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An aerobic, Gram-negative bacterium, Gluconacetobacter xylinus, was successfully employed to produce
a stretchable cellulose nanofiber pellicle using dissolved oxygen in a conventional cultured medium. The
obtained nanofibers were highly crystalline with the metastable cellulose I, phase being apparently the
dominant phase by more than 90%. The obtained pellicle could be stretched by up to 1.5 times to provide
oriented crystalline nanofibrous films. Low heating of the nanofibrous film induced the transformation
of the dominant cellulose I, crystalline phase into the Ig crystalline phase without a loss of crystallinity
or the high Young’s modulus. The film also exhibited unique and anisotropic viscoelastic and mechanical
properties as well as superior thermal stability compared with conventional high-performance synthetic
polymeric materials. In addition, when G. xylinus cells were transferred to the oriented surface after
stretched, they started to synthesize cellulose ribbons that parallel the nanofiber orientation of the sub-
strate. This function as a template was evidenced by direct video imaging of the motion of the bacteria.
The application of a bacterial culture using dissolved oxygen in the medium offers the fabrication of novel
anisotropic and nanofibrous scaffold of cellulose 1.
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1. Introduction

In culture medium, Gluconacetobacter xylinus (formerly Ace-
tobacter xylinum) secretes ribbon-like cellulose nanofibers of ca.
50nm in width and 10 nm in thickness. The cellulose nanofibers
undergo random movements of the bacterium during fiber secre-
tion to form three dimensional networks that result in gel-like
membranes called pellicles at the air/water interface. These pelli-
cles have been extensively studied as they are promising biobased
materials with versatile properties, e.g. biocompatibility (Helenius
et al., 2006), high water absorption capacity, high crystallinity,
and high mechanical strength (Yamanaka, Watanabe, & Kitamura,
1989). Further investigations have been carried out to open up
the application of such pellicles to other fields, including tissue
engineering (Bdckdahl, Esguerra, Delbro, Risberg, & Gatenholm,
2008; Bodin, Concaro, Brittberg, & Gatenholm, 2007), electronic
devices (Shah & Brown, 2005), emulsifiers (Blaker, Lee, Li, Menner,
& Bismarck, 2009), and nanocomposites (Yano et al., 2005). Most
of the above applications rely on the unique three-dimensional
“nanocellulose” network structure of the pellicle, as a key for
their function. The author has extensively studied their unique
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alignment process of microbial cellulose nanofibers on the scaffolds
(Kondo & Kasai, 2014; Kondo et al., 2002, 2012) and also proposed
preparation of the microbial single nanofibers (Kose & Kondo, 2013;
Kose, Kasai, & Kondo, 2011; Kose, Mitani, Kasai, & Kondo, 2011) to
probe further applications.

When G. xylinus is in the presence of D-glucose in the culture
medium (Hestrin & Schramm, 1954), two reactions proceed that
result in either cellulose or adenosine triphosphate (ATP) (Ross,
Mayer, & Benziman, 1991), as shown in Fig. 1. In both pathways,
D-glucose is initially converted into glucose-6-phosphate (Glc-6-P)
by glucokinase (Benziman & Rivetz, 1972). In the case of synthesiz-
ing cellulose, GIc-6-P is first transferred into uridine diphosphate
glucose (UDP-Glc), which is a precursor of polymerization (Swissa,
Aloni, Weinhouse, & Benizman, 1980). Cellulose is then synthesized
from UDP-Glc by cellulose synthesizing enzymes (CesA) in termi-
nal complexes (TCs) located on the outer membrane of the bacterial
body (Kimura, Chen, Saxena, Brown, & Itoh, 2001).

In the case of producing ATP, Glc-6-P ultimately produces CO,
and H,O after following the pentose phosphate (PP) pathway,
the tricarboxylic acid (TCA) cycle, and undergoing electron trans-
fer to produce ATP. In an alternative pathway, p-glucose is first
converted into gluconate-6-phosphate (gluconate-6-P) via glu-
conate without passing Glc-6-P, and then proceeds via the PP
pathway. It is noted that gluconate-6-P also converts into Glc-6-
P via fructose-6-phosphate (Fru-6-P) through the PP pathway and
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Fig. 1. A proposed pathway of glucose metabolism in G. xylinus (Benziman & Rivetz,
1972; Hestrin & Schramm, 1954; Kose & Kondo, 2013; Ross et al., 1991). The abbre-
viations used are as follows: Glc: glucose, Fru: fructose, PP: pentose phosphate, EM:
Embden-Meyerhof, and TCA: tricarboxylic acid.

the Embden-Meyerhof (EM) pathway. During the above energy
metabolism, G. xylinus requires an aerobic atmosphere, because any
oxygen that is introduced into a bacterial body acts as an electron
acceptor in the electron transfer system. If no oxygen is available for
use by G. xylinus, the nicotinamide adenine dinucleotide (NADH) in
the system is assumed to be present in a reduced form. It is thus
incapable of receiving electrons (not shown in Fig. 1), resulting in
an inability to produce ATP, thereby inducing an increase in the
consumption of D-glucose for synthesizing cellulose. Namely, an
oxygen atmosphere may be an important factor in determining the
consumption of D-glucose for either synthesizing cellulose or pro-
ducing ATP. To date, there have only been a few reports that have
focused on increasing the cellulose production yield by modulat-
ing the concentration of gaseous oxygen or dissolving oxygen in the
culture media (Bae & Shoda, 2005; Chao, Sugano, & Shoda, 2001;
Cheng, Wang, Chen, & Wu, 2002; Hwang, Yang, Hwang, Pyun, &
Kim, 1999; Naritomi et al., 2002; Setyawati, Chien, & Lee, 2007;
Vandamme, Baets, Vandaelen, Joris, & Wulf, 1998; Watanabe &
Yamanaka, 1995). However, none of these reports have investi-
gated in detail whether G. xylinus can synthesize cellulose using
only dissolved oxygen in the culture medium, instead of gaseous
oxygen from the atmosphere.

In this article, we attempted to incubate G. xylinus in an oxygen-
lacking, stressed environment to determine if the bacterium could
synthesize cellulose using the dissolved oxygen in the culture
medium. As a result, G. xylinus successfully secreted cellulose
nanofibers rich in the Iy crystalline phase for subsequent use in
formation of a unique pellicle, which can be stretched, exhibiting
advanced properties as described below.

2. Experimental
2.1. Materials

Components of the Schramm-Hestrin (SH) culture medium
(Hestrin & Schramm, 1954) were: D-glucose, citric acid and sodium
hydroxide of culture grade, which were purchased from Wako Pure
Chemical Industries Ltd., Osaka, Japan; disodium hydrogen phos-
phate heptahydrate of culture grade was purchased from Nacalai
Tesque, Shiga, Japan; and yeast extracts and peptone were provided
by Becton, Dickinson and Company, New Jersey, USA.
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Fig. 2. CP/MAS '3C NMR (a-c) and corresponding FTIR (d-f) spectra of the gel-like
cellulose pellicle formed in the culture medium: (a, d) culture medium only, (b, e)
culture medium covered with silicone oil, and (c, f) culture medium covered with
silicone oil after bubbling N, through the culture medium.

2.2. Bacterial culture using dissolved oxygen in a culture medium

G. xylinus (NQ-5: ATCC53582) was inoculated into a culture
medium in a sterilized cylindrical test tube, and statically cultured
at 30°C for 2 weeks to produce a normal culture. The SH culture
medium was covered with silicone oil (KF96 100 CS, Shin-Etsu
Chemical Co. Ltd., Tokyo, Japan) to prevent the G. xylinus inocu-
lated in the culture medium from being exposed to oxygen gas in
the atmosphere. To set up a further oxygen-lacking environment,
the culture medium was bubbled with nitrogen gas under a dimin-
ished pressure, prior to covering with the silicone oil. After 2 weeks’
incubation, a gel-like pellicle was formed at the interface between
the culture medium and the silicone oil (see Fig. 2b and c), simi-
lar to the pellicle formed in normal culture (Fig. 2a). The obtained
material was collected and washed with 0.1% aqueous NaOH solu-
tion at 80°C for 4 h, and then successively washed with water over
3 days to remove protein, bacterial cells, and other residues. After,
the purified material was dried at 130°C for 24 h (Tomita, Tsuji, &
Kondo, 2009) and then weighed. For viscoelastic measurements,
the sample was freeze-dried and subsequently fixed to a sample
holder. During the incubation, the dissolved oxygen level in the
culture medium was measured every second day using a dissolved
oxygen analyzer (OM-51, Horiba, Ltd., Kyoto, Japan).

2.3. Preparation of an oriented nanofibrous film

The gel-like pellicle obtained in the bacterial culture was uni-
axially drawn using a purpose-made manual stretching device as
follows: the sample was cut into strips of approximately 30 mm
length and 10 mm width. The specimens were then clamped in the
stretching device and elongated uniaxially at room temperature.
The drawing process was performed while the sample was kept
wet. Following air-drying of the stretched specimen with a fixed
state, it was dried at 130 °C for 24 h to completely remove any free
and absorbed water. Non-stretched samples were prepared as ref-
erences under the same drying procedure with a fixed state in the
device to prevent shrinking. For the viscoelastic measurements, the
same sample drying process was employed.
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2.4. Measurements

Prior to the following measurements, the sample specimens
were rapidly-frozen with liquid nitrogen to be provided for vacuum
freeze-drying.

Fourier transform infrared spectroscopy (FTIR). FTIR spectra
for the dried film samples were obtained using a FTIR-620 spec-
trophotometer (Jasco, Inc., Tokyo, Japan) equipped with a TGS
detector. Thirty-two FTIR spectra were collected at 2cm~! reso-
lution in the 4000 to 400 cm~! wavenumber region. To determine
the % crystalline fraction of the I, crystalline phase in the whole
cellulose crystalline phase, the characteristic IR absorption bands
(Sugiyama, Persson, & Chanzy, 1991) at 750cm™! for I, and at
710cm™! for Ig were deconvoluted by using a Gaussian-Lorentzian
curve fitting analysis until R? is over 99.9% (Kondo, 1997). The IR
index for the I, fraction (fir) was calculated based on the band
areas for la(A750) and IB(A710)’ anIR =A750/(A750 +A710) (Yamamoto,
Horii, & Hirai, 1996). The corresponding I, fraction was obtained
using our own equation described in the following section, which
was determined by the relationship between the I, fraction in the
IR spectra and the data obtained from solid state CP/MAS 13C NMR
measurements (fyvr) (Yamamoto et al., 1996).

Cross-polarization/magic angle spinning (CP/MAS) 13C NMR
measurements. The CP/MAS 13C NMR measurements of the same
sample specimens for the FTIR described above were performed
using a Chemagnetics CMX 300 spectrometer (Chemagnetics, USA)
operating at 75.5 MHz with a 4 mm MAS double resonance probe
and ZrO, rotors. The sample spinning frequency was 10 kHz, the
repetition time was 3 s and the cross-polarization (CP) contact time
was 1 ms. To determine the I, fraction in the whole cellulose crys-
talline phase, the characteristic 13C NMR signals due to the C;
carbons were deconvoluted by a Lorenzian curve fitting analysis
(Kataoka & Kondo, 1999; Yamamoto & Horii, 1993). The resulting
signal contained both one signal assigned to the I, crystal lattice
and two signals assigned to the Ig crystal lattice. The I fraction was
calculated according to the following equation:

Iy fraction signal areas assigned to I, crystalline phase
= i X
%(fNMR) total areas corresponding to I, and I phases

The equation showing the relationship between fig and fymg Was
obtained as:

fumr = 2.23 x fir — 0.19.

Scanning electron microscopy (SEM). All samples after rapidly
freeze-dried described above were coated with gold using an ion
sputterer (JFC-1100, JEOL Ltd., Tokyo, Japan) to achieve optimal
imaging results. SEM (JSM5600LV, JEOL Ltd., Tokyo, Japan) images
were acquired at the accelerating voltage of 15kV. The gel-like
materials were dehydrated using a series of aqueous ethanol solu-
tions: 30, 50, 70, 80, 90, and 100%, and eventually exchanged with
2-methyl-2-propanol, and dried prior to gold coating.

Transmission electron microscopy (TEM). The sample was cut
and homogenized at 2.0 x 10% rpm for 5 min using a homogenizer
(Physcotoron NS-51: Microtec Co. Ltd., Chiba, Japan) with ultrapure
water, resulting in dispersed small pieces of cellulose nanofiber pel-
licles in water (Kose et al.,, 2011b). The aqueous dispersion was
mounted on copper grids, air dried, and stained negatively with a
few drops of 2% uranium acetate/water solution prior to TEM obser-
vation (JEM-1010 JEOL, Tokyo, Japan) at the accelerating voltage
of 80 kV. The negative films of the acquired images were scanned,
digitized, and then the width of a single cellulose nanofiber was
measured using Scion Image software (Scion Corp., USA).

Orientation of nanofibers. The degree (D) of orientation of
the nanofibers was approximately calculated according to the

following equation using the collected SEM images of the individual
fibers:

180 — 0°
b=—%0

where 6 is the half width of the deviation degree relative to the
stretching direction. Nanofibers without stretching effects in the
SEM images were neglected.

Crystallinity and orientation of crystalline domains using wide
angle X-ray diffraction (WAXD). The crystallinity was calculated
according to the following expression:

total areas of typical crystalline diffraction peaks
total areas of crystalline and amorphous peaks

x 100

crystallinity /% =

To estimate the molecular orientation of the nanofibers in the
crystalline domains along the stretching direction, WAXD was
employed using nickel-filtered CuK,, radiation produced by a RINT-
2500HF X-Ray generator (Rigaku Mechatronics Co. Ltd., Tokyo,
Japan) with a 1-mm-diameter pinhole collimator at 40kV and
200 mA. WAXD intensity curves of the sample films were measured
by a transmission method using a scintillation counter with a scan-
ning rate of 0.5°/min. The angular range of the WAXD curves for the
equatorial scan to the stretching direction were 20 =5°-35°. The
orientation parameter of crystallites, i, for the stretched films was
estimated using the following equation (Togawa & Kondo, 1999).

180 H°
= 7180

where H is the half-width of the azimuthal intensity distribution
for the meridional reflection at the (004) plane.

Total molecular orientation using polarized FTIR. Polarized
FTIR was employed to evaluate the total molecular orientation in
the oriented nanofibrous films. Thirty-two polarized FTIR spectra
were obtained with 2cm~! resolution in the 4000 to 400 cm™!
wavenumber region. The orientation behavior of the main chains
was estimated from the dichroic ratios obtained at 1162 cm™!
because of the C-0-C asymmetric stretching vibration (Hishikawa,
Togawa, & Kondo, 2010). The ratios (R) were calculated in the same
manner as reported by Zbinden (Zbinden, 1964):

Ro AL

Ay
where A, is the absorbance obtained using radiation polarized per-
pendicularly to the stretching direction, and A, is the absorbance
obtained using radiation polarized parallel to the stretching direc-
tion.

Mechanical properties for film samples. To evaluate the
crosslinking population density of the cellulose nanofibers in the
obtained pellicle, the pellicle was compressed using a rheome-
ter (ARES, Rheometric Scientific, Inc., New Jersey, USA) to remove
free water before dynamic viscoelastic measurements. The relative
crosslinking population density among the samples was calculated
based on the saturated E’ values with elevating temperature using
the following equation derived from the theoretical equation of
rubbery elasticity (Nielsen & Landel, 1994):

L
= 3KNAT

(0.0 <R < )

where n is the apparent crosslinking population density, k is
Boltzmann'’s constant, N, is Avogadro’s constant, and T is the tem-
perature of the flat region for E'.

The change in E’ of the film samples under a fixed frequency
of 10Hz was also measured as a function of temperature using a
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dynamic viscoelastic measuring instrument equipped with an envi-
ronmental control system (DVA-200, IT Keisoku Co. Ltd., Osaka,
Japan). The heating rate was 5°C per minute from room temper-
ature to 300°C. The pellicles were freeze-dried and heated in a
dry oven at each selected temperature for 24 h before taking mea-
surements as described previously. Then, to examine the influence
of water vapor, the measurements were performed under various
relative humidity values (10, 30, 50, 70, and 90%). Soon after the
measurements, the samples were also subjected to both mechani-
cal strength and contact angle measurements.

The mechanical strength of the film samples was measured
using a tension tester (Strograph E-S, Toyo Seiki Seisaku-sho Ltd.,
Tokyo, Japan). The samples studied were 5 mm in width and 15 mm
in length. The measurements were performed at 5 mm/min of the
tension rate. The Young’s moduli were calculated from the obtained
stress—strain curves.

For contact angle measurements, a Drop Master DM-300
(Kyowa Interface Science Co. Ltd., Saitama, Japan) was used. A drop
of 1 wL ultrapure water was placed on the surface of the stretched
films in an ambient atmosphere of 25 °C and 60% of relative humid-
ity and kept there for 1s prior to the contact angle measurement.

The surface of the stretched films was observed using a
NanoScope Illa atomic force microscope (AFM, Veeco Instruments,
Inc., New York, USA) operated in tapping mode with a J-type
piezoelectric scanner and Tap300 metrology probes (single-crystal
silicon cantilevers; length: 125 wm, curvature radius: 5-10 nm,
spring constant: 40Nm~!, resonance frequency: 200-400 kHz,
Veeco Instruments, Inc.). AFM observations were performed in air
at room temperature and carried out at five different regions (scan
size: 5 wm x 5 wm) across the surface of each sample. The morpho-
logical data of the images were analyzed using the AFM-accessory
software (Nanoscope version 5.12b36).

3. Results and discussion

3.1. Characterization of gel-like pellicles secreted under an
oxygen-lacking environment

In a normal (uncovered) culture medium as a reference, G. xyli-
nus secreted cellulose nanofibers to form a pellicle at the interface
between the culture medium and air. When the bacteria were cul-
tured in a medium covered with silicone oil, a gel-like pellicle still
formed at the interface between the culture medium and the sili-
cone oil (see supporting data Figure 1b and c). This indicates that
G. xylinus could secrete cellulose nanofibers presumably using oxy-
gen that was dissolved in the culture medium. Therefore, changes
in the amounts of dissolved oxygen in the culture medium were
monitored during the bacterial culture. When the bacterium was
not inoculated in the culture medium, the amount of dissolved oxy-
gen in the culture medium was maintained without any significant
change, irrespective of whether it was covered with silicone oil or
not. On the other hand, the amount of dissolved oxygen in the cul-
ture medium was drastically decreased when inoculated with the
bacterium, and then reached to maintain at a certain low value less
than 2 mgL~! for all the systems (see supporting data Figure 1d and
e).

In a separate study, culture medium covered with silicone
oil was first purged with nitrogen gas to remove any dissolved
oxygen from the culture medium. After purging, subsequent mea-
surements of the oxygen level in the culture medium showed
an increase in the amount of dissolved oxygen, suggesting that
gaseous oxygen permeates from the ambient atmosphere through
the silicone oil to dissolve into the culture medium (as repre-
sented by the open triangles in supporting data Figure 1d and
e). It was likely to that the atmospheric oxygen were gradually

penetrating and dissolving into the culture medium to recover to a
certain level of the dissolved amount. The changing behavior of the
dissolved oxygen in the culture medium before and after inocula-
tion with G. xylinus indicated that the G. xylinus bacterium survived
atleastin the dissolved oxygen in the culture medium, although the
decrease in dissolved oxygen was not simply due to only the bacte-
rial consumption. In the culture medium covered with silicone oil,
G. xylinus used the dissolved oxygen in the culture medium and any
gaseous oxygen present in the ambient atmosphere to stay alive.

The pH values in the uncovered and covered culture media fell
to acidic values of 4 and 5 (data not shown), respectively. This indi-
cates that the bacterium can still produce acetic acid irrespective of
whether the dissolved oxygen in the culture medium is used. The
observed difference between the two pH values might be caused
as a result of the smaller volume of ATP produced by the bacterium
in the oxygen-lacking environment (see Fig. 1). G. xylinus with a
low yield of ATP to result in having a lower activity appeared to
grow slower in this anaerobic conditions, and thus one could easily
assume the lower population in this culture because of the lower
density of crosslinking of bacterial nanofibers, although the bac-
terial populations were not correctly measured. It should be also
referred that as atmospheric O, was permeable through the sili-
cone oil layer, this would be a most probable cause for the observed
changes in pH.

Fig. 2 shows the CP/MAS 3C NMR spectra (a-c) of the gel-like
cellulose pellicle in the 110-100 ppm range and the FTIR spectra
(d-f) in the 800-650cm~"! range. The CP/MAS 3C NMR and FTIR
measurements confirm that all the nanofibrous films consist of cel-
lulose I nanofibers (Atalla & VanderHart, 1984; Marrinan & Mann,
1956; VanderHart & Atalla, 1984), supporting the observation that
G. xylinus can synthesize cellulose nanofibers even using oxygen
dissolved in the culture medium. It should be noted that the cel-
lulose pellicle produced under an oxygen-lacking environment is
rich (90%) in the metastable cellulose I, fraction, which was much
higher when compared with the 70% value from the nanofibers
secreted in the control culture. The physical properties are listed in
Table 1.

To understand why the cellulose I, crystalline phase is richer
in the oxygen-lacking environment, we hypothesize that the rate
of synthesizing cellulose increases as a result of stress-response
behavior, and that the stronger secretion induced by the increasing
rate results in the formation of the metastable cellulose I, crys-
talline phase (Horii, Yamamoto, Kitamaru, Tanahashi, & Higuchi,
1987; Kataoka & Kondo, 1996, 1998; Sugiyama, Okano, Yamamoto,
& Horii, 1990; Sugiyama et al., 1991; Yamamoto & Horii, 1994).
The increase in the I, fraction implies, to some extent, that stress
induced during the crystallization phase, results in the formation
of the metastable triclinic I, crystalline phase. An oxygen-lacking
environment might preferentially induce the consumption of p-
glucose for synthesizing cellulose. Then, the rate of synthesizing
cellulose may increase during the initial stage, causing more stress
to be exerted than usual. This can contribute, more or less, to the
nascent cellulose being crystallized in the meta-stable triclinic Iy
crystalline phase. Further investigation is required for determin-
ing the initial rate during the cellulose nanofiber secretion. The
obtained microbial cellulose (MC) pellicle having a richer cellulose
I, crystalline phase is most probably biocompatible and can be used
in a variety of medicinal applications (Bodin et al., 2007; Backdahl
et al., 2008).

The cellulose pellicle produced using a normal culture as the
reference was made up of cellulose nanofibers, as shown in Fig. 3a.
The cellulose pellicles formed in culture media covered with sili-
cone oil also formed nanofibrous network structures, as shown in
Fig. 3band c. This shows that G. xylinus produces cellulose nanofiber
networks even in a sealed environment void of any atmospheric
oxygen, and that it relies on the dissolved oxygen in the culture
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Table 1
The fraction of cellulose I, crystalline phase determined by CP/MAS 3C NMR spectra, together with other related physical values of the MC pellicle formed in each culture
medium.

MC pellicle a b c

I, fraction (%) 70 92 88

Relative dry weight (%) 100 9 11

Crosslinking density (10~! molcm~3) 4.804+0.76 317+1.17 3.07+0.26

Fiber width (nm) 67 +£24 47 +£16 45+14

" MC pellicle formed in the culture medium: (a) non-covered, (b) covered with silicone oil and (c) covered with silicone oil after N, babbling.

Fig. 3. Scanning electron microscopic (SEM) images of the cellulose pellicle formed
in the culture medium: (a) culture medium only, (b) culture medium covered with
silicone oil, and (c) culture medium covered with silicone oil after bubbling N,
through the culture medium. The insets indicate the transmission electron micro-
scopic (TEM) images of the single cellulose nanofibers produced in the individual
culture medium.

medium. However, when compared with the control sample, the
nanofibers used to form the pellicles in the culture medium covered
with silicone oil appeared to be less densely populated and thin-
ner (see the corresponding figures). The single cellulose nanofibers
produced in the oxygen-lacking environment exhibit widths of less
than two thirds (ca. 45 nm) that of the widths of normal nanofibers,
as shown in the TEM image (see inset in Fig. 3).

Table 1 lists the relative dry weights and crosslinking popula-
tion densities of the nanofibers for each pellicle. The relative dry
weight of the pellicle in this study corresponded to about one-tenth
of the control sample. This may be because a sufficient amount
of ATP required for the synthesis might not be generated using
the dissolved oxygen in the culture medium, thereby causing the

bacterial activity to be unstable. The apparent crosslinking popu-
lation density of the nanofibers was lower than that of the control
sample, as supported by the corresponding SEM images (see Fig. 3b
and c). Namely, fewer and thinner nanofibers were secreted by G.
xylinus using the dissolved oxygen in the culture medium, result-
ing in the formation of fewer crosslinkages. These results indicated
that the oxygen-lacking environment might reduce the activity of
the terminal complexes (TCs) located on the outer membrane of
the bacterial body, which are aggregates of cellulose synthesizing
enzymes designed to secrete the sub-elementary fibrils.

3.2. Orientation and induced physical properties of the stretched
films

To date, the cellulose pellicles produced by G. xylinus under the
SH culture media have been incapable of being stretched because
of the high crosslinking population density of the nanofibers. The
nanocellulose pellicles obtained in an oxygen-lacking environment
could be uniaxially stretched because of the fewer and thinner
nanofibrous crosslinkages. In practice, the nanocellulose pellicles
could be uniaxially stretched by up to 1.5 times using a purpose-
made stretching device. The scanning electron microscopy (SEM)
image (Fig. 4b) of the stretched cellulose pellicle as a fibrous film
is compared with the initial film (Fig. 4a) prior to stretching. As a
result of the uniaxial stretching, the random fiber-arrangement was
well-oriented along the stretching direction, although some non-
oriented fibers still remained. The value of D, the apparent degree of
orientation of the nanofibers, reached over 90% statistically (in the
limited more than 50 areas stretched) based on the fiber-aligned
SEM image.

The WAXD images of the corresponding samples exhibited a
slight change in the diffraction pattern of the very thin nanofibrous
film when compared before (c) and after (d) stretching (Bohn, Fink,
Ganster, & Pinnow, 2000). The diffraction pattern (d) of the nanofi-
brous film after stretching still showed a broad arc, indicating the
formation of fairly disordered crystalline domains in the fibrous
film. The value of 7 as the degree of orientation of the crystalline
domains, which is a lower hierarchical level than the nanofiber
level, was calculated to be 74%. The disarray of nanofiber affects the
order of the crystalline domains more than the hierarchical level of
the crystalline domains. This detailed information, together with
supporting data based on the AFM image (see Fig. 4f), indicates
that although there was a high tendency of nanofiber orientation,
the direction was not perfectly uniaxial. Presumably, a small angle
X-ray diffraction study of the same sample, which could reveal the
larger scaled orientation, would correspond well to the SEM image
results. In addition, both WAXD diffraction profiles exhibited three
typical diffraction peaks assigned to the native cellulose crystalline
lattice. The degree of crystallinity of the stretched nanofibrous film
was calculated to be 86%, which is almost identical to that for the
non-stretched samples.

The polarized FTIR spectra obtained for the stretched film imply
the further lower scale than the order of crystalline domains;
namely, a molecular orientation level. In the absorption band
at 1162cm~! because of C-0O-C asymmetric stretching of the
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Fig. 4. Scanning electron microscopic (SEM) images (a, b) and WAXD images (c, d) of the cellulose pellicle sample (a, c) and nanofibrous films stretched by up to 1.5 times
(b, d). The white arrow in (b) indicates the stretching direction. (e) WAXD intensity curves in equatorial and meridional directions for nanofibrous films stretched by up to
1.5 times (b, d). (f) The bridge C-O-C stretching band (1162 cm~") in the polarized infrared spectra for the stretched film; the upper line (//) represents the electric vector
parallel to the stretching direction and the bottom line (L) represents the electric vector perpendicular to the stretching direction. (g) AFM surface image of the stretched

cellulose pellicle. Scale bar indicates 200 nm.

glucosidic linkage, the absorbance produced by the radiation polar-
ized parallel to the stretching direction (A;;) was higher than that for
the absorbance produced by the radiation polarized perpendicular
to the stretching direction (A, ) (see Fig. 4e). The intensity ratio, R, of
the above peaks, was calculated to be 0.62. This value indicates that
the uniaxial stretching of the cellulose pellicle by up to 1.5 times
enhanced the orientation of the main chains toward the stretching
direction. However, the degree of orientation at this scale was also
lower than that of the nanofibers based on the SEM observation.
The disarrangement of nanofibers in the stretched pellicle is also
likely to attribute to this inconsistency.

3.3. Physical properties of stretched nanofibrous films

The storage moduli, E’, values of the cellulose nanofibrous films
before and after stretching maintained a constant value of ca.
3.0GPa with elevating temperature under a fixed frequency, as
shownin Fig. 5a. The E’ value of the film samples indicated the supe-
rior thermal stability of the cellulose nanofibrous films, regardless
of the fiber orientation. The negligible difference in the E’ values
between the unstretched and stretched films indicated that the E’
value strongly depends on the initial population of crosslinkages of
the nanofibers. In addition, the E’ value obtained for the cellulose
nanofibrous films after stretching exhibited a significant change
more remarkably in the tan § curve at 230°C.

A marked difference was discovered in the change in % crys-
talline fraction of allomorphs of the cellulose nanofibers with
increasing atmospheric temperature. Fig. 5b shows the changes of
the I, crystalline fraction in the cellulose nanofibers obtained in

this study with elevating temperature. The % crystalline fraction of
cellulose I in the cellulose nanofibers rapidly decreased from 90%
to 75% as the temperature was increased from room temperature
to over 80 °C. The % crystalline fraction of the cellulose I, crystalline
phase in the cellulose nanofibers for the normal cellulose pellicle
was maintained at ca. 75% in the same temperature range. This
may be because of the thinner cellulose nanofibers obtained in this
study, which are more readily susceptible to changes in thermal
conductivity, and/or changes in morphology, including crystalline
allomorphs.

Interestingly, it was observed that a decrease in the crystalline
% fraction of the Iy crystalline phase in the cellulose nanofibers
obtained in this study hardly occurred in the temperature range
from 80 °C until 150 °C. At temperatures over 150 °C, the crystalline
% fraction of the I, crystalline phase in the sample exhibited a simi-
lar decreasing behavior to that in the normal cultured sample. Then,
a further marked decrease in the I, crystalline phase occurred at
230°C, corresponding to the change in tan § at 230°C. On the other
hand, the change in the crystalline % fraction of the cellulose I
crystalline phase in the cellulose nanofibers obtained in this study
corresponded in an opposite manner to that of the I, crystalline
fraction; namely, an increase from ca. 10% to 40% occurred with ele-
vating temperature from 25 °C to 230 °C. Eventually, the crystalline
% fraction of the Ig crystalline phase in the cellulose nanofibers
obtained in this study superseded the crystalline % fraction of the
I, crystalline phase. During the crystalline transformation, the total
crystallinity in the nanofibers was not significantly changed as
ca. 90% with elevating temperature up to 300 °C. In addition, the
CP/MAS 13C NMR spectrum of the stretched cellulose nanofibrous
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Fig. 5. (a) Temperature dependence of the dynamic viscoelastic properties (E'
and tan§) of an unstretched nanofibrous film (dashed line) in comparison to the
stretched film (continuous line) together with WAXD images for the drawn films (i)
before heating and after heating at (ii) 230 °C and (iii) 300 °C. (b) The corresponding
crystalline transformation in the nanofibrous film from the I, crystalline phase to
the Ig crystalline phase with increasing temperature together with changes in the
crystallinity and Ig crystalline phases of the cellulose pellicle produced in the culture
medium covered with silicone oil (open circle, triangle and square) and non-covered
(solid circle, and triangle). (c) The corresponding change in water contact angle on
the surfaces of the stretched cellulose nanofibrous films.

film obtained after heating at 300 °C exhibited a line-broadening of
the corresponding chemical shifts for the C-1, C-4 and C-6 carbons
of the anhydroglucose unit (see Supporting Figure 1d), indicating
that carbonization of the crystalline domains into graphite might
have occurred, together with partial thermal degradation.

These behaviors may be attributed to a four-fold phenomenon:
(i) the elevated temperature allowed the meta-stable I, crystalline
phase to transform into the cellulose Ig crystalline phase (Wada,
Kondo, & Okano, 2003; Yamamoto & Horii, 1993). (ii) The trans-
formation from the cellulose I, crystalline phase to Ig occurred
at the nanofiber surface. (iii) The cellulose I, crystalline phase
of the nanofibers cultured under the present condition, was less
stable, resulting in crystalline transformation being more prefer-
ably induced under 80 °C, resulting in the nanofiber surface being
covered with the more stable cellulose Ig crystalline phase. (iv)
At 230°C, thermal expansion (Wada, 2002) of the crystalline lat-
tice including the inner crystalline domains might start to occur,
encouraging the drastic transformation from the I, crystalline
phase to the Ig crystalline phase. Based on the above, it is consid-
ered that the microbial cellulose nanofibers produced by G. xylinus
when cultured using dissolved oxygen in the culture medium are
a new type of nanofiber that exhibits a different thermal response
to those produced using normal bacterial cultures to date.

Considering the storage elastic moduli, E’, values along the
stretching direction depending upon the % crystalline fraction
of the cellulose I, crystalline phase with heating, together with

the corresponding Young’s moduli values (see Supporting Table),
the E’' values maintained almost the same value after heating
as stated above. Meanwhile, the Young’s modulus changed with
heating temperature. Before heating, the Young’s modulus of
the nanofibrous film stretched up to 1.5 times was ca. 7.0GPa,
which is about three times greater than that of the non-stretched
transparent nanofibrous film. This Young’s modulus value is com-
parable to that of a conventional poly(ethylene terephthalate) film
stretched up to 4 times (Kunugi, Ichinose, & Suzuki, 1986). Then,
during heating to 230°C, the Young’s modulus of the stretched
nanofibrous film increased to 12.0 GPa. The obtained results indi-
cate that the increase in Young’s modulus is strongly dependent
on the % crystalline fraction of the I, crystalline phase in the
nanofibers. Finally, the Young’s modulus decreased to ca. 4.7 GPa
until 300°C. The stretched nanofibrous film gradually darkened
in color as the temperature changed from 230°C to 300°C. Thus,
it was considered that carbonization of the stretched nanofi-
brous film occurred, to some extent, from around 230 °C onwards,
as supported by the CP/MAS 3C NMR results as stated previ-
ously. This stretched cellulose nanofibrous film is comparable
to conventional high-performance synthetic polymeric materials
having good mechanical properties (Brandrup & Immergut, 1989;
Takayanagi, 1967) (see Supporting Figure 3a). However, such mate-
rials cannot often maintain such physical properties under high
temperature (Supporting Figure 3b). Therefore, it should be empha-
sized that the well-oriented cellulose nanofibrous film prepared
from the microbial gel-like material in this study, which is more
than 90% rich in the cellulose I, crystalline phase, exhibits a supe-
rior thermal stability to conventional high-performance synthetic
polymeric materials.

Fig. 6¢ shows the observed change in contact angle on the sur-
face of the stretched cellulose nanofibrous films, accompanied by
the transformation of the I crystalline phase with elevating tem-
perature. When the film was heated to less than 100 °C, the value of
the contact angles was maintained at ca. 15°. However, the contact
angle increased drastically when heated to 150°C. This indicates
that heating over 130°C completely dried the film samples by
removal of free and absorbed water (Tomita et al., 2009). At temper-
atures over 150 °C, the contact angle decreased slightly until 300 °C.
In addition, the AFM observation of the film surface indicated that
there was no significant contribution of surface roughness (RMS:
40nm) to the change in contact angle. Therefore, the change in
the contact angle was likely due to the crystalline transformation
from the cellulose I crystalline phase to the Ig crystalline phase on
the nanofiber surface. Namely, the film surface consisting of fibers
adopting the cellulose Ig crystalline phase is more hydrophobic
than the film surface consisting of fibers adopting the I, crystalline
phase.

Dependence of physical properties of stretched films on rel-
ative humidity. To examine the influence of water vapor on the
physical properties of the cellulose nanofibrous films described
above, the corresponding measurements were also performed
under desired relative humidity. Prior to the influence of water
vapor, the mechanical strength of the nanofibrous film was found
to be fairly weak (see Fig. 7d) when compared with that for the nor-
mal pellicle produced by G. xylinus. This could be due to the lower
population density of the thinner nanofibers in the present sample
as compared with the normal sample, which also contributes to a
reduced likelihood of the nanofibers engaging in the formation of
crosslinkages in the nanofibrous film. This relationship, including
the biosynthesis of nanocellulose from the bacterium under this
oxygen-lacking environment, should require more detailed inves-
tigation.

Fig. 6 shows the changes in values of the storage elastic modulus,
E’, contact angle, Young’s modulus, and tensile strength, as well as
the elongation at break value, of the nanofibrous films according to
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the relative humidity in the atmosphere. According to the contact
angle measurements in Fig. 6¢, the film surface may become some-
how wet, thereby resulting in a slight decrease of the angle under
less than 30% humidity, before becoming saturated. This wettability
affected the E’ value, and Young’s modulus possibly from 10 to 30%
of the relative humidity as seen in Fig. 63, ¢, and d. The stretched cel-
lulose microbial nanofibrous film did not exhibit a drastic change
in any of the range of measurements made from 10 to 90% humid-
ity, except for the case at 50% humidity. We have not yet found a
reasonable explanation for the particular 50% case, but one possi-
bility is due to the heterogeneity in the film thickness that could
make the properties deviate greatly. Considering the above, after
the cellulose nanofibrous film was completely dried at 130°C, the
oriented nanofibrous film is no longer influenced by ambient water
vapor.

3.4. Anisotropic properties of stretched nanofibrous films as a
template for 3D-fabrication using biological systems

As stated previously, the microbial cellulose nanofibers in the
stretched nanofibrous film are apparently well oriented. Therefore,
anisotropy in the viscoelastic and mechanical properties was exam-
ined at directions both parallel and perpendicular (see the inserted
sketchin Fig. 7) to the stretching direction. The E’ value (Fig. 7a) and
Young’s modulus (Fig. 7b) were higher in the parallel direction than
in the perpendicular direction, by more than one hundred times and
ten times, respectively. It is noted that the degree of difference in
the elongation at break value for the perpendicular direction was
much greater than that for the tensile strength value. These results
indicated that the obtained nanofibrous film was fairly flexible,
although it showed anisotropic effects (see the photo in Fig. 7).
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In relation to our previous studies (Higashi & Kondo, 2012;
Kondo & Kasai, 2014; Kondo et al., 2002, 2012; Seyama, Suh, &
Kondo, 2013) on nematic ordered cellulose (NOC) as a template
for 3D-fabrication using biological systems, the obtained oriented
nanofibrous film was examined as a template for epitaxial depo-
sition of nanofibers secreted by G. xylinus. When active G. xylinus
cells were transferred to the oriented surface, they started to syn-
thesize cellulose ribbons that parallel the nanofiber orientation of
the substrate. This was evidenced by direct video imaging of the
motion of the bacterium as it synthesized the cellulose ribbon. The
cell movement (at a constant rate of 3.2 ummin~! at 24°C) was
the result of an inverse force imposed by the directed polymer-
ization and crystallization of the cellulose along the orientation
direction as the track of the nanofibers. The rate of 3.2 wm min~!
was faster than 2.4 um min—! on the non-stretched film, but slower
than 4.5 wum min~! for nematic ordered cellulose (NOC) templates
(Kondo et al., 2002) at the same surrounding temperature. This
bio-directed epitaxial nano-deposition could be studied over time.

It is noted that the bacterium moving along the nanofiber tracks
rotated the head, but the tail appeared to be attached the tracks
to continue the moving (see Supporting Figure 4). The results
indicated that the secreted nanofiber from the bacterium was selec-
tively attached to the oriented nanofiber on the stretched template
to induce the controlled direction of the movement (Kondo et al.,
2002, 2012). Namely, G. xylinus results in moving with secretion of
a cellulose nanofiber along the nanofibrous track on the stretched
film. Accordingly, the obtained oriented nanofibrous film can be
expected as a template or scaffolds for 3D-fabrication using biolog-
ical systems, similar to NOC film template as previously reported
(Higashi & Kondo, 2012; Kondo & Kasai, 2014; Kondo et al., 2002,
2012; Seyama et al., 2013).

4. Conclusion

A new type of cellulose nanofiber pellicle was produced by G.
xylinus using oxygen dissolved in the culture medium, instead of
gaseous oxygen drawn from the atmosphere. The highly crystal-
lized cellulose nanofibers, which were up to two thirds thinner
than the cellulose nanofibers secreted by G. xylinus cultured in nor-
mal SH culture medium, were found to be dominantly composed of
(ca. 90% fraction) the cellulose I, crystalline phase. Moreover, the
resulting cellulose pellicle could be stretched by up to 1.5 times due
to the lower crosslinking density of cellulose nanofibers, resulting
in a uniaxially well-oriented nanofibrous film. This film exhibited
various unique characteristics including good thermal stability and
anisotropy in both its viscoelastic and mechanical properties, which
arerelated to the surface wettability, and presumably accompanied
by a preferable thermal transformation of the crystalline form from
the rich cellulose I, crystalline phase to the Ig crystalline phase.

In the present study, we also want to emphasize that as a low-
energy process, the microbial fabrication under an oxygen-lacking,
stressed environment could offer a promising nanofibrous film rich
in the cellulose I, crystalline phase, which opens up the potential
of this nanofibrous film for application as a scaffold, reinforcement
material, or other structural material.
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