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ABSTRACT：A high-strength regenerated bacterial cellulose (RBC)/bacterial cellulose (BC) microfilament of
potential use as a biomaterial was successfully prepared via a wet spinning process. The BC not only consists of a
3-D network composed of nanofibers with a diameter of several hundred nanometers but also has a secondary

T

structure consisting of highly oriented nanofibrils with a diameter ranging from a few nanometers to tens of

CR
IP

nanometers which explains the reason for the high mechanical strength of BC. Furthermore, a strategy of partially
dissolving BC was used and this greatly enhanced the mechanical performance of spun filament and a method called

US

post-treatment was utilized to remove residual solvents from the RBC/BC filaments. A comparison of structure,
properties, as well as cytocompatibility between BC nanofibers and RBC/BC microfilaments was achieved using

AN

morphology, mechanical properties, X-ray Diffraction (XRD) and an enzymatic hydrolysis assay. The RBC/BC

M

microfilament has a uniform groove structure with a diameter of 50~60 µm and XRD indicated that the crystal form

ED

was transformed from cellulose Iα to cellulose IIII and the degree of crystallinity of RBC/BC (33.22%) was much
lower than the original BC (60.29%). The enzymatic hydrolysis assay proved that the RBC/BC material was more

PT

easily degraded than BC. ICP detection indicated that the residual amount of lithium was 0.07 mg/g (w/w) and

CE

GC-MS analysis showed the residual amount of DMAc to be 8.51 µg/g (w/w) demonstrating that the post-treatment

AC

process is necessary and effective for removal of residual materials from the RBC/BC microfilaments. Also, a cell
viability assay demonstrated that after post-treatment the RBC/BC filaments had good cytocompatibility.

Keywords: Nanofibril bundles; Regenerated bacterial cellulose; Biomedical materials; Residual solvent;
Cytocompatibility
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1. Introduction
Bacterial cellulose (BC) is a biomass, synthesized by bacteria and has the same molecular structure as plant
cellulose, and both are composed of polysaccharides with linear chains of β-1,4-D glucopyranose residues. The

T

manufacturing process of BC is economical and environmentally friendly and BC exhibits outstanding properties and

CR
IP

is one of the most abundant renewable organic materials on earth [1]. Due to its advantages in structure, performance,
ease of production and application, BC is superior to plant cellulose [2] and has shown good promise in the field of

US

biomaterials [3-7]. However, natural BC lacks structural diversity, so it is necessary to modify it in order to enlarge
its field of potential applications.

AN

BC can be converted into cellulose derivatives (ethers and esters) and regenerated bacterial cellulose (RBC)

M

materials (membranes, fibers, food casings, sponges, etc.) [8]. In the current work, a wet spinning regeneration

ED

process was investigated since it has superior performance with regard to material, equipment and parameters
compared to wet filming (casting film using BC solution) and there are a few reports of the preparation of RBC

PT

filaments from BC solution in the literature. Previous research on RBC mainly focused on the preparation of RBC

CE

film not fibers/filaments [9]. In industry, it is necessary for some materials to be processed in the form of

AC

fibers/filaments since the yarns or filaments made from wet spinning fibers can be further converted into non-woven,
woven and knitted fabrics or sutures that can be used in medical or other areas [10,11]. As previously described
[12,13], wet spinning technology is suitable for the preparation of such materials where the melting temperature is
higher than its degradation temperature and BC fits into this category. To date, there have been few theoretical or
experimental studies on RBC filaments prepared by wet spinning so consequently research on this issue is
considered to be of considerable importance and timely.

3

ACCEPTED MANUSCRIPT
The use of an appropriate solvent which will dissolve BC into a spinning solution with a certain viscosity and
rheological behavior is the premise of wet spinning. Recent reports have mainly focused on finding a good solvent,
such as NaOH/urea solution [9], N-methylmorpholine-N-oxide monohydrate (NMMO) [14,15], ionic liquids [16,17],

T

N,N-dimethylacetamide (DMAc)/lithium chloride (LiCl) [18,19] or ZnCl2 [20] for the BC. Among these, the use of

CR
IP

DMAc/LiCl in the dissolving process is the most common due to ease of operation, low cost and being less energy
demanding. Thus, this paper describes the preparation, via a wet spinning process, and properties of an RBC/BC

US

microfilament for potential use as a biomedical material. The main objective of this study was to use BC as the raw
material, LiCl/DMAc as the solvent system and DMAc/water as the coagulation bath in order to improve the wet

AN

spun filaments by controlling the swelling and dissolution time of BC to enhance the mechanical strength (Fig. 1).

M

BC has an ultra-fine fibrous 3-D network structure with high purity, high mechanical strength, wet capability and

ED

good biocompatibility [21]. In the current work, the nature of the BC was partially conserved during the dissolving
process ensuring that its excellent properties, especially the high mechanical strength, was maintained and enhanced

PT

in the resulting RBC/BC microfilament. The rheological morphological, mechanical properties, X-ray Diffraction

CE

(XRD) as well as the enzymatic hydrolysis performances were all studied in order to determine the differences

AC

between the BC fiber membrane and RBC/BC filaments with respect to structure and properties.

Fig. 1

An ideal biomaterial must provide a variety of shapes and sizes, be biocompatible, absorbable and capable of
being replaced by new tissue formation, in the case of applications in tissue engineering. Currently, natural polymers
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are important alternatives as scaffolds for tissue repair [22] and over the past decade, types of materials based BC
have been designed for a diversity of biomedical applications. Previous work in this area concentrated on BC or BC
composites rather than RBC and no relevant study on the issue of residual solvent/ions produced during the process

T

of BC regeneration has been reported. Residual solvents (RS) and residual ions (RI) may represent a potential risk

CR
IP

for human health due to their toxicity and their undesirable side effects [23] and they should be removed through
some form of effective post-treatment. Hence, for the first time, an attempt was made to detect RS in RBC filaments

US

using gas chromatography-mass spectrometry (GC-MS) and Inductively Coupled Plasma Emission Spectrometry
(ICP-MS) was utilizes to measure the amount of RI. A cytocompatibility assay test was performed to examine the

AN

differences of cell (L929 cells) viability between the RBC/BC filaments with and without post-treatment. Moreover,

M

in this work, not only is the preparation of a RBC/BC microfilament, with high mechanical performance, described

AC

2.1. Materials

CE

2. Materials and methods

PT

the BC before and after regeneration.

ED

but also data is given to provide for its better future application through a comprehensive analysis of the properties of

Bacterial cellulose was provided by Hainan Yida Co., Ltd. (Guangdong, China). Cellulase from Aspergillus niger
(product #C0057, 10 000 U/g, slightly brown powder) was purchased from Okyo Chemical Industry (TCI). The
following chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd: dimethylacetamide (DMAc, ≥
99%), lithium chloride (LiCl, ≥97%), sulfuric acid (≥98%), Avicel citric acid (≥99.5%), sodium citrate dihydrate
(meets USP testing specifications), 3,5-dinitrosalicylic acid (DNS, ≥98%), ethyl alcohol (EtOH, ≥99%), acetone (≥
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99%).
2.2. Dissolution and regeneration of BC
The preparation of spinning dope was carried out as follows: firstly, wet BC membrane was cut into small pieces

T

and crushed by a high speed homogenizer at 15,000 rpm for 30 min to form a BC slurry which was freeze-dried at

CR
IP

−40 ℃ for 2 days. Secondly, a DMAc/ LiCl (7% - 8% w/w) mixed solvent was prepared and the dried BC slurry
(3.0 g) was suspended in DMAc/ LiCl (147.0 g). This superior dispersion system was stirred with mechanical

US

agitation (50 - 60 r/ min) for a certain time (6, 8, 10, 12, 14, 16, 18h) at room temperature until virtually all the BC
dissolved and then a RBC/BC spinning solution (2%, w/w) was prepared as described in the supplementary

AN

documents (Fig. S1).

M

The method of recasting RBC film has been reported in the literature [15,19] and was utilized in this work. The

ED

solution prepared above was poured into a culture dish with a diameter of 60 mm and then coagulated in a
DMAc/water solution (500mL; 30:70v/v) for 5 min. After freeze-drying at −40 ℃ for 2 days, a RBC film with a

PT

thickness of 0.1 mm was produced.

CE

RBC/BC microfilaments were spun on a custom-made wet-spinning device (Fig. S2), which has been described

AC

previously, using the spinning process parameters shown in Table S1. A nitrogen pressure of 0–0.3 MPa was used to
extrude the aqueous solutions (2% w/w) at 1.0 mL/min through a commercial spinneret plate with a single 0.25 mm
diameter orifice. The spinning dope was extruded directly into an aqueous DMAc/water (50% v/v) coagulant
solution kept below 15 ℃. The total length of the coagulation bath, the second bath and the third bath was 60 cm
and after passing though these baths and over the three rollers, the resulting microfilaments were wound onto spools
and dried at room temperature for 2 h. The appearance of prepared RBC/BC filaments in the dry state and wet state
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are also shown in Fig. S2. Further, it is necessary to use a strategy called post-treatment process whereby the
filament samples are soaked in Millipore hot water (≥60℃) for 30 min, then centrifuged at 2500 rpm at 20°C for 5
min. This process was repeated once more in order to remove as much residual solvent and ions as possible.

T

2.3. Optical microscope (OM) analysis

CR
IP

The optical imaging was performed using a custom-modified BX-51 Olympus optical microscope equipped with a
color digital CCD camera (Lumenera Infinity 2−1C). Various diluted samples (50 μL) of the RBC/BC solution were

US

spread on a glass slide and then observed by OM.
2.4. Mechanical properties

AN

The single filament fineness was measured using the middle section cutting method. The mechanical properties of

M

single microfilaments were measured with a XQ-2 Fiber Tension Meter (Shanghai S&CI, Shanghai, China) using a

ED

filament holder of 20 mm in length and a crosshead speed of 20 mm/min. All samples were preconditioned at 20 °C
and 65% relative humidity for 24 h prior to mechanical testing and the breaking strength and elongation at break of

PT

the RBC/BC filaments were calculated and the mean and standard deviation reported for n = 20.

CE

2.5. Transmission electron microscope (TEM) analysis

AC

TEM imaging of the hyperfine structure of BC was conducted on a JEM-2100 (Japanese Electronics Co. Ltd，
Japan) by drop casting the sample onto a carbon-Formvar TEM grid. To minimize radiation damage and to use the
smallest objective aperture for enhancing contrast, measurements were operated at 80 kV acceleration voltage.
The TEM samples were prepared using the referenced method for cellulose nanocrystals (CNCs) as described
[24,25] but using different parameters. Briefly, the freeze-dried BC fragments (1g) were hydrolyzed in 50 mL
sulfuric acid solution at a concentration of 60% (w/w) at 35 ℃ with vigorous stirring for 45 min. The cellulose

7

ACCEPTED MANUSCRIPT
suspension was then diluted with cold Millipore water to stop the hydrolysis reaction. The remaining white
suspension was centrifuged at 8000 rpm at 4 ℃ for 10 min to collect the hydrolyzed products which was then
dialyzed with regenerated cellulose dialysis tubing (12 000-14 000 MWCO, Thermal Scientific) against Nanopure

T

water until the pH reached a constant value. Sonication was performed on the aqueous BC nanocrystals using a

CR
IP

Branson Sonifier for 30 min at ice bath temperature. The resulting colloidal suspension was centrifuged at 5000 rpm
at 4 ℃ for 5 min, and then the cloudy supernatant was collected and stored at 4 ℃ prior to use. The sample was

US

diluted to 0.05 mg/mL before TEM testing.
2.6. Rheological measurements

AN

The rheological measurements were performed on ARES-RFS Rotational Rheometer (TA Instruments, USA)

M

using a cone plate with a diameter of 50 mm. The rheological properties of the RBC/BC spinning solution were

ED

determined at 25 ℃. In a Newtonian fluid the shear stress is directly proportional to the shear rate but some liquids,
such as the spinning solutions under study, are termed non-Newtonian and the degree of deviation (the

(1)

CE

lg στ = lg K + n lg 

PT

non-Newtonian index n) may be calculated using Eq. (1):

where στ (Pa) is the shear stress,  (S−1) the shear rate and K the viscosity coefficient. The value of the

AC

non-Newtonian index (n) is obtained from the slope of the curves after plotting lg στ versus lg  .
2.7. Morphology analysis

The prepared samples were sputtered with gold prior to observation using a JSM-5600LV scanning electron
microscope (JEOL, Tokyo, Japan).
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2.8. Wide angle X-ray diffraction (XRD) analysis
XRD measurements were performed on very small pieces (ca. ≤ 0.2 mm) of the microfilaments using a wide angle
X-ray diffractometer (D/max-2550 PC, Japan). A scanning rate of 0.058 ° s−1 was applied to record the pattern in the

T

2θ range of 10-70°. The operating voltage and current were 40 kV and 200 mA, respectively, using Ni-filtered

2.9. Fourier transform infrared spectroscopy (FT-IR) analysis

CR
IP

Cu-Ka radiation of wavelength 0.15406 nm.

US

The FTIR-ATR spectra of the BC nanofiber membrane and the RBC/BC microfilaments were recorded using a
Nicolet-Nexus 6700 FTIR spectrometer (Nicolet Instrument Corp., USA) over the wavenumber range of 500−4000

AN

cm–1 at a resolution of 4 cm−1, a scan speed of 0.2 cm/s and 32 scans were recorded per sample.

M

2.10. Enzymatic hydrolysis

ED

Two enzymatic degradation methods were used to evaluate the differences between the BC and RBC/BC materials
and all the experiments were run in triplicate.

PT

Method (1) involved hydrolysis with different enzyme concentrations but keeping the time constant. A series of

CE

solutions with different cellulase concentrations (0, 2.0, 5.0, 10.0, 50.0 mg/mL) using citrate buffer solution (50 mM;

AC

pH 5.0) as solvent were prepared. Then, the same amount of the untreated BC slurry and RBC/BC filaments (5.0 mg,
dry weight) were added into the different concentrations of medium (2.5 mL). The enzymatic degradation was
carried out at 50 ℃ under gentle stirring for 2 h and the concentration of reducing sugars were determined.
Method (2) used hydrolysis with the same enzyme concentration but varying the time. Cellulase (100 mg) was
suspended in citrate buffer solution (20 mL; 50 mM; pH 5.0) to prepare a cellulase incubation medium (5 mg/mL).
The same amount of untreated BC slurry and RBC/BC filaments (5.0 mg, dry weight) in the cellulase medium (5.0

9
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mL) were incubated in a water bath (Jintan Instrument Co. Ltd., Jiangsu, China) at 50 ℃ under gentle stirring. An
aliquot (0.5 mL) was removed for sugar analysis at regular intervals and the remaining volume was kept constant by
the addition of fresh cellulase medium (0.5 mL). The reducing sugar analysis was performed according to the IUPAC

CR
IP

2.11. Inductive Coupled Plasma Emission Spectrometer (ICP-MS) detection

T

method [26,27].

The samples were first digested with a Multiwave system (SpeedWave Entry, Berghof, Germany) using samples

US

(~0.1 g) suspended in 65 % HNO3 (5 mL) and 30 % H2O2 (1 mL) heated to 200 ℃. The digestion solutions were
measured using an Inductive Coupled Plasma Emission Spectrometer (ICP-MS, Prodigy, Leeman Labs, USA).

AN

2.12. Pyrolysis gas chromatography-mass spectrometry (PyGC-MS) using gas chromatographic headspace

M

(HSGC) method

ED

Measurements of activity coefficients at infinite dilution for a set of low polar volatile organic substances were
made using headspace analysis technique. Analysis was performed using a Shimadzu GC system (GCMS-QP-2010,

PT

Japan) equipped with an oven having temperature programming capability and a flame ionization detector (FID). In

CE

the experiment, RBC filaments (100 mg), with and without post-treatment, were placed in glass vials, sealed and

AC

thermostated. Samples (n = 2) from the vapor phase after equilibrium were transferred through a heated quartz glass
line into the injector of a gas chromatograph. The area of a peak S corresponding to the analyte (DMAc) was
calculated. Standard solutions were prepared by diluting appropriate volumes of pure solvent (DMAc) in acetone
(1.0, 2.0, 4.0, 8.0 µg/mL) and a standard line was obtained: Eq. (2).
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Y = 541741 X – 33861

(2)

R2 = 0.9993
2.13. Cell culture and cytocompatibility assay

T

L929 cells were selected as a model cell line for the cytocompatibility assay. Three groups of samples, wet spun

CR
IP

fibers (3.0 mg, with and without post-treatment) and BC fragments (3.0 mg) were placed in 24-well plates and
another group without fabric was set as the control. The culture plates were sterilized by alcohol steam for 4 h and

US

PBS solution was used for washing away any residual alcohol. After being soaked with Dulbecco's Modified Eagle
Medium (DMEM), all the culture plates incubated for 24 h (37 °C, 5% CO2). After this time, a suspension of L929

AN

cells (200 μL; with a cell density of 1.0 × 10 4 cells/mL) was seeded into each well with DMEM (containing10% FBS)

M

and then incubated (37 °C, 5% CO2). The time points of the test were set as 1, 3 and 5 days and at each point, the

ED

culture plates were taken out of the incubator and the DMEM in every well was replaced by fresh DMEM (360 μL)
and MTT (40 μL) solutions. After incubation for 4 h, DMSO (400 μL) was added to each well and the plates shaken

PT

for 30 min at room temperature. Afterwards, the solutions in each well were transferred into 96-well plates and the

CE

OD values of the resulting purple solutions were measured at 570 nm with a Microplate Reader (Multiskan,

AC

ThermoFisher, USA). Mean and standard deviation for the triplicate wells were reported.
After washing twice with PBS (pH 7.4) the cell morphology was observed under a Zeiss inverted fluorescence
microscope (200 × magnification, Jena, Germany).
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2.14. Statistical analysis
Statistical analysis was carried out using the unpaired Student’s t-test on SAS software (version 9.0). A value of p
< 0.05 was considered statistically significant.

Data are annotated with * for p < 0.05, ** for p < 0.01, and *** for

T

p < 0.001.

CR
IP

3. Results and discussion
3.1. Acid-hydrolysis, swelling, and dissolution of BC

US

An acid-hydrolysis method was performed to prepare bacterial cellulose nanocrystals (BCNCs) to investigate the
ultra-fine structure. BC has an obvious 3-D fine structure which can be observed by SEM (Fig. 6a) but, surprisingly,

AN

a hyperfine structure consisting of a more elaborate and oriented nanofiber bundle has been found and observed by

M

TEM for the first time (Fig. 2) with the diameters of single ultrafine nanofibrils ranging from a few nanometers to

ED

tens of nanometers. This result strongly demonstrates that the high mechanical strength of BC is due to a 3-D
network composed of nanofibers with a diameter of several hundred nanometers (Fig. 6a) and also the secondary

Fig. 2

AC

CE

PT

structure consisting of highly oriented nanofibrils with more smaller diameters.

A dissolving method using DMAc/LiCl as solvent was used to prepare a spinning solution for wet spinning and
swelling of the cellulose fibers is an important step prior to dissolution. When BC is placed in DMAc/LiCl, the
solvent initially only penetrate into the semipermeable and elastic areas of the fiber wall when the diffused molecules
cause radial expansion of the secondary wall. In the swelling process, Cl

12

－

ions form hydrogen-type interactions with

ACCEPTED MANUSCRIPT
the hydroxyl group hydrogens of cellulose, breaking the existing bonds in the interior of the structure. Meanwhile,
Li+ ions interact with the carbonyl group oxygen of the DMAc molecule, forming a [DMAcn + Li]+ chelation
structure [28] which acts as a spacer between cellulose chains prohibiting the formation of intermolecular hydrogen

T

bonds. After the BC fibers swell completely, intermolecular bonds are broken finally due to the stress produced by

CR
IP

the swelling process. With a very strong solvent, it is possible to disrupt the entire crystalline structure [29] although

AN

Fig. 3

US

a short swelling time does not decrease the crystallinity sufficiently but a longer time leads to complete dissolution.

M

Based on the discussion above a new process, involving the partial retention of undissolved BC during the

ED

preparation of the spinning solution, and which might increase the strength of spun fibers, was investigated. However,
the relationship of swelling state and swelling time first needed to be determined. After stirring in DMAc/LiCl for

PT

different times the BC solution was observed by OM (Fig. 3) and it is seen that some intact BC skeleton structure

CE

still exists after 6 h (Fig. 3a) but only a very small amount remains at 10 h (Fig. 3b). When the stirring time reaches

AC

14 h, a homogeneous BC solution is present (Fig. 3c) but the solution may still contain small amounts of undissolved
BC which are invisible which is in agreement with a previous report [29]. Hence, it is concluded that the time for the
complete dissolution of BC ranges from 12-16 h.
3.2. The mechanical properties of RBC/BC microfilaments
Mechanical strength is a very important property regarding further use of any material and evaluation of the
strength and elasticity of the filaments was determined by breaking strength and elongation tests. As discussed above,
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the dissolving time was monitored by viewing the swelling/dissolution of the RBC/BC filaments utilizing optical
microscopy (Fig. 3) and the optimal time was found to be around 14 h where all the filaments appear to have
dissolved but there may still be large molecular chains present which do not show up on OM. A series of filaments

T

were spun, using BC solutions after dissolving 10, 12, 14, 16 and 18 h and it can be seen from Fig. 4 that the

CR
IP

RBC/BC filaments both in dry state and wet state exhibit similar trends in that the breaking strength and elongation
of the filament increases first and then decreases. When the dissolving time is 14 h, the breaking strength and

US

elongation of the filaments reach the maximum values of 6.5 cN/dtex and 7.1% respectively for RBC/BC filament in
the dry state, 4.3 cN/dtex and 14.3% respectively for RBC/BC filament in wet state, signifying that both the wet and

AN

dry RBC/BC filaments have a very high mechanical performance. After 14 h stirring time the breaking strength and

M

elongation of the filaments decreases after this period. By contrast, the standard deviations decrease with the increase

Fig. 4

CE

PT

ED

of dissolving time reflecting relatively more uniform internal structure and good stability of fibers.

AC

Therefore, the mechanical properties of RBC filaments depend on the dissolving time and the BC can be
considered completely dissolved after 18 h. However, since the best mechanical performance was obtained after 14 h
the corresponding filaments were used in all further experiments. The reason for the strength enhancement may be
due to the ultra-fine structure existing in the undissolved BC as discussed above.
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3.3. Rheological behavior of the BC/DMAc/LiCl mixed solvent
Rheological behavior can be used to give an indication of the potential uses of a polymeric material and the
recorded data (Fig. 5a) shows plots of ηa against  of the BC solution at 25 ℃ (  is the shear rate and ηa is the

T

apparent viscosity) and indicates that the viscosity of the solution decreases with the increase of shear rate, which

CR
IP

shows typical shear thinning.

US

Fig. 5

AN

In Fig. 5b, the curve is divided into three sections for better analysis and Eq. (1) was calculated from the test

M

results. The curve in the low shear rate region shows that the non-Newtonian index (n) of the BC solution at 25 ℃

ED

is 0.9055 but as the shear rate increases and the curve becomes concave and the slope decreases. At the third stage,
in the high shear rate region, the data indicates the non-Newtonian index (n) dropped to 0.4778, which being much

PT

less than 1.0 suggests that the RBC spinning dope is a non-Newtonian pseudoplastic fluid, consistent with previous

CE

work [20]. Thus, the BC/DMAc/LiCl solution exhibits the requirements for wet spinning.

AC

3.4. Morphology analysis

Fig. 6

It can be seen that the morphology of BC changes considerably after regeneration where the BC has an integrated
3-D nanofiber network structure (Fig. 6a) while RBC film (Fig. 6b) has a dense structure since no porosity was
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observed even at a magnification of 10 000x. Fig. 6c and 6d show the RBC filaments, without and with stretching,
and both have obvious groove structures with a diameter of 50~60 µm possibly caused by the low solid content of
the spinning solution and interestingly, the groove structure after stretching was much more uniform. Fig. 6e and 6f

T

will be discussed in section (3.7 Enzymatic hydrolysis).

CR
IP

3.5. XRD analysis

US

Fig. 7

AN

XRD measurements were conducted on the BC nanofibers and RBC/BC microfilaments and the diffractograms,

M

shown in Fig. 7, indicate that significant changes have occurred in the crystal form of BC after regeneration. Three

ED

strong Bragg peaks at 2θ = 14.46°, 16. 85° and 22.62° which are indexed as the (100), (010) and (110) peaks of the
typical cellulose Iα form are observed, while the RBC/BC filament shows only two strong main peaks at about 2θ =

PT

12.58° and 20.40°. The peak at 12.58° represents (010) reflection, and actually, the peak at about 20.40° comprises

CE

the (100), (012) and (1-10) reflections with very strong contributions from (100) and (1-10). This is consistent with

AC

the peaks of the cellulose IIII crystal form with preferred orientation due to the stretching procedure during wet
spinning. It should be noted that the analysis of these results are based on the study of French [30].
Moreover, the degree of crystallinity was calculated from the X-ray diffractometer data (also shown in Fig. 7) and
it is clearly seen that the degree of crystallinity of BC is 60.29%, while that of the RBC/BC filaments has decreased
considerably to 33.22% perhaps due to crystallite growth after regeneration was incomplete. These results indicate
that the transformation from cellulose Iα to cellulose IIII occurred after the remodeling of BC and suffered a severe
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decline on the degree of crystallinity. It can be also noticed that the typical peaks of BC were not found, probably
because of the low BC content.
3.6. FTIR spectroscopy

T

The BC nanofiber membranes and RBC/BC microfilaments were characterized by FTIR (Fig. 8) performed in

CR
IP

order to elucidate whether the characteristic groups of BC have changed after regeneration. The absorption at 3385
cm–1 is due to the stretching vibration of –OH groups, including –CH2–OH and –CH–OH, and the band at 2900 cm–1

US

corresponds to aliphatic –C–H groups and the absorption band for C–H symmetric bending is seen around 1417 cm–1.
Additionally, a sharp peak at 1060 cm–1 reflects the skeletal vibration of the C–O–C pyranose ring. Thus, for both

AN

BC and RBC/BC, the identical characteristic peaks at 3385, 2920, 1630, 1417 and 1060 cm –1 can be easily found in

M

the spectra. However, there are apparent differences fingerprint region between 1350~650 cm–1 which may be caused

ED

by the absorption intensity of the characteristic band or the variation of crystal forms. Overall, these results indicate

Fig. 8
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CE

PT

that no chemical changes had occurred during the dissolution and coagulation processes [20,31].

3.7. Enzymatic hydrolysis
The DNS method [16] is used to determine the degree of enzyme degradation [31]. The hydrolysis profiles of the
BC slurry and the RBC/BC filaments using hydrolysis methods (1) and (2) (see section 2.10 above) are shown in Fig.
9a and 9b respectively and it can be seen that the rate of hydrolysis of the RBC/BC filaments is faster than the BC
slurry in both methods.
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Fig. 9

T

Fig. 9a shows that the amount of reducing sugar (RSA) produced from the RBC filaments is always higher than

CR
IP

from the BC slurry under every cellulase concentration. The RSA for the RBC/BC filaments was 85 mg while BC
slurry produced 60 mg when the cellulase concentration was 50 mg/mL. Similar results were found (Fig. 9b) when

US

both samples were subjected to hydrolysis over the same time (84 h) and in this instance the RBC/BC gave 62 mg
and the BC slurry 37 mg respectively.

AN

A number of factors, such as degree of polymerization (DP), crystallinity, accessible surface area and specific

M

surface area are known to affect hydrolysis [32]. As discussed above, the characteristics of BC including

ED

polymerization (DP), crystallinity and accessible surface area have changed dramatically after regeneration and as
the DP and crystallinity decreased, the accessible surface area increased. Hence, it is reasonable that the RSA of BC

PT

is greater than RBC/BC under the same conditions and consequently it can be inferred that the RBC/BC material is

CE

more easily degraded than the BC. Moreover, the morphology of the RBC/BC filament after enzymatic hydrolysis

AC

for 48 and 84 h, shown in Fig. 6e and 6f, has changed dramatically due to partial degradation.
3.8. Detection of residual solvent
As residual solvents (RS) and residual ions (RI) may represent a potential risk for human health due to their
toxicity and their undesirable side effects [33], an attempt was made to detect residuals, especially lithium ions in the
RBC/BC filaments. It has been reported that lithium can either inhibit or stimulate growth of normal [34,35] and
cancer cells [36,37] and has dose-dependent effects [38]. Lithium has a narrow therapeutic index, with therapeutic
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levels between 0.6 and 1.5 mEq/L [38,39] and because toxicity can occur at levels of >1.5 mEq/L, lithium levels
must be carefully monitored.. Thus, ICP detection (of Li ions) and GC-MS analysis (DMAc) were used to evaluate
the amount of the residuals in the RBC/BC filaments and this information provides novel, significant, data.

＋

T

3.8.1. ICP determination of the lithium ion concentration

CR
IP

ICP detection was used to determine the concentration of lithium ions (Li ) present [28,40] and the amounts found
in the RBC filament with and without post-treatment are 0.07 and 9.17 mg/g (w/w) respectively. Hence, this study
＋

in the RBC filament after treatment indicating that the

US

indicated that there is a very small amount of residual Li

M

3.8.2. GC-MS detection of DMAc concentration

AN

post-treatment process is very important for removing lithium from the RBC filaments.

ED

Fig. 10

PT

In the current work, a headspace gas chromatographic (HSGC) method was used for the determination of residual

CE

DMAc in the RBC/BC filaments and Fig. 10 shows the decrease in peak areas, of DMAc in filament samples: (S1)

AC

after pre-stretching bath, (S2) after sec-stretching bath and (S3) after post-treating process. According to the standard
curve of DMAc in acetone and its fitting formula (Y = 541741 X – 33861) the RBC/BC filaments still contained a
low amount of DMAc (46.04 µg/g) after pre-stretching bath and this decreased to 18.21 µg/g after the sec-stretching
bath and after post-treatment the content of DMAc further decreased to 8.51 µg/g This process improved the
biocompatibility of the RBC/BC filaments showing that the post-treatment is an effective way to reduce RS.
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3.9. Evaluation of In Vitro Cytocompatibility
For a biomaterial, it is important to evaluate cytocompatibility and several previous studies have indicated that BC
has good biocompatibility [41-43]. In this work, in vitro tests were performed on BC fragments and RBC/BC

T

filaments respectively, and the results are shown in Fig. 11 and Fig. 12. After incubation for 1, 3 and 5 days, the

CR
IP

L929 cells proliferated on different materials displayed significant dissimilarities (Fig. 11). Except for the filaments
without post-treatment, the cells on all other samples showed good proliferative results with increasing culture time.

US

It is obvious that apoptosis became more serious with the increase of culture time for the sample without
post-treatment. It can be preliminarily concluded that the residuals in the RBC/BC filament without post-treatment

M

AN

will lead to cell apoptosis.

Fig. 12

PT

ED

Fig. 11

CE

It is clearly evident (Fig. 12) that after incubation for 1, 3 and 5 days, the MTT absorbance of control, filaments

AC

with post-treatment and native BC fragments all enhanced with the increase of culture time. However, for the sample
without post-treatment, the MTT value increased slightly after 3 days of culture and then decreased on the fifth day
which is consistent with Fig. 11. Further, compared with the filaments with post-treatment and native BC fragments,
the MTT absorbance of the former was higher. The reason could be that the specific surface area of the filaments is
relatively large, more suitable for cell adhesion and proliferation, and the release amount of lithium is so low that it
does not inhibit the proliferation of L929 cells. Hence, it is necessary to remove the residuals in the RBC/BC fibers
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when using DMAc/LiCl as solvent. After removal of residual materials the RBC/BC filaments can promote adhesion
and proliferation of L929 cells and can be used as biomaterials.

T

4. Conclusions

CR
IP

In this work, a structure consisting of a more hyperfine and oriented nanofibril bundle of BC has been prepared
and shows high mechanical strength. A novel strategy of partially dissolving the BC was used and this vastly

US

enhanced the mechanical performance of the resulting spun RBC/BC filament. The RBC/BC filament both in the dry
state and wet state had the best mechanical performance when the dissolving time was 14 h. After dissolution and

AN

remodeling of the BC, the crystal form was transformed from cellulose Iα to cellulose IIII and the degree of

M

crystallinity of RBC/BC was much lower than the original BC. The RBC/BC material was more easily degraded

ED

enzymatically than BC due to decreased DP and crystallinity and increased accessible surface area. For the first time,
+

ICP detection and GC-MS analysis were used for evaluating the amount of Li and residual solvent (DMAc) in the
+

PT

RBC/BC filament and it was found that final filament product had a very low content of Li and DMAc and, using

CE

L929 cells in in-vitro cytocompatibility testing, no cytotoxicity was found for the final RBC/BC filaments. This

AC

study provides reference data to aid the development of biomedical and tissue engineering materials with high
mechanical strength with potential for further application as a biomaterial
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Fig. 1

AN

Fig. 1. The preparation strategy of strength enhanced RBC/BC microfilaments: Morphology transition from original
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BC nanofibers to RBC/BC microfilament.
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Fig. 2
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Fig. 2. TEM image of the acid-hydrolysis products of BC.

28

ACCEPTED MANUSCRIPT

CR
IP

T

Fig. 3
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Fig. 3. Optical micrographs during the swelling process of BC in the DMAc/LiCl solvent system: (a) 6 h; (b) 10 h
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and (c) 14 h.
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Fig. 4
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Fig. 4. Mechanical parameters of the RBC/BC filaments for (a) in dry state and (b) in wet state.
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Fig. 5

Fig. 5. Rheological behavior of 2% BC/DMAc/LiCl solution at 25 ℃ of (a) flow curves and (b) non-Newtonian
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index n.
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Fig. 6

Fig. 6. SEM images of the surface morphology of the (a) original BC nanofibers membrane (10000×); (b) recast
RBC film (10000×); (c) RBC microfilaments without stretching (1000×); (d) RBC microfilaments after stretching; (e)
RBC microfilaments degraded for 48 h (1000×); and (f) RBC microfilaments degraded for 84 h (1000×).
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Fig. 7. X-Ray diffractogram of BC nanofibers and RBC microfilaments.
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Fig. 8
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Fig. 8. FTIR spectra of the BC nanofibers and RBC/BC microfilaments.
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Fig. 9
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Fig. 9. Enzymatic hydrolysis of nanofibers and RBC microfilaments using (a) method (1) and (b) method (2).
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Fig. 10
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Fig. 10. GC-MS chromatogram of residual DMAc in the filament samples: (S1) after pre-stretching bath;(S2) after
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sec-stretching bath; and (S3) after post-treatment process.
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Fig. 11

Fig. 11. Microscopic images of L929 cells proliferated on different materials. The scale bar in each panel represents
200 μm.
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Fig. 12

Fig. 12. MTT Cell viability of the L929 cells on different materials. Data are reported as mean ± S.D. from six

PT

independent experiments. Data are annotated with * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 which were
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used to evaluate the significance of the experimental data.
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Highlights

1 Bacterial cellulose nanocrystals (BCNCs) with a highly oriented nanofibril bundle structure have been

T

prepared and investigated.

consisting of nanofibrils with diameters of just several nanometers.
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2 The structure of the BCNCs indicates that bacterial cellulose (BC) has a secondary hyperfine structure
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3 A novel strategy involving partial dissolution BC greatly enhanced the mechanical performance of the spun
filaments.
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4 An effective post-treatment process was utilized to remove residual solvents from the RBC/BC microfilaments
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to ensure biocompatibility.
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