8%, while the largest crystallinity measured 
was 79.1% for BC/LRS-6 composite produced with the highest tested concentration of LRS. Our combined 
findings show that the presence of gelatinized LRS in the media favored the crystallization process and reduced 
the relative amorphous region of BC, which is in accordance with the previous report that the presence of 
additives in the media has caused the increase in the crystallinity of BC[13, 32]. 

BC possesses the typical crystalline forms of cellulose I[39, 40]. The relative amounts of the two cellulose 
allomorphs (Iα and Iβ) from BC/LRS composites were determined from our XRD analysis to investigate the 
impact of LRS in the media on their relative distribution. The d-spacing (nm) values (d1 and d2) from XRD 
patterns are reported to reflect the cellulose Iα and Iβ fractional ratio, since BC’s characteristic peaks are actually 
the combination of the Iα and Iβ diffractions[32, 41]. Following the observations of Wada et al., the two parameters, 
d1 and d2 in Table 2 show that BC in all BC/LRS samples were Iβ-rich[41]. Furthermore, the d1 values decreased 
with increasing LRS concentration in the media. This indicates that there was a decrease in the Iβ component of 
BC/LRS composites as LRS was increased. The presence of LRS in the media appears to influence the process 
of microfibril crystallization in a thermodynamically unfavorable direction, away from the stable Iβ allomorph. 
 

Table 2  The d-spacing and crystallinity index of BC, BC/LRS-1, BC/LRS-2, BC/LRS-3, BC/LRS-4, BC/LRS-5 and 
BC/LRS-6 

Sample d-Spacing (nm) Crystallinity (%) d1 d2 
BC/LRS-0 0.61458 0.53043 70.8 
BC/LRS-1 0.61375 0.52359 72.1 
BC/LRS-2 0.60914 0.52357 73.2 
BC/LRS-3 0.60704 0.52295 75.0 
BC/LRS-4 0.60293 0.52052 75.9 
BC/LRS-5 0.59889 0.52048 77.0 
BC/LRS-6 0.59012 0.52019 79.1 

Tensile Strength  
The high tensile strength of BC has been a key advantage for the application in tissue engineering[5, 42].       
Figure 5(a) shows the typical stress-strain curves for pure BC versus BC/LRS composite materials. The 
mechanical properties of all samples are also illustrated in Fig. 5(b). Through analyzing the data, we concluded 
that the modified morphology in some BC/LRS composites had performed a positive influence in their 
mechanical strength. The tensile strength of unmodified BC was found to be 45 MPa. The BC/LRS composites 
made with 2.5 g/L and 5 g/L of LRS in their fermentation media showed higher tensile strength (54 and 60 MPa, 
respectively) compared to the native BC. However, BC/LRS-3, BC/LRS-4, BC/LRS-5, and BC/LRS-6 which 
were supplemented with more LRS had reduced tensile strengths to 42, 37, 33 and 27 MPa, respectively. These 
trends are explained by our analysis in FE-SEM images. The BC/LRS composites with low concentrations of 
LRS formed denser 3D fiber networks. The glucose chains aggregated together and resulted in thicker and 
stronger fibers that improved the mechanical strength as previously reported[43]. However, further increase in the 
LRS concentration caused the composite to form hierarchical structures composed of compact composite layers 
cross-linked by sparse single fibers. The decreased tensile strength at high LRS concentrations was likely the 
result of weakened inter- and intramolecular hydrogen bonding between the composite layers. The Young’s 
modulus of the BC/LRS composites reflects the tensile strength: first increasing, and then decreasing after a 
threshold LRS concentration is exceeded. The thick and compact fibrils in BC/LRS-1 and BC/LRS-2 appear to 
enhance the hardness of BC. However, the hierarchical structures found in BC/LRS-3, BC/LRS-4, BC/LRS-3 
and BC/LRS-4 led to greater elasticity due to their ability to accommodate more layer-to-layer mobility. Overall, 
our results indicated that the mechanical properties of composites with low concentrations of LRS added in the 
media were enhanced relative to native BC. Even though the tensile strength of BC composites decreased at high 
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LRS concentrations, the increased elasticity of these materials is a highly desirable quality for being used as 
cartilage scaffolds.  
 

     
Fig. 5  Mechanical properties of BC, BC/LRS-1, BC/LRS-2, BC/LRS-3, BC/LRS-4, BC/LRS-5 and BC/LRS-6:   
(a) Tensile stress-strain behaviors; (b) Tensile stress and strain at breaking point, Young’s modulus 

In Vitro Study  
To further test whether BC/LRS composites are feasible to be used in cartilage tissue engineering, we carried out 
cell culture experiments with chondrocyte to evaluate the biocompatibility of BC/LRS composites. Figure 6 
shows cell viability at 1, 7 and 14 days after cultivating chondrocyte cells on pure BC and BC/LRS-2 
composites, which was determined by using live/dead assay. We chose BC/LRS-2 composites as a representative 
sample as it displays the largest cellulose production and the highest tensile strength. Compared to untreated 

 

Fig. 6  Cell viability of chondrocytes on BC and BC/LRS-2 composite after 1, 7 and 14 days in culture by live/dead 
assay: (a) Representative live/dead fluorescent images; (b) Quantitative analysis of chondrocytes viability on BC and 
BC/LRS-2 composite 
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BC, BC/LRS-2 composite displayed slightly higher cell viability of 85% to 90% after 14 days in cultivation. 
Starch is a well-known scaffold material in tissue engineering due to its superior biocompatibility and physical 
properties. In this study, as the presence of LRS had led to increased cell viability for the composites, it 
suggested that LRS owned decent biocompatibility to chondrocytes relative to BC and delivered positive 
influences on promoting cell proliferation as other starch source did.  

To further investigate whether the presence of LRS can affect cell morphology, we imaged chondrocytes 
growing on BC and BC/LRS-2 composites after 1, 7 and 14 days incubation using laser scanning confocal 
microscope. As shown in Fig. 7, chondrocytes on BC/LRS-2 composites produced earlier cell morphology 
changes, in which some cells started to spread after 1 d cultivation while cells on BC are still in round shape. 
With the expectation of higher densities of chondrocytes cells on BC/LRS-2 composites over 14 days culture 
period, we also find most cells are well distributed and spread on the surface of composite. The results 
demonstrated that BC/LRS-2 composites created an environment with better biocompatibility, which might 
facilitate cell growth and accelerate differentiation rate.  
 

 
Fig. 7  Morphology of chondrocytes seeded on BC and BC/LRS-2 composite for 1, 7 and 14 days 

CONCLUSIONS 

In conclusion, a series of BC/LRS composites were prepared and the optimized condition at the LRS 
concentration of 5 g/L to yield the largest production was given. The microstructure, crystalinity, and mechanical 
properties of BC/LRS composites could be controlled by tuning the concentration of LRS in the culture media. 
The vitro study on cell viability and morphology showed that BC/LRS composites were conducive to cells 
growth and differentiation. The obtained BC/LRS composites with enhanced mechanical properties and 
controllable morphology may be leveraged in future application of cartilage tissue engineering. 
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