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1. Introduction

Native cellulose crystals are now generally
recognized to be composite crystals basically
comprising two allomorphs, cellulose I, and I,
although the I/Isratio varies depending on the
cellulose source. This dual allomorph structure
was first proposed and confirmed on the basis
of experimental results derived primarily from
solid-state 13C NMR
spectroscopy!®. The crystal structures of the I,

high-resolution

and I; forms, including the coordinates of
hydrogen atoms and hydrogen bonding, were
determined by detailed wide-angle X-ray and
neutron diffraction analyses®7. Moreover, using
bacterial cellulose as a model system for the
crystallization process of cellulose I, and Ij it
was proposed that cellulose I, may be
crystallized under high shear stress, whereas
cellulose I is formed in the absence of shear
stress or under a low degree of shear stress®810,
However, in order to further elucidate the
mechanism underlying crystallization in native
cellulose, the structure of superfine fibrous
aggregates, called
sub-elementary fibrils (SEFs), produced after

the biosynthesis prior to the occurrence of the

cellulose which are

crystallization, must be characterized.

In the case of bacterial cellulose produced by
the cultivation of Acetobacter xylinum,
approximately 16 parallel cellulose chains are
thought to be spun out from each synthetic site
(called a terminal complex (T'C) subunit) into

the culture medium, as a very thin fibrous

material called SEF12, Given that about 100
TC subunits are fixed as a linear array on the
cell surface along the longitudinal body axis,
several SEFs aggregate on each other to form a
microfibril and the respective microfibrils
further aggregate to form a twisting ribbon
ribbon assemblies thus

assembly. Finally,

produced from the individual cells form

three-dimensional networks and cellulose
hydrogels with water content higher than 99 %
are produced on the surface of the culture
medium. Crystallization into cellulose I, and I
allomorphs occurs during the aggregation of the
SEFs in the early stages of this hierarchical
structure formation process>810, However, it is
also well known that the SEF aggregation
process that results in crystallization is
effectively suppressed by the addition of a
suitable amount of fluorescent brightener (FB)
to the culture medium?1.1318, Such suppression
of SEF aggregation may result from the
adsorption of FB molecules onto the surface of
individual SEF moieties!l131417, [golation of
uncrystallized SEF moieties thus becomes
possible when A. xylinum is incubated in a
culture medium containing FB.

On the isolation of the uncrystallized SEFs,
the efficacy of the removal of excess FB by
washing the incubation products with media at
different pH values is still controversial as
described in the previous studies!'21519. More
importantly, certain changes in the SEF

structure may be unexpectedly induced by the



possible formation of complexes between SEFs
and FB molecules depending on the washing
In fact, the

preliminary experiments indicated the actual

conditions. results of our
changes in the structure of SEFs over time,
tentatively attributed to the formation of
complexes with FB molecules in the alkaline
aqueous medium. This medium has been
frequently employed for washing the
incubation products in previous studies!®20,
including the previous CP/MAS 13C NMR
study!®. The occurrence of the unexpected
structural change necessitates the
establishment of a protocol for isolating SEFs
without inducing significant structural change,
to accurately characterize the uncrystallized
SEF's prior to their crystallization into cellulose
I, which is the primary objective of this study.
This paper first examines some experimental
conditions for the isolation of SEFs from the
incubation product of A. xylinum, prepared by
standard incubation in a culture medium
containing FB. In particular, the removal of
excess FB molecules and excessive bacterial
cells is carefully examined. Next, the structure
of the SEFs successfully isolated without
significant structural change is characterized in
the never-dried state to suppress any further
structural changes induced by drying, mainly
using high-resolution solid-state 3C NMR
spectroscopy, because the previous CP/MAS 13C
NMR study!® was for the complexes between
the SEFs and FB molecules unexpectedly
produced during the isolation process judging
from our present knowledge. Following the
final confirmation that cellulose I crystals are
formed from the SEFs after extraction of the
FB molecules that may adhere to the surface of
the SEFs, the crystallization process of the
SEFs into cellulose I, and Iy is discussed by

considering their liquid crystal-like structure.

2. Experimental
2.1. Preparation of resting cells of A. xylinum

Two or three single smooth colonies of A.
xylinum (strain ATCC 23769) produced on an
agar medium were inoculated into 50 ml of a
Hestrin and Schramm (HS) medium?! in a
glass bottle, and static
performed at 28 °C for 4 days. A pellicle of
cellulose floating on the surface of the medium

Incubation was

was squeezed into a small beaker by using a
pair of sterilized wooden chopsticks, to release
the cells. 10 ml of the cell suspension thus
obtained was added to 100 ml of the fresh HS
medium in a Roux bottle, and the incubation
was carried out in the static state at 28 °C for 2
days. A series of these operations using the
pellicles produced in Roux bottles were
repeated at least two times to fully activate the
cells. The finally obtained pellicle was soaked in
three fresh batches of cold 10 mM
citrate-phosphate buffer (pH 7) for 5-min
periods to remove the HS medium. The cell
suspension was squeezed from the purified
pellicle and filtered through two layers of moist
Miracloth. The suspension thus prepared was
used as a resting cell suspension for the

following experiments.

2.2. Preparation of SEF's for WAXD

10 ml of the resting cell suspension was
added to 100 ml of the HS medium (whose pH
was adjusted to 7) that contained 0-250 M
fluorescent brightener (4,4'-bis[4-anilino-
6-bis(2-hydroxylethyl)-amino-1,3,5-triazin-2-yla
mino]-2,2-stilbenedisulfonate) (FB),
which was provided by Nippon Kayaku, Co.
Ltd., in a Roux bottle and static incubation was
performed in the dark at 28 °C for 24 h. The
incubation was terminated by the addition of
10 ml of 0.37 M sodium azide aqueous solution.
The gel-like product was gently soaked for 1-24
h in distilled water or in a citrate-phosphate
buffer solution adjusted to a given pH to
remove the excess FB; the medium was
replaced with a fresh batch every 8 h. In
addition,
conducted by using citrate-phosphate buffer

similar operations were also



solutions of various pH, containing 1 wt%
sodium dodecyl sulfate (SDS). Finally, each
product was immersed in distilled water for
10-30 s and freeze-dried for WAXD
measurements. All operations associated with
the FB, including the following, were carried
out under an atmosphere of UV ray cut.

2.3. Preparation of SEF's for TEM observations

A 3 4l aliquot of the resting cell suspension
was added to 3 g of the culture medium
containing FB on a Formvar/carbon-coated
TEM grid and incubated at 28 °C for 30 min.
The product on the grid was gently washed two
times for 5-6 s with distilled water or a
citrate-phosphate buffer solution that had a
specific pH and that contained 1 wt% SDS. The
grid was negatively stained with a 1 wt%
uranyl acetate aqueous solution containing 0.1
mg/ml Bacitracin and dried in air for TEM
Another SEF
prepared in a Roux bottle for 1 day using the

observations. sample was
same procedure as that for the preparation of
the WAXD samples. The product was soaked
for 24 h in three fresh batches of pH 7
citrate-phosphate buffer solution containing 1
wt% SDS. Then, it was washed twice for 5-6 s
with distilled water, put on a TEM grid, and
negatively stained for TEM observations.

2.4. Preparation of SEFs for solid-state 13C
NMR measurements

In order to obtain a sufficient quantity of
SEFs for the solid-state 13C NMR analysis
(several tens of milligrams), incubation was
carried out in 32 Roux bottles for 1 day using a
procedure to that wused in the
preparation of the WAXD samples, with the
exception that a mixture of 90% normal glucose
and 10% 13C 99%-enriched Dglucose was used

as a carbon source. In this case, the total

similar

concentration of [rglucose in the HS medium
was reduced to 0.25 wt% instead of 1 wt%.
Prior to performing the NMR measurements,

the sample volume was significantly reduced by

removing a large number of the A. xylinum
cells grown for 1 day in the 32 Roux bottles
along with the excess FB. The products were
soaked for 24 h in three fresh batches of the pH
7 or 5 citrate-phosphate buffer solution
containing 1 wt% SDS. Each sample was
washed twice for 5-6 s with distilled water and
then left in a half-closed glass bottle to adjust
the water content to about 0.7 g/g-cellulose by
slowly evaporating the water for 1-2 days.
Finally, each never-dried sample was packed
into a magic angle spinning (MAS) rotor with
an O-ring seal32223 or with Teflon spacers
having several grooves for sealing, which were
provided by Phi
(http://www4.plala.or.jp/phicre/), to keep the

Creative, Inc.

water content constant during the NMR
measurements.
13C-enriched SEF

sample was prepared separately in the same

In addition, another
way and washed with the pH 7 buffer solution
containing 1 wt% SDS. This sample was
further subjected to solvent extraction to fully
remove the FB molecules and to induce the
crystallization of SEFs. Solvent extraction was
carried out by boiling the sample in 70 v/v%
ethanol for 18 h. Fresh medium was utilized
every 3 h. The sample was then boiled in 0.1 N
NaOH aqueous solution for 8 h. After rinsing
with distilled water, the water content of the
sample was adjusted for solid-state NMR

measurements as described above.

2.5. WAXD measurements

Freeze-dried samples were gently pressed
into small disks with a thickness of about 0.2
mm. The WAXD profiles of these samples were
measured at room temperature by employing a
Philips Xpert PRO diffractometer equipped
with a reflection-type goniometer using
nickel-filtered Cu-K, radiation at 45 kV and 40
mA. The scanning rate was 26=2.5° per min in
the range of 26=5-40°.
transmission WAXD profiles were also obtained

For comparison,

for the same disk-like samples by employing a



Rigaku RINT-2000 diffractometer with a
transmission-type goniometer, using
nickel-filtered Cu-K, radiation at 40 kV and 50
mA. The scanning rate was 26=10° per min in
the range of 26=5-40°.

2.6. TEM observations
Each negatively-stained sample on the grid
was observed by using a JEOL JEM-200CS

transmission electron microscope operated at
200 kV.

2.7. Solid-state 13C NMR measurements
Solid-state 13C NMR measurements were
performed at room temperature on a
Chemagnetics CMX-200
equipped with a JEOL solid-state NMR system
operating at 50.2 MHz under a static magnetic
field of 4.7 T382223 1H and 13C radio-frequency
field strengths (yBi/27) were 62.5 kHz in the

cross polarization (CP) process and the 'H

spectrometer

decoupling field strength was reduced by about
10%. The contact time for the CP process was 1
ms and the recycle time after the acquisition of
each free induction decay (FID) was 5 s. The
MAS rate was set to ~2.5 kHz to maintain
stable rotation of the MAS rotor with an O-ring
seal containing each never-dried sample. 13C
chemical shifts were expressed as values
relative to tetramethylsilane ((CH3)4Si) by
using the CHs line of hexamethylbenzene
crystals at 17.36 ppm as an external reference.
13C spin—lattice relaxation times (7ics) were
measured using the CPT1 pulse sequence?4.
Two-dimensional magic angle turning (2D
MAT) experiments?528 were conducted on a
Chemagnetics CMX-400 spectrometer under a
static magnetic field of 9.4 T. The 'H and 3C
radio-frequency field strengths (yB/27) of 62.5
kHz, CP contact time of 2 ms, acquisition time
of 2.56 ms, dwell time of 10 us, and recycle time
of 4 s were employed. The triple-echo sheared
MAT pulse sequence?6 was used in this work by

setting the rdelay to 20 us. In the 4 dimension,

64 slices with the increment of 30 us were
acquired. The MAS rate was precisely adjusted
to 129 + 1 Hz23,

3. Results and Discussion
3.1. Isolation of SEF samples

Fig. 1(a) shows a TEM image of fine fibrillar
materials that were obtained by washing the
product cultivated in the HS medium
containing 125 4M FB on the TEM grid, with
distilled water for 10 min, in a manner similar
to that reported by Haigler and Chanzy!”.
Although the FB concentration was as high as
125 M, fine fibrillar materials were obtained
instead of the sheet-like altered cellulose
frequently produced at high FB concentrations.
This is due to the use of a smooth colony
variant of A. xylinum, ATCC 23769, in the
present experiment, as previously pointed
out!429, The lateral size of the fibrillar materials
is 1.5-4.5 nm, which is in good agreement with
fibrillar

materials that were also obtained by the

the sizes estimated for similar
suppression of further aggregation of the SEFs
into the microfibrils using FB in previous
reports!11317,

Fig. 2 shows the WAXD profiles of the
fibrillar materials that were prepared in a Roux
bottle, freeze-dried after washing with distilled
water for 1 h, and gently pressed into a disk, as
described in the Experimental Section. The
WAXD profiles were obtained by the reflection
and transmission methods. A broad diffraction
peak 1s found to appear at 26=22.5° in both
profiles, indicating that the fibrillar materials
are mostly in the non-oriented, non-crystalline
state, as previously reported!314, although the
detailed structure is discussed vide infra. (An
additional small peak at about 9.4° in the
reflection profile, which is due to an unexpected
structural change occurring in a small fraction
of the SEFs during washing, is also described
later.) Therefore, the SEFs can be successfully
prepared by using FB to suppress their



Fig. 1.

TEM images of SEFs that were obtained by the incubation at 28 °C in the Hestrin-Shramm medium

containing 125 M FB. (a) incubated for 30 min on a formval/carbon-coated cupper grid and washed with distilled

water for 10 min, (b) incubated for 24 h in a Roux bottle, washed with pH 7 citrate-phosphate buffer solution
containing 1 wt% SDS for 24 h, and placed on the TEM grid.

aggregation leading to crystallization into
cellulose I, although a small amount of
structurally modified SEFs giving rise to the
small diffraction peak at about 9.4° was
additionally formed. This was achieved at a
relatively high FB concentration in the present
high FB

preferable for long-term

system, and such a relatively
concentration is
cultivation to ensure the production of larger
amounts of SEFs for WAXD and solid-state

NMR measurements!.13.17,

Fig. 2. X-ray diffraction profiles obtained by the
reflection (a) and transmission (b) methods for
the SEF's washed with distilled water for 1 h.

Efficient removal of the excess FB from the
bulk SEF product is essential for further
WAXD and solid-state NMR experiments,
which require 10-100 mg samples. To this end,
the washing conditions must be carefully
controlled. More importantly, there are still
controversies!21519 about the structure of
FB-altered cellulose prepared in different ways,
either by removal of excess FB with water or
with an alkaline aqueous solution. A certain
degree of complex formation between SEFs and
FB molecules may also be induced under
specific washing conditions. In order to provide
clarification on this matter, the effects of
washing the culture product with buffer
solutions of various pH on the WAXD profiles
were first examined.

Figs. 3 and 4 show the WAXD profiles
obtained by the reflection and transmission
methods, respectively, for the products that
were soaked for 24 h in citrate-phosphate buffer
solutions of various pH, rinsed for 5-6 s with
distilled water, freeze-dried, and gently pressed
into disks. Unfortunately, a strong diffraction
peak is observed at about 9.4° in the reflection
profiles of the samples washed with the buffer
solutions higher than pH 6. Given that such a



Fig. 3. X-ray diffraction profiles obtained by the
reflection method for the SEFs washed with
citrate-phosphate buffer solutions of various pH
for 24 h. (a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, (e)
pH 9.
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Fig. 4. X-ray diffraction profiles obtained by the
transmission method for the SEFs washed with
citrate-phosphate buffer solutions of various pH
for 24 h. (a) pH 5, (b) pH 6, (c) pH 7, (d) pH 8, ()
pH 9.
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Fig. 5. X-ray diffraction profiles obtained by the
reflection method for the SEFs washed with
citrate-phosphate buffer solutions of various pH,
containing 1 wt% SDS, for 24 h. (a) pH 5, (b) pH
6, () pH 7, (d) pH 8, (e) pH 9.
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Fig. 6. X-ray diffraction profiles obtained by the
transmission method for the SEFs washed with
citrate-phosphate buffer solutions of various pH,
containing 1 wt% SDS, for 24 h. (a) pH 5, (b) pH
6, () pH 7, (d) pH 8, (e) pH 9.



in the

corresponding samples that were washed

strong peak was mnot observed

within 30-60 min (as was the case shown in Fig.

2), it is inferred that a significant undesired
structural change, which may be due to the
formation of complexes between SEFs and FB
molecules, occurs in the samples soaked in the
buffer solutions for 24 h. Moreover, the
refection and transmission profiles of these
samples are in good agreement with those
previously reported by Kai et al.151619, In view
of the fact that the products were washed with
0.2% NaOH aqueous solution for 48 h in the
mentioned studies, it should be emphasized
that their products, including the products used
for the CP/MAS 1C NMR

experimentsl®, must also have undergone the

previous

same undesired structural change during the
washing process employed. A detailed study of
the temporal evolution of the structural change
during washing, which is possibly associated
with the formation of complexes between the
SEFs and FB molecules, is in progress and the
results (including the resulting structure of the
products) are the subject of a subsequent report
comparing the obtained structure with that
previously derived from the CP/MAS 13C NMR
analysisl®,

The reduction in the sample volume by the
removal of a large number of A. xylinum cells
from the culture products is also very
important for solid-state NMR measurements.
SDS washing is known to be a mild method for
removing cells, so 1 wt% SDS was added to
each buffer solution for washing. Figs. 5 and 6
show WAXD profiles for the products that were
washed for 24 h with citrate-phosphate buffer
solutions of pH 5-9, containing 1 wt% SDS; the
profiles were obtained by the reflection and
transmission methods, respectively. It is clearly
found that the appearance of the diffraction
peak at about 9.4°

undesired structural change probably due to

which indicates the

the complex formation between SEFs and FB

molecules, is greatly suppressed by washing in

the presence of SDS in each case, except for the
sample washed at pH 6. Moreover, the
appearance of the SEFs is not appreciably
affected by the addition of SDS, as shown in the
TEM image of the sample in Fig. 1(b). The clear
removal of the cells was also confirmed by
observations with a digital microscope
(KH-7700, HIROX Co., Ltd.). Because the
intensity of the diffraction peak at about 9.4° is
significantly reduced in the product washed
with the pH 7 buffer solution containing 1 wt%
SDS, several tens of milligrams of the SEF
sample were prepared for solid-state NMR
measurements by washing the incubation
product with this buffer solution. In addition,
the SEF sample washed with the pH 5 buffer
solution containing 1 wt% SDS was also
prepared for comparison because the diffraction
peak at about 9.4° is absent for this sample as
seen in Fig. 5(a). However, it should be noted
that an additional diffraction peak is observed
at 26=15° in this sample (indicated by an arrow
in Fig. 5(a)), along with many peaks ascribed to
residual FB crystals. Because the peak at
26=15° 1s assigned to the cellulose I crystals
judging from the diffraction angle, it can be
inferred that a small number of cellulose I
crystallites were produced in this sample. The
formation of the cellulose I crystallites was also
confirmed by CP/MAS 13C NMR as shown later.
Given that appreciable volume shrinkage of the
product by de-swelling occurs during washing
at pH 5 in addition to insufficient removal of
residual FB due to its low solubility, some
extent of crystallization to cellulose I may be
induced due to the aggregation of the SEFs.
Hereafter, the
washing at pH 7 and 5 are abbreviated as
SEF7 and SEF5, respectively.

SEF samples obtained by

3.2. Characterization of the SEF samples by
solid-state 13C NMR

Fig. 7 shows the CP/MAS 13C NMR spectra of
13C-enriched SEF7 and SEF5 samples along

with the corresponding spectrum of the natural



abundance normal bacterial cellulose (control)
prepared without FB. The C1, C4, and C6
resonance lines of the SEF7 sample are
observed as broad single lines and the chemical
shifts of the C4 and C6 lines are very close to
those of the disordered components indicated as
C4U and C6U, respectively, which are observed
upfield in the respective lines for normal
bacterial cellulose. The downfield C6D and
upfield C6U lines in normal bacterial cellulose
are assigned to the C6 carbons in the CH2OH
side groups adopting the trans-gauche (tg) and
gt conformations, respectively3032, Here, for
example, 7g denotes that the C6 carbon is trans
and gauche against the O5 and C4 atoms,
respectively. Moreover, recent chemical shift
calculations by the current authors3? revealed
that the C4 chemical shift is greatly reduced in
the gt and gg conformations compared to the
value for the #g conformation, which is similar
to the case of the C6 chemical shift. Therefore,
the smaller C4 chemical shift of SEF7, which
corresponds to the value for the disordered
component in the control, may be mainly due to
the fact that the CH20H groups in SEF7 adopt
the gt conformation
conformation for the crystalline component in

instead of the #g

native cellulose303!, From the data, it can be
inferred that SEF7 is in the noncrystalline
state, which 1s also confirmed by the WAXD
profiles shown in Figs. 5 and 6. Additional
broad lines appearing at about 125, 50, and 25
ppm may be mainly spinning sidebands
produced by MAS at about 2.5 kHz, although
small contributions from natural abundance
13C FB included in the sample seem to overlap
the broad peaks at about 125 and 50 ppm?19.

In contrast, the spectrum of SEF5 shown in
Fig. 170 downfield

contributions in the C4 and C6 resonance lines.

evidently  contains
Since their chemical shifts of these peaks are
consistent with those of the C4D and C6D lines
in normal bacterial cellulose, it is inferred that
a small number of cellulose I crystallites are
produced in SEF5. This deduction is also in

w
R

Fig. 7. CP/MAS 13C NMR spectra of different
bacterial cellulose samples never dried. (a)
natural abundance control, (b) SEF7, (c) SEF5.

good agreement with the results obtained by
WAXD as shown in Figs. 5(a) and 6(a).
However, the features of the other resonance
lines are almost the same as those of the
corresponding lines in SEF7. Therefore, it
should be pointed out that the presence of a
small number of cellulose I crystallites or the
structural entities giving rise to the diffraction
peak at about 9.4° in the WAXD profile does not
appear to have a significant effect on the SEF
structure in SEF5 or SEF7, respectively.

Fig. 8 shows 13C spin-lattice relaxation
decays of the respective resonance lines
measured for SEF7 using the CPT1 pulse
sequence?4, Except for the C6 line that shows a
simple exponential decay, the respective lines
are found to contain two components with
different 7ic values. Similar 7ic analyses were
also carried out for SEF5 and the 3C-enriched
normal bacterial cellulose (control); the 7ic
values of these samples are summarized in
Table 1. Two components having values of 7ic
= 52-60 and 4-7 s are observed in the
respective lines for the control sample; 7ic

analysis was not conducted on the C4U and



C4

54.60 54.60 ]
= g

220.09 £20.09 :
N N
§ S

& 7.39 o 739 :
= g

272 272 -_

6 8

C6 1

148.41 54.60 :
4, =

5 o400 £20.09 h
5 S
= 20.09 s

5 5 7.39 | .
g 7.39 =

2.72 2.72¢ E

4 6 8

time /s time / s
Fig. 8. 13C spin-lattice relaxation decays of the respective resonance lines measured for SEF7 by the
CPT1 pulse sequence.

Table 1 13C spin-lattice relaxation times (Zics) of 13C-enriched normal bacterial cellulose (control)
and the SEF samples.

Ticls
Sample
C1 C4D C4U C2,3,5 CeD CceU
trol 52.7(0.66)  62.6(0.68) i 55.6(0.64)  60.4(0.71) N
contro 4.5 (0.34) 7.3(0.32) 4.000.36)  5.7(0.29)
4.2(0.81) 0.3 3.5(0.45)  4.4(0.63)
b -c -c
SEFT 0.19) 0.6(0.55)  0.4(0.37) 0.6
9.4 (0.74) 10.3(0.65)
d -a -a -a -a
SEF5 0.4 (0.26) 0.6(0.35)

a not estimated because of low intensities.

b SEF sample washed with pH 7 citrate-phosphate buffer solution containing 1 % SDS.

¢ not detected.

d SEF sample washed with pH 5 citrate-phosphate buffer solution containing 1 % SDS. The values
in parentheses indicate apparent fractions estimated for the components in the respective lines by

the 7ic analyses using their peak intensities.



C6U lines due to low signal intensities. These
results for the control sample are consistent
with those obtained for natural abundance
normal bacterial cellulose3334, although the
Tics are much smaller than the values of the
natural abundance sample. The reduction in
the 7ics for the 13C-enriched control sample
may be due to additional relaxation through
the 13C-13C dipolar interaction. Because the
control sample comprises both crystalline and
disordered components, detected as the
C4D/C6D and C4U/C6U lines in Fig. 7(a),
respectively, the large and small 7ic
components were simply assigned to the
crystalline and  disordered components,
respectively.

Interestingly, although the 13C resonance
lines of SEF7 are composed of single lines
corresponding to the disordered component in
the control sample, these lines have two
components with different 7ic values, except
for the C6 line. However, the large 7ic values
are the same order as the 7ic values of the
disordered component in the control sample,
and the smaller 7ic values are much smaller
than in the control. These observations may
serve as an indicator of the structural features
of SEF7. Given that each SEF may be produced
as about 16 parallel cellulose chains from each
synthetic site called a TC subunit!!12 it is
plausible that the SEFs may contain two
components composed of relatively ordered and
less ordered chains. Therefore, the large and
small 7ic components in SEF7 can be assigned
to the ordered and less ordered components,
respectively. Moreover, the molecular mobility
may be greatly enhanced in the less ordered
component because the 7ics are as small as
0.3-0.6 s even for the pyranose-ring carbons. It
should also be noted that the side-chain motion
is also greatly enhanced for the ordered
component, to the same extent as for the less
ordered component, as is readily understood
from the small single 7ic value of 0.6 s for C6.

This suggests that the restriction in molecular

mobility that results from parallel chain
ordering is not high compared to the restriction
in the disordered component of the control
sample and rapid local motion is allowed even
for the main chains in SEF7. It is postulated
that intermolecular hydrogen bonds associated
with the CH2OH side groups may be not
formed in SEF7 thus allowing the side groups
and even main chains to undergo enhanced
cooperative molecular motion.

Determination of the 7ic values of the
components corresponding to C4D and C6D in
the control sample was very difficult in SEF5
due to the low signal intensities of these lines;
however, these 7ic values were found to be of
the same order as those of the other resonance
lines for SEF5 judging from a series of partially
decayed spectra measured at different decay
times using the CPT1 pulse sequence?4.
Therefore, the 7ic values of the cellulose I
crystallites in SEF5 are much smaller than
those of the control. This indicates that much
smaller crystallites may be produced during
washing of SEF5, conceivably as a result of
rapid de-swelling with the pH 5 buffer solution,
which may induce partial aggregation of the
cellulose chains. This partial aggregation may
further induce the crystallization to cellulose I
even in the presence of FB.

It is well'known that Z7ic values are
dominated by relatively rapid molecular motion
on the order of 108-10° s! that corresponds to
the 'H and 3C Larmor frequencies336, In
contrast, much slower molecular motion on the
order of 103-10% s1 will be reflected in the
resonance line shapes of the 13C chemical shift
anisotropy (CSA) depending on the extent of
CSA in the rigid state?83738, To evaluate this
slower molecular motion in SEF7, a 2D 13C
CSA spectrum of the sample was acquired at
room temperature by employing the 2D MAT
method2528; the data are shown in Fig. 9. The
CSA spectra of the respective carbons in SEF7
were successfully obtained along the /s axis for

the respective C1-C6 resonance lines in the



isotropic 1D spectrum shown on the right side
in Fig. 9. Here, the isotropic spectrum was
obtained by the projection of the 2D spectrum
along the F% axis. Fig. 10 shows the 1D CSA
spectra of the C1, C4, and C6 lines of SEF7,
which were obtained as slices along the #; axis
in the 2D MAT spectrum shown in Fig. 9. For
comparison, the 1D 13C CSA spectra for the C1,
C4D, and C6D in the
13C-enriched control sample, which were
obtained by the 2D MAT method in a similar
way to the spectra of SEF7, are also shown in
Fig. 10. The CSA spectra of the control clearly

indicate non-axially symmetric (C1 and C6D) or

isotropic lines

axially symmetric (C4D) powder patterns in the
rigid state, although the C1 spectrum contains
contributions from both the crystalline and
disordered components. This proves that the
respective cellulose chains are in the rigid state,
at least in the crystallites of the control sample,
on a time scale of about 102 s that is estimated
from the line widths of the CSA spectra.

The CSA spectra of the C1 and C4 carbons in
SEF7 are not distinct powder patterns in the
rigid state unlike the cases of the control,
suggesting that the 13C chemical shifts are
affected by somewhat wider distributions of
structural factors such as torsion angles,
hydrogen chain

bonding, and packing.

Nevertheless, their line shapes are not
significantly different from those of the control,
particularly the line widths estimated as
half-value widths. This fact suggests that the
cellulose main-chains in SEF7 might be in the
almost rigid state on a time scale of about 103 s.
In contrast, the CSA spectrum of C6 exhibits
remarkable Lorentz-type narrowing. Such
Lorentz-type narrowing is not expected in the
case of random motional fluctuation or rotation
around the C5-C6 bond. Additional motional
fluctuation of the C5-C6 bond on the order of
103 s1 1s also thought to contribute to the
narrowing. Therefore, the main-chain should
undergo somewhat enhanced local motion

enabling the motional fluctuation of the C5-C6
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Fig. 9. 2D MAT 13C NMR spectrum of SEF7

measured at room temperature.
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Fig. 10. 1D 13C CSA spectra obtained for the
respective carbons in 3C-enriched control (a)
and SEF7 (b) as slices along the £ axis in their
2D MAT spectra.

bonds. Moreover, the average orientation of the
principal axes of the C1 and C4 chemical shift
anisotropy tensors may not be significantly
affected by this local motion. Consequently, the
Cl and C4 CSA powder patterns may not
deviate appreciably from the patterns in the
rigid state, as shown in Figs. 10(a) and 10(b),
respectively. This fact indicates that the main



chains basically maintain the parallel
orientation irrespective of enhanced local
motion. This is a very propitious case that
allows evaluation of the local main-chain
motion from the CSA powder patterns owing to
the additional information about the motions of

the side groups.

3.3. Crystallization of the SEFs

Previous reports!l1317 gsuggested that FB
molecules may adhere to the surface of
individual SEFs to suppress their aggregation
into  microfibrils and the subsequent
crystallization. In fact, the crystallization to
cellulose I only occurs when the FB molecules
are removed by solvent extraction!l1317,
Therefore, it should be necessary to determine
if such crystallization also occurs for the SEF7
sample prepared by washing with the pH 7
buffer solution containing 1 wt% SDS, and
which crystal form of two allomorphs of
cellulose I is actually produced.

Fig. 11(b) shows the CP/MAS 13C NMR
spectrum for SEF7 that was subjected to the
solvent extraction to remove adhering FB
molecules as described in the Experimental
Section. The C4D and C6D lines are apparent
for the SEF sample subjected to the FB
removal, indicating the actual occurrence of the
crystallization to cellulose 1 following the
solvent extraction of adhering FB. Fig. 11(c)
shows the CP/MAS 13C NMR spectrum of the
crystalline component of the same SEF sample.
This spectrum was selectively obtained as the
larger 7ic component of the crystallized sample
using the 7ic-filtering method by setting the
relaxation decay time r to 50 s in the CPT1
pulse sequence?4, All resonance lines ascribed to
the crystalline component can be more clearly
observed in this spectrum, but the fine
splittings that appear in the C1 and C4D lines
of the natural abundance control sample shown
in Fig. 11(a) are difficult to detect, conceivably
as a result of the insufficient removal of the

13C-13C dipolar interaction for the 13C-enriched
sample by slow MAS at about 2.5 kHz.

Fig. 11. CP/MAS 13C NMR spectra of different
bacterial cellulose samples never dried. (a)
control, (b) SEF7
crystallized by the removal of FB, (c) crystalline

natural abundance

component selectively recorded for the
crystallized SEF7 (b) by the 7icfiltering
method.

Fig. 12. FT-IR spectra of natural abundance control (a)
and SEF7 crystallized by the removal of FB (b).



difficult to confirm the
production of cellulose Iy by using such fine
splittings in the C1 and C4D lines, an FT-IR

spectrum was also acquired for the crystallized

Because it 1is

sample using the KBr method previously
reportedd, as shown in Fig. 12. The absorption
band assigned to the contribution from cellulose
Iﬂ9’38 is clearly observed at 710 cm, whereas
the band ascribed to cellulose I, at 750 ¢m 1939
1s not observed. It is, therefore, concluded that
cellulose Iy crystallites are produced in SEF7

following removal of the adhering FB molecules.

This crystallization is plausible considering the
fact that cellulose I4is energetically more stable

than cellulose I,,>%.

3.4. Structure of the SEFs and their

crystallization model

As seen from the WAXD profiles and
CP/MAS 13C NMR spectra of the SEFs that
were shown in Figs. 2 and 7 respectively, the
SEF's that were successfully isolated using FB
are in the noncrystalline state, which is in good
agreement with the previous reportsiti3.17,
However, the diffraction peaks of the SEFs
shown in Fig. 2 are markedly narrower than
those

samples0

observed for amorphous cellulose
prepared by the
dissolution-precipitation method. Moreover, the
20 value giving rise to the maximum peak in
the SEFs is found to increase appreciably to
22.5° compared with 20°-21° for the amorphous
cellulose samplesi®. These facts indicate the
formation of some locally ordered structure in
the parallel cellulose chains of the SEFs and
the ordered plane spacing is estimated to be
0.40 nm from 26=22.5° at the peak maximum
based on Bragg’s law. The most probable
ordered plane should be composed of plate-like
pyranose rings stacked on each other similarly
to the case of the (200) plane in cellulose I,
crystalsé, but the spacing of 0.40 nm is slightly
large compared to 0.3867 nm for the (200) plane
in cellulose Ip In contrast, there is no

diffraction peak assignable to the plane nearly

perpendicular to the ordered plane, which
corresponds to the (010) plane in cellulose I4.
This suggests that the lateral ordering of the
respective pyranose rings may be somewhat
poor, and therefore, it does not give rise to a
diffraction peak. Such a low level of ordering
may also exist in the direction along the
cellulose chain axis, which corresponds to the
longitudinal axis of each SEF composed of the
parallel cellulose chains. Therefore, it 1is
concluded that the SEFs forms a liquid crystal
(LC)-like ordered structure composed of parallel
cellulose chains with the pyranose rings
stacked on each other. This conclusion was
drawn from the SEFs that were isolated by the
suppression of their further aggregation using
FB, but the basic structure is thought to be
almost the same for the SEFs produced in
nature without FB.

As described above in the 7ic analysis, the
SEFs contain two components with different
mobilities. The less

component can now be assigned to the LC-like

molecular mobile
component, whereas the mobile component is

assigned to the somewhat disordered
component that does not grow into the LC-like
ordered structure possibly as a result of some
disturbance in the production process.
Nevertheless, even the LC-like component has
high molecular mobility, especially in the
CH:20H side groups. This may be due mainly to
the absence of intermolecular hydrogen
bonding associated with the side groups, and
therefore, motional freedom would be allowed
for each parallel main chain as well as each
side group, maintaining the preferential
stacking of the plate-like pyranose rings.

On the basis of the discussion presented
above, we propose a structural model for the
crystallization of the SEFs which is shown
schematically in Fig. 13. After biosynthesis in
each TC subunit, approximately 16 parallel
extruded into the
cultivation medium as a fine fibrous material

called SEF. At this stage the individual SEFs

cellulose chains are



liquid crystalline, gtegg. no Hy,~bonding
SEF — — ‘

Aggregation, fg, H;, -bonding

= =—a—
N\ : '//
Nucleation: I, under shear stress
I, without shear stress

Crystal growth

Disordered units are concentrated.

Fig. 13. Schematic representation of the

crystallization process of the SEFs.

are not crystallized but are composed of the
LC-like
disordered component. Here, it should be noted
that each CH20H side group adopts the gt

conformation in both components of the SEFs

component and the somewhat

whereas the tg conformation is present in the
cellulose I, or I crystals. After a short time
lapse, the SEFs aggregate to a certain extent in
the incubation medium through intermolecular
hydrogen bonding or van der Waals interaction,
frequently called the hydrophobic interaction,
which may be affected by the specific rotational
movement of the bacterial cell around its
longitudinal axis. In particular, when a certain
CH20H side group happens to undergo the
conformational change from gt to #g! this
portion may grow into the nucleus for the
crystallization of cellulose I. Moreover, when a
somewhat stronger shear force is applied along

footnote
1 Recent molecular dynamics (MD) simulations by
revealed that the

conformational transition from gz to zgis allowed

the current authors
to occur in the modified pseudo-crystal of cellulose
I, Matthews et al.# also demonstrated the
possibility of similar transitions from gt to Zg in
small crystallites of cellulose I surrounded by
water using MD simulations. Moreover, evidence
of such a transition being actually induced in the
crystal transformation from cellulose III1 to

cellulose I has been reported?.

the cellulose chain axis during the nucleation,
the cellulose I, nucleus will be produced as
previously discussed®. In contrast, the cellulose
Isnuclei may be grown without the application
of shear force or with less shear force. These are
the nucleation processes of cellulose I, and I»
The next step is the growth of each crystal
from the corresponding nucleus. Normally,
plural nuclei will be produced along the
longitudinal axis of the SEF and crystal growth
may proceed from the nuclei along the cellulose
which
longitudinal axis of the SEF, as shown in Fig.

chain axis corresponds to the
13. Because the respective cellulose chains are
highly extended in the crystals compared to the
in the

conformationally

chains previous
state, the

disordered units producing the relaxed chains

rather relaxed

noncrystalline

tend to be excluded to the noncrystalline

sequences In between two neighboring
crystallites in the crystal-growing process, and
the disordering of the noncrystalline sequences
increases in this area to form the noncrystalline
region in bacterial cellulose. This is the
crystallization process associated with the
nuclei formation and crystal growth of the
SEFs.

It should also be noted here that these
crystallization processes are responsible for the
formation of a periodic structure composed of
the crystalline and noncrystalline (disordered)
regions in native cellulose. Many arguments
about the existence of this periodic structure in
native cellulose have been presented, including
the well-known small-angle neutron diffraction
study of rayon and ramie fibers immersed in
deuterium oxidetl. However, Nishiyama et al.42
recently revealed the actual existence of the
crystalline and  noncrystalline  periodic
structure in ramie fibers by successfully
subtracting the contribution of hydrogenated
dry ramie fibers from the scattering collected
from the corresponding deuterated fibers in
their small angle neutron diffraction pattern. It

is, therefore, plausible that the long periodic



structure is also producible in native cellulose

as described above.

4. Conclusions

The structure and crystallization of the
sub-elementary fibrils (SEFs) of bacterial
cellulose, which were successfully isolated from
the incubation products of A. xy/inum in the
presence of fluorescent brightener (FB), were
characterized mainly by high-resolution
solid-state 13C NMR spectroscopy and the
following conclusions were drawn:
(1) The aggregation of the SEFs into the
microfibrils, which results in the crystallization
to cellulose I, and I was suppressed by the
addition of 125 #M FB to the culture medium,
in a similar way to that previously reported.
However, serious structural change of the SEFs
was found, for the first time, to occur during the
washing process used to remove excess FB
using buffer solutions having pH values higher
than 6, or by using the alkaline aqueous
solution that was frequently utilized in the
previous studies. In contrast, successful
isolation of the SEFs was performed without
such structural change by removing excess FB
and A. xy/inum cells from the culture products
by utilizing a washing protocol employing pH 7
citrate-phosphate buffer solution containing 1
wt% sodium dodecyl sulfate.
(2) 13C NMR measurements revealed the
following facts: never-dried SEFs isolated using
the washing protocol described above are in the
noncrystalline state, in good agreement with
the results previously obtained by other
methods, and the CH2OH side groups adopt the
gt conformation instead of the zg conformation
found in cellulose I, and Iy crystals. The SEFs
contain ordered and less ordered components
with almost the same degree of high molecular
mobility in the side groups. The main chains in
the SEFs also undergo enhanced local motion
while maintaining parallel-orientation in the

absence of intermolecular hydrogen bonding.

(3) The WAXD profile of the SEFs suggests
that the pyranose rings are preferentially
stacked in the parallel cellulose chains in the
SEFs although the lateral ordering is much
lower, similar to the ordering in the direction of
the molecular chain axis.

(4) Cellulose I crystallites are produced from
the isolated SEFs following solvent extraction
of FB molecules that may adhere to their
surface of the SEFs and thereby prevent the
crystallization.

(5) On the basis of the experimental results
obtained in this study, a structural model was
proposed for the crystallization of the SEFs to
form cellulose I, and I5including the formation
leads to the

crystalline-noncrystalline periodic structure.

process that
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