
ORIGINAL PAPER

Multimethod approach to understand the assembly
of cellulose fibrils in the biosynthesis of bacterial cellulose
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Abstract The production of controlled bacterial

cellulose structures for various applications requires

a better understanding on the mechanism of cellulose

biosynthesis as well as proper tools for structural

characterization of the materials. In this work, bacte-

rial celluloses synthesized by an Asaia bogorensis

strain known to produce fine cellulose fibrils and a

commonly usedKomagataeibacter xylinus strain were

characterized using a comprehensive set of methods

covering multiple levels of the hierarchical structure.

FT-IR spectroscopy and x-ray diffraction were used to

analyse the crystal structure and crystallite dimen-

sions, whereas scanning and transmission electron

microscopy, atomic force microscopy, and small-

angle x-ray and neutron scattering were employed to

obtain information on the higher-level fibrillar struc-

tures. All methods yielded results consistent with the

A. bogorensis cellulose fibrils being thinner than theK.

xylinus fibrils on both the level of individual cellulose

microfibrils and bundles or ribbons thereof, even

though the exact values determined for the lateral fibril

dimensions depended slightly on the method and

sample preparation. Particularly, the width of

microfibril bundles determined by the microscopy

methods differed due to shrinkage and preferred

orientation caused by drying, whereas the microfibril

diameter remained unaffected. The results were used

to understand the biological origin of the differences

between the two bacterial celluloses.

Keywords Bacterial cellulose � Structural
characterization � Cellulose biosynthesis � Small-angle

scattering
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Introduction

Cellulose produced by various types of bacteria has

gained considerable attention due to applications in

the fields of materials, medicine, and foods (Lin et al.

2013). The main benefits of bacterial cellulose (BC)

include high purity, light and water-swollen structure,

non-toxicity, and biodegradability. On the other hand,

BC produced under special culturing conditions or in

the presence of additives like hemicelluloses can be

used to understand the cellulose biosynthesis, not only

in bacteria but also in higher plants (Atalla et al. 1993;

Penttilä et al. 2017; Tokoh et al. 2002a).

An additional advantage of BC over cellulose from

plant sources is the potential to control the synthesized

structures through genetic engineering with minimal

interference of other components. Recent advances in

the field of BC biosynthesis (McNamara et al. 2015)

have led to a more complete understanding of the

cellulose-producing machinery in bacteria, allowing

more detailed interpretation of interlinks between

genetic information and protein function as well as

their relationship with the synthesized cellulose

structures. An interesting system from this point of

view is the Asaia bogorensis JCM 10569 substrain AJ,

which was previously observed to produce especially

fine cellulose fibrils (Kumagai et al. 2011), yet the

reason for this is unclear and the precise dimensions of

the microfibrils have so far not been reported.

In order to detect specific structural differences

between BC samples, efficient and accurate methods

to characterize their hierarchical structure are desired.

With a wide range of methods appearing in the

literature and the intrinsic differences between BC

samples produced at different conditions, it is difficult

to find comparable values describing for instance the

cross-sectional dimensions of BC fibrils. Furthermore,

most of the conventional techniques require drying of

the sample before observation or allow only small

details of the sample to be studied at a time, due to

which the results might not necessarily reflect the true

structure of the hydrated three-dimensional fibril

network. An exception to this are small-angle scatter-

ing methods utilizing x-rays or neutrons, which allow

measurements of macroscopic never-dried BC sam-

ples and simultaneous characterization of the fibrillar

elements over multiple levels of structural hierarchy

(Penttilä et al. 2017; Martı́nez-Sanz et al. 2015a).

This work aims at comparing the cross-sectional

fibril dimensions of two distinct types of BC, deter-

mined by a comprehensive set of physical character-

ization methods extending from the molecular scale to

the three-dimensional fibril network. The BCs under

investigation were synthesized by a common Aceto-

bacter strain and the less characterized A. bogorensis

JCM 10569 substrain AJ (Kumagai et al. 2011). The

molecular structure and crystal structure were studied

with FT-IR spectroscopy and x-ray diffraction (XRD),

and the structure of microfibril bundles with scanning

and transmission electron microscopy (SEM and

TEM) and atomic force microscopy (AFM), of which

TEM and AFM allowed the identification of substruc-

tures inside of the bundles and AFM the distinction

between bundle width and thickness. The whole

lengthscale from BC microfibrils to the outer dimen-

sions of the microfibril bundles in never-dried samples

was covered by small-angle x-ray and neutron scat-

tering (SAXS and SANS), where a single model was

used to fit the data on both levels of the hierarchical

structure simultaneously. The structural information

accessible by the different methods will be critically

discussed and compared to each other and to literature

values. The results will also be interpreted from the

perspective of cellulose biosynthesis and used to

elucidate the causes of the structural differences

between the two BCs.

Experimental

Preparation of BC samples

Asaia bogorensis JCM 10569 substrain AJ (Kumagai

et al. 2011) was cultured in 5-L conical flasks

containing 1 L of Schramm–Hestrin (SH) medium.

After incubating for 7 days at 25�C, a white film or

pellicle was formed on the surface of the medium or it

had sunk into the solution. The cellulosic product

together with the bacteria was collected by centrifu-

gation and washed by adapting the procedures from

Kumagai et al. (2011): first treated with 2% NaOH at

100�C for 1 h, then purified by soaking in a mixture of

0.34% NaClO2, 0.54% NaOH, and 1.5% (v/v)

CH3COOH at 70�C for 2 h, and finally suspended in

a solution containing 1 mg/ml Proteinase K (Wako),

0.1% (w/w) SDS, and 0.01 M Tris–HCl buffer (pH 8.0

at 4�C) at 50�C for 24 h. The product was thoroughly
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washed by centrifuging with water after each step and

stored at 4�C. For comparison, Komagataeibacter

xylinus (ATCC 53524, formerly known asGluconace-

tobacter xylinus) was incubated in 20 ml of SH

medium in a 100-ml conical flask at 28�C for 4 days

and the resulting cellulose pellicle was washed

similarly to the A. bogorensis cellulose, but using

magnetic stirring in water instead of centrifugation.

FT-IR spectroscopy

Freeze-dried samples were pressed on the attenuated

total reflectance crystal of a Perkin Elmer Frontier FT-

IR spectrometer. For at least two specimens from each

BC sample, 16 scans on spectral range from 400 to

4000 cm�1 with 4 cm�1 resolution were collected and

averaged after baseline-correction, subtraction of

constant background (signal around 1800 cm�1), and

normalization to signal at 1110 cm�1.

X-ray diffraction

Approximately 2 mg of purified and freeze-dried BC

was immersed in 100 ll water for about 2 h, then

placed on a glass microscope slide, pressed flat with

another glass slide, and allowed to dry at room

temperature for 2–3 days. In such way, the BC fibrils

were expected to orient randomly in a plane parallel to

the glass slide surface, thus enhancing the diffraction

peaks with Miller indices hk0 when measured in

reflection mode. XRD was measured in symmetric

reflection mode with a h–2h diffractometer and

scintillation counter, using Cu-Ka radiation (wave-

length k ¼ 1:54 Å) produced by a Rigaku Ultrax

18HB x-ray generator operated at 40 kV voltage and

300 mA current. In total 2 to 3 scans per sample were

collected between scattering angles 2h ¼ 5� and 40�

with a step size of 0:05� and scan rate of 1�=min.

The crystal dimensions were calculated using the

Scherrer equation

Lhkl ¼
Kk

bhkl cos hhkl
; ð1Þ

where K is the Scherrer constant (here chosen as

K ¼ 1), bhkl the integral breadth, and hhkl the Bragg

angle of reflection hkl. XRD intensities in the range

2h ¼ 11� to 26� were fitted with four pseudo-Voigt

functions (sum of Gaussian and Lorentzian functions

centered at the same position), three of them corre-

sponding to the strongest reflections of cellulose Ia=Ib
(100/1-10, 010/110, and 110/200 (Nishiyama et al.

2002; Nishiyama et al. 2003)) and the fourth approx-

imating mostly the scattering from the glass slide as

well as some less-ordered cellulose and the other

cellulose reflections. An instrumental broadening of

binst ¼ 0:19� around 2h ¼ 18� was determined by

measuring hexamethylenetetramine (ðCH2Þ6N4) pow-

der attached to a glass slide and used to correct the

measured values of peak width (bhkl;m):

b2hkl ¼ b2hkl;m � b2inst.

Scanning electron microscopy

Freeze-dried pieces of BC were placed on double-

sided conductive tape and coated with platinum (JEOL

JFC-1600; 10 mA, 90 s). Field-emission SEM imaging

was done with a JEOL JSM-7800F Prime microscope

with operation voltage 1.5 kV and using the lower

secondary electron detector. Fibril widths were anal-

ysed from images obtained at 120,000-times magni-

fication, using the measuring tool of ImageJ software

(Schneider et al. 2012). Altogether 1877 fibril widths

in 67 images with A. bogorensis cellulose and 721

fibril widths in 35 images with K. xylinus cellulose

were included in the analysis.

Transmission electron microscopy

Samples used for XRD analysis were reimmersed in

water and sonicated for 20 min in an ultrasonic bath

(Yamato Branson 5210) to disperse the fibrils. After

sonication, pieces of BC were deposited on glow-

discharged, carbon-coated copper meshes and nega-

tively stained by 2% uranyl acetate. The samples were

imaged with a JEOL JEM-2000EXII electron micro-

scope operated at 100 kV and equipped with a

MegaViewG2 CCD camera (Olympus Soft Imaging

Solutions). The widths of BC fibrils in images taken at

150,000-times magnification were measured using

ImageJ, similarly to the SEM images.

Atomic force microscopy

Pieces of washed BC were placed on flat mica surfaces

and allowed to dry for several days in a desiccator

under N2 flow. AFM imaging was done at ambient
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conditions using an Asylum Research MFP-3D micro-

scope equipped with a high-resolution tip (Bruker

MSNL-10; radius 2 nm, spring constant 0.6 N/m) in

tapping mode. The analysis of the AFM images was

carried out using the Gwyddion 2.48 software (http://

gwyddion.net/). Plane leveling and alignment of rows

were done as corrections to the raw data. The widths of

the BC fibrils were determined from 2:0lm� 2:0 lm
amplitude images for K. xylinus cellulose and from

0:5lm� 0:5lm amplitude images for A. bogorensis

cellulose.

Small-angle x-ray and neutron scattering

SAXS was measured at the D2am beamline of the

European Synchrotron Radiation Facility (ESRF)

using an x-ray beam with wavelength k ¼ 0:69 Å

and an XPAD-D5 hybrid pixel detector. A piece of

washed BC in H2O was placed inside a glass capillary

with 3-mm diameter and measured at several spots.

The SAXS patterns were normalized by the reading of

a photomultiplier situated downstream of the sample,

corrected for solid angle, and integrated azimuthally

using the pyFAI (Ashiotis et al. 2015) and FabIO

(Knudsen et al. 2013) Python packages. The inte-

grated intensities from patterns measured at different

spots were averaged and a background intensity (pure

H2O) was subtracted. The data were binned and error

bars for the intensity were generated using SASfit

(Breßler et al. 2015).

SANS measurements (Penttilä and Schweins 2017)

were carried out at the D11 instrument of the Institut

Laue–Langevin (ILL) using sample-to-detector dis-

tances of 1.5 m, 8 m, and 34 m for a neutron

wavelength of k ¼ 6 Å and 34 m for k ¼ 13 Å, with

the wavelength resolution being Dk=k ¼ 0:09. The

H2O solution of the washed BC was replaced by D2O

and the samples were measured inside of quartz glass

cells with 1 mm optical path. Corrections to SANS

data, azimuthal integration, and merging of data from

different detector positions were done using LAMP,

the Large Array Manipulation Program (http://www.

ill.eu/data_treat/lamp/the-lamp-book/).

Fitting of all small-angle scattering data was done

in SasView (http://www.sasview.org/) using the uni-

fied exponential/power-law model (Beaucage

1995, 1996) with maximum three levels of hierarchy

(i ¼ 1; 2; 3 in increasing order of structure size):

IðqÞ ¼ G1 exp �
q2R2

g;1

3

 !
þ B1

erf qRg;1=
ffiffiffi
6

p� �� �3
q

 !P1

þ G2 exp �
q2R2

g;2

3

 !

þ B2 exp �
q2R2

g;1

3

 !
�

erf qRg;2=
ffiffiffi
6

p� �� �3
q

 !P2

þ B3 exp �
q2R2

g;2

3

 !
1

qP3
þ C

ð2Þ

In Eq. 2, Rg;i is the radius of gyration of particles at

structural level i, Pi is the power-law exponent

corresponding to their inner/surface structure, and

Gi, Bi, and C are constants. The power-law exponent

P1 was fixed to 4 in all fits based on previously

analyzed SAXS data using the same model (Penttilä

et al. 2017). The magnitude of the scattering vector is

defined as q ¼ 4p sin h=k with scattering angle 2h.

Results and discussion

FT-IR spectroscopy results

The FT-IR spectra of BC samples produced by K.

xylinus and A. bogorensis are presented in Fig. 1. The

absorption bands characteristic of cellulose crystalline

allomorphs Ia (750, 3240 cm�1) and Ib (710,

3270 cm�1) (Sugiyama et al. 1991) could all be

clearly observed in K. xylinus cellulose, whereas in

A. bogorensis cellulose the Ia signals were either very

weak or completely absent (inset in Fig. 1). A

comparison of signals at 710 and 750 cm�1, done by

fitting two Gaussian functions on top of a polynomial

background and computing the peak areas, yielded

apparent cellulose Ia fractions of 0:50� 0:02 and

0:04� 0:05 for K. xylinus and A. bogorensis cellu-

loses, respectively. Here the error estimate is equal to

the standard deviation of results from several speci-

mens or different batches. Therefore, the current data

confirmed qualitatively the previously reported higher

Ib proportion of A. bogorensis cellulose (Kumagai

et al. 2011).

In the OH and CH stretching regions of the FT-IR

spectra, around 3000–3600 and 2800–3000 cm�1,

respectively, broader peaks were observed for the A.
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bogorensis cellulose than for K. xylinus cellulose

(Fig. 1). This was probably caused by the overall

lower crystallinity or smaller crystal size of the A.

bogorensis cellulose, as previously reported based on

CP/MAS 13C NMR spectra (Kumagai et al. 2011).

X-ray diffraction results

TheXRD intensities togetherwith fits used to calculate the

crystal dimensions are presented in Fig. 2. The obtained

lattice spacings (dhkl) and crystal dimensions (Lhkl) are

reported in Table 1, where the error estimates are

based on two measurements and fits. The broader

peaks in A. bogorensis cellulose (Fig. 2b) as compared

to K. xylinus cellulose (Fig. 2a) indicated smaller

lateral crystal dimensions in A. bogorensis cellulose,

which was confirmed by the values calculated based

on the fits (Table 1). The lateral crystal dimensions

obtained for K. xylinus cellulose are in agreement with

values 5–9 nm typically reported for pure bacterial

celluloses (Klemm et al. 2005; Martı́nez-Sanz et al.

2015b; Fang and Catchmark 2014), and they were 1.3–

1.6 times larger than those obtained for A. bogorensis

cellulose. The current data provides the first direct

evidence for the smaller crystal size of A. bogorensis

cellulose, which was suggested by Kumagai et al.

(2011) based on CP/MAS 13C NMR spectra.

The lattice spacings of K. xylinus cellulose were

similar to those reported for Acetobacter cellulose in

general (Fang and Catchmark 2014; Iwata et al. 1998;

Tokoh et al. 2002b). In A. bogorensis cellulose, the

value of d100=1�10 was slightly lower and d010=110
higher than in K. xylinus cellulose, which is in

agreement with the higher cellulose Ib content of the

A. bogorensis cellulose. A similar shift has been

observed together with a decrease of crystal size and

increase of cellulose Ib proportion for BC produced in

the presence of hemicelluloses (Iwata et al. 1998;

Tokoh et al. 2002b).

Scanning electron microscopy results

Examples of SEM images and the distributions of

fibril width based on an analysis of a large number of

images are shown in Fig. 3. Additional SEM images

Fig. 1 FTIR spectra of BC samples, with the inset showing

enlarged the characteristic absorption bands of cellulose Ia and

Ib

Fig. 2 XRD intensities (points) of cellulose produced by a K.

xylinus and b A. bogorensis, shown together with the total fit

(thick continuous line) and its components (dashed line for

diffraction peaks and thin continuous line for background)
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can be found in the Electronic supplementary material

(Figure S1). The mean widths of K. xylinus and A.

bogorensis cellulose fibrils were 33� 12 and

21� 6 nm, respectively, where the error estimate is

equal to the standard deviation. The mean width

obtained for K. xylinus cellulose fibrils is within the

range of values (33–39 nm) previously determined

from SEM images for BC after 1–3 days of cultivation

(Fang and Catchmark 2014; Lee et al. 2015; Martı́nez-

Sanz et al. 2015b). These values include the thickness

of a conductive coating layer (about 2–5 nm), which

would in our case indicate true mean widths of around

25 and 15 nm for pure BC fibrils from K. xylinus and

A. bogorensis, respectively.

Previously, the range of fibril widths in A. bogoren-

sis and K. xylinus celluloses were estimated to be

about 5–20 nm and 40–100 nm, respectively (Kuma-

gai et al. 2011). However, the width of BC microfibril

bundles or ribbons is known to vary between bacterial

strains, cultivation conditions and time, as well as

location in the pellicle (Lee et al. 2015). Therefore,

direct comparison of values between different studies

is not always meaningful. In addition, measuring the

BC fibrils’ width manually from microscopy images is

not straightforward and can be subjective to some

systematic error, because many of the fibrils associate

with each other and the width of the two-dimensional

projection seen in the images may vary along the fibril

axis. Here mostly the thinnest, non-aggregated fibrillar

units observed in the SEM images were included in the

analysis, which also partly explains the lower values of

K. xylinus cellulose as compared to other analyses.

Transmission electron microscopy results

Representative TEM images of cellulose synthesized

by K. xylinus and A. bogorensis are presented in

Fig. 4a and b, respectively. More TEM images can be

found in the Electronic supplementary material (Fig-

ure S2). The thinnest fibrillar structures detectable in

the images, corresponding probably to individual

cellulose microfibrils, had widths of 5–7 nm in K.

xylinus cellulose and 3–5 nm in A. bogorensis cellu-

lose. Therefore, a typical 50-nm-wide fibril bundle in

K. xylinus cellulose consisted of around 6–10 cellulose

microfibrils. The A. bogorensis cellulose bundles, on

the other hand, had fewer microfibrils associated with

each other, often only a few but sometimes also around

5 or more. However, one needs to keep in mind that the

negative staining and possible effects of drying may

affect the detectability and dimensions of the smallest

structures in the TEM images.

An analysis of fibril widths in the TEM images

(Fig. 4c) yielded mean widths of 53� 31 nm and

13� 7 nm for K. xylinus and A. bogorensis cellu-

loses, respectively. The wider distribution of fibril

width in K. xylinus cellulose is partly explained by a

flatter, ribbon-shaped morphology, which was often

oriented to the plane of the hydrophilic carbon film on

the TEM grid. On the other hand, the smaller number

of analyzed images and fibrils together with the

Table 1 Lattice spacings (dhkl) and crystal dimensions (Lhkl) obtained from XRD fits (in nm)

Bacterium d100=1�10 L100=1�10 d010=110 L010=110 d110=200 L110=200

K. xylinus 0.6141(3) 4.99(3) 0.5290(2) 8.9(2) 0.3928(1) 5.52(4)

A. bogorensis 0.6074(8) 3.71(9) 0.5356(7) 5.54(2) 0.3945(2) 3.36(2)

Fig. 3 Example SEM images (scale bar 100 nm) of cellulose

produced by a K. xylinus and b A. bogorensis; c BC fibril width

distributions based on SEM images
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possibility to detect both microfibril bundles and

individual microfibrils explain the polydisperse fibril

width distribution of especially K. xylinus cellulose

and other differences to the analysis based on SEM

images (Fig. 3c). It is also possible that the sonication

treatment used to disperse the once dried BC fibrils

prior to TEM sample preparation could have broken

some of the larger microfibril bundles, whereas in the

freeze-dried samples imaged with SEM the microfib-

rils could be strongly aggregated as compared to their

original, hydrated structure.

Atomic force microscopy results

Example AFM images of the two BCs and their fibril

width distributions are shown in Fig. 5. In both

samples the three-dimensional fibril network had

collapsed during drying and therefore the images

showed a rather flat arrangement of partly overlapping

BC fibrils randomly oriented in the plane. In line with

the SEM and TEM observations (‘‘Scanning electron

microscopy results’’ and ‘‘Transmission electron

microscopy results’’ sections), the fibrils synthesized

by A. bogorensis (Fig. 5c, d) were clearly thinner than

those from K. xylinus (Fig. 5a, b). An analysis of

several AFM images from both samples (Fig. 5e)

yielded mean fibril widths of 130� 25 nm and

30� 11 nm for K. xylinus and A. bogorensis cellu-

loses, respectively. The obtained values confirm the

visually observed difference between the two BC

samples, even though both of them are larger than the

fibril widths determined from the SEM and TEM

images. In the AFM images, the fibril width in the

plane of the two-dimensional image usually corre-

sponded to the larger dimension of bundle or ribbon

cross-section, which together with limited image

resolution and possible aggregation while drying

explains the different values compared to the SEM

and TEM analyses. Previously, fibril widths in the

range 110–140 nmwere reported fromAFM images of

Acetobacter cellulose samples prepared by drying as a

film (Faria Tischer et al. 2010).

The fibril bundles or ribbons of K. xylinus cellulose

were observed to consist of thinner parallel fibrils,

Fig. 4 Example TEM images (scale bar 200 nm) of cellulose

produced by a K. xylinus and b A. bogorensis; c BC fibril width

distributions based on TEM images

Fig. 5 AFM images of BC samples: a topography image (color

scale in nm) and b phase image (color scale in degrees) of K.

xylinus cellulose (area 2.0 lm � 2.0 lm), c topography image

and d phase image of A. bogorensis cellulose (area 0.5 lm �
0.5 lm), with example height profiles (units nm) shown in the

insets of the topography images; e BC fibril width distributions

based on AFM amplitude images
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which were particularly well visible as dark and light

stripes along the long axis of some fibrils in the phase

images (Fig. 5b). This kind of variation of the phase

shift can be associated to differences in sample

stiffness (Magonov and Reneker 1997) and could

indicate that those bundles or ribbons consisted of

harder fibrils (appearing darker) separated by softer

interfibrillar spaces (appearing lighter). The typical

distance between neighboring stripes was about

10–20 nm, which is two to three times the cross-

sectional size of the cellulose crystals based on XRD

analysis (Table 1) or the smallest structures observed

with TEM (‘‘Transmission electron microscopy

results’’ section). These substructures were not

observed in the A. bogorensis cellulose (Fig. 5d),

which could be due to the limited resolution of the

images and effects of tip-broadening.

In addition to the fibril width in the plane of the

image, the collapsed morphology of the BC fibril

network allowed a rough estimation of the fibril

bundle thickness from the AFM topography images.

As demonstrated by the example height profiles shown

in the insets of Fig. 5a, c, the typical thickness of a BC

fibril bundle or ribbon in the out-of-plane direction

was around 10 nm in K. xylinus cellulose and around

or below 5 nm in A. bogorensis cellulose, reflecting

the same trend as observed in their lateral width.

However, a more detailed analysis of the vertical fibril

thickness would require a sample with the BC fibrils

distributed on a flat surface.

Small-angle scattering results

SAXS and SANS were employed to characterize the

hierarchical structure of the two BCs in their original,

wet state prior to any drying. The data were fitted with

the unified exponential/power-law model (Eq. 2),

which allows simultaneous characterization of the

hierarchical BC structure on both the levels of single

microfibrils and bundles thereof. The SAXS and

SANS data with fits are presented in Figs. 6 and 7,

respectively, and the most important fitting parameters

are summarized in Table 2. A table showing all the

fitting parameters (Table S1) and figures presenting

the SANS and SAXS data together (Figure S3) are

included in the Electronic supplementary material.

The SAXS data of K. xylinus cellulose (Figure 6a)

was fitted only with the terms of the smallest structural

level (i ¼ 1) and the power-law term of level i ¼ 2

(term with B2 in Eq. 2) due to limited q range. For the

same reason, the largest hierarchical level (i ¼ 3) was

omitted in the SAXS fit to A. bogorensis cellulose

(Fig. 6b). The SANS data were fitted with the

complete expression of Eq. 2 (Fig. 7). A peak

between q ¼ 0:09 and 0.15 Å�1 in the SANS data of

A. bogorensis cellulose (Fig. 7b) was excluded from

the fit, because with SAXS it was observed only in

some parts of the sample and therefore assumed to

originate from some unidentified impurities in the

larger SANS sample. The value of P1 was fixed to 4 in

all fits.

Estimates for the cross-sectional diameter of BC

microfibrils and bundles thereof can be calculated

based on the fitting parameters Rg;i in Eq. 2. The

‘‘cross-sectional radius of gyration’’ is Rg;c ¼ffiffiffiffiffiffiffiffi
2=3

p
Rg and by assuming a circular cross-section

for simplicity, the cross-sectional diameter of cylin-

drical fibrils is D ¼ 2
ffiffiffi
2

p
Rg;c. The values of Di for

structural levels i ¼ 1 and i ¼ 2, assumed to corre-

spond to the cross-sectional diameters of BCmicrofib-

rils (D1) and bundles thereof (D2), are presented in

Table 2. The values of D1 are in good agreement with

the cross-sectional dimensions of the BC crystallites

determined with XRD (Table 1) as well as the width of

the smallest fibrillar structures observed with TEM

(‘‘Transmission electron microscopy results’’ section)

and the thickness of fibril bundles determined from the

AFM height profiles (‘‘Atomic force microscopy

results’’ section). The relatively large difference

between the D1 values obtained for A. bogorensis

cellulose based on SAXS and SANS could be due to

the removal of data points corresponding to the

impurity peak in the SANS data, which particularly

affected the intensity at high q values. On the level of

the BC microfibril bundles (i ¼ 2), the fits to SAXS

and SANS data from never-dried samples reproduced

the same trend as observed with all other methods: the

diameter of the microfibril bundles (D2) was signif-

icantly larger in BC synthesized by K. xylinus than by

A. bogorensis, the ratio between the values from

SANS data being about 1.7. The values of the power-

law exponents P2 and P3 describe the aggregation of

the BC microfibrils and their bundles, respectively,

and did not show any major difference in the packing

of the fibrillar units in the two celluloses.

The main advantages of small-angle scattering

methods in BC characterization include the ease of
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sample preparation, which does not require drying,

and the possibility to cover simultaneously two or

more levels of the hierarchical structure, depending on

the available q range of the scattering instrumentation.

SAXS and SANS can provide the average structure of

a macroscopic sample volume, which allows one to

Fig. 6 SAXS data of cellulose produced by a K. xylinus and b A. bogorensis, showing the total fit and contributions from the different

hierarchical levels

Fig. 7 SANS data of cellulose produced by a K. xylinus and b A. bogorensis (peak excluded from the fit denoted by dots), showing the

total fit and contributions from the different hierarchical levels

Table 2 Results of fits (Eq. 2) to small-angle scattering data (Rg;i, Pi) and cross-sectional fibril diameters (Di) calculated based on

Rg;i. The parameter P1 was fixed to 4 in all fits

Bacterium Method Rg;1 (nm) D1 (nm) Rg;2 (nm) D2 (nm) P2 P3

K. xylinus SAXS 3.224(5) 7.45(1) – – 2.543(1) –

SANS 3.41(1) 7.88(3) 55.3(5) 128(1) 2.688(4) 2.34(2)

A. bogorensis SAXS 1.445(8) 3.34(2) 26.21(5) 60.5(1) 2.517(1) –

SANS 1.94(3) 4.48(7) 32.0(2) 74.0(5) 2.982(5) 2.18(1)
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determine the average nanoscale structure more effi-

ciently than with microscopy methods, but at the same

time includes a contribution from possible contami-

nation in the sample. The most challenging part of a

small-angle scattering experiment is the data analysis,

which usually requires fitting of a model function. As

has been seen in the literature (Astley et al. 2001;

Faria Tischer et al. 2010; He et al. 2014; Martı́nez-

Sanz et al. 2015a, b; Penttilä et al. 2017), the choice of

the best model for BC samples is far from well-

established and this affects the results. Particularly, the

exact shape and size of the BC fibril cross-section is

difficult to assess due to the broad size distribution

present in native BC. To overcome this challenge in

the future, BC with less polydisperse fibril width

distribution could be used in order to develop a better

analytical model for fitting to small-angle scattering

data.

Between the two small-angle scattering methods,

SAXS is typically more easily available, has better

instrumental resolution, and allows faster measure-

ments from smaller samples than SANS. On the other

hand, SANS offers the possibility of contrast variation

(Martı́nez-Sanz et al. 2015a), which can be especially

beneficial for studies of multicomponent systems, it

does not cause beam damage, and can be used to

obtain a more representative picture of a large sample

than with SAXS. In a two-component system like in

the current case and provided that the q range available

with both methods is the same, SAXS and SANS are

expected to yield practically the same information. As

shown in this work, they can be used to extract the

lateral width of BC fibrils both on the level of cellulose

microfibrils and their bundles in the original, hydrated

state, yielding values that are consistent with each

other and comparable with results from other methods.

With a proper analytical model developed for BC

samples, their potential could be even higher.

Differences between K. xylinus and A. bogorensis

celluloses and their biological origin

BC fibrils consist of thinner sub-fibrils, usually called

cellulose microfibrils, that are organized into bundles

or larger, ribbon-like structures (Brown 1996; Haigler

et al. 1982). The width of the full microfibril bundle

varies for instance with cultivation time, which is

explained by an increasing number of smaller bundles

that become associated with each other (Zhang 2013).

In this mechanism the width of the individual cellulose

microfibrils is constant and their number per bundle

increases with time. According to the results of this

work, however, the cellulose fibrils produced by A.

bogorensis were thinner than those produced by K.

xylinus on both hierarchical levels, which cannot be

explained solely by a different number of microfibrils

forming a bundle or ribbon. Therefore, reasons for the

differences should be sought on a more fundamental

level of cellulose biosynthesis.

In the molecular scale, the most recent models for

the Acetobacter cellulose-synthesizing complex

(CSC) (Du et al. 2016; Sun et al. 2017) suggest that

four cellulose chains, each of them originating from

one CesAB complex, pass through the four tunnels of

one CesD protein in the periplasmic space (Hu et al.

2010), thereby forming a putative ‘‘mini-sheet’’

(Brown 1996). Even though the structure of the CesD

protein is slightly different in A. bogorensis (Mizuno

& Amano, Bacterial Nanocellulose Conference 2015

abstracts), its octameric shape with a cross-like hole in

the middle suggests that also in that case four chains

pass through the protein and form the primary

assembly of cellulose chains. Therefore, it seems also

unlikely that the difference between the microfibril

width ofK. xylinus and A. bogorensis celluloses would

be merely related to differences in the structure of

single CSCs and the proteins constituting them.

Instead, the thinner microfibrils of A. bogorensis

cellulose are probably explained by a lower number of

CSCs that form one subunit of a larger terminal

complex (TC). The four-chain subunits or mini-sheets

may assemble into microfibrils with cross-sectional

dimensions around 5 nm either directly in a single

process or through an intermediate phase, such as a

‘‘mini-crystal’’ (Brown 1996; Ross et al. 1991) orig-

inating from one TC subunit and having cross-

sectional dimensions of 1.5 nm�1.5 nm (Fig. 8a).

Independent of the possible presence of an interme-

diate structure, the eventual cross-sectional dimen-

sions of the BC microfibrils are likely to be

proportional to the number of CSCs or TC subunits

contributing to them. Examples of microfibril cross-

sections possibly originating from assemblies of 6 and

15 TC subunits are sketched for illustrative purposes

in Fig. 8b, c, where the microfibril dimensions roughly

correspond to the dimensions determined with XRD

and other methods for A. bogorensis and K. xylinus

celluloses, respectively. In further support of TC
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subunit numbers close to those presented in Fig. 8b, c,

similar ratios around 2 between the two BCs were

observed in the crystal size from XRD analysis

(Table 1), the microfibril width from SAXS and

SANS fits (D1 in Table 2), and the microfibril bundle

thickness from AFM height profiles (‘‘Atomic force

microscopy results’’ section). The similarity of the

values from these three methods also implies that

drying of the samples prior to the XRD and AFM

measurements did not have a significant effect on the

thickness of individual BC microfibrils.

Similarly to the BC microfibrils, the ratio of fibril

bundle widths between the two BCs was close to 2

when determined from the SEM images of freeze-

dried samples (‘‘Scanning electron microscopy

results’’ section) and the small-angle scattering data

of wet BCs (‘‘Small-angle scattering results’’ section).

On the other hand, larger ratios of about 4 were

obtained based on the TEM (‘‘Transmission electron

microscopy results’’ section) and AFM images

(‘‘Atomic force microscopy results’’ section). This

difference might be an effect of the flatter morphology

of the K. xylinus microfibril bundles, which were also

observed to consist of a larger number of microfibrils

than the A. bogorensis microfibril bundles (TEM

results in ‘‘Transmission electron microscopy results’’

section). Moreover, the BC microfibril bundles or

ribbons were sensitive to effects of drying, which

explains the broader range of values obtained for their

lateral dimensions with the different experimental

methods. Drying the samples particularly for TEM and

AFM imaging oriented the wider face of flat, ribbon-

like bundles to the plane of the image, which made

them appear wider than for instance in the SEM

images. Distinguishing between the fibril bundle

width and thickness was difficult also in the small-

angle scattering data, due to which a circular cross-

section was assumed in the fits. The bundle widths

determined from SEM images were smaller than with

SAXS and SANS (D2 in Table 2), which could be due

to shrinkage of the bundles during freeze-drying prior

to the SEM imaging. Regardless of any drying-related

effects, the lower number of microfibrils constituting a

microfibril bundle in A. bogorensis cellulose could

possibly be related to a less regular assembly of the TC

subunits on the cell membrane as compared to the

well-organized linear TC of Acetobacter (Kimura

et al. 2001). However, this remains to be shown in

future works.

As a conclusion, we suggest that the overall finer

fibrils in A. bogorensis cellulose as compared to K.

xylinus cellulose, observed both in the current work

and previously by Kumagai et al. (2011)), are caused

by the combined effect of two factors: (i) thinner

cross-section of individual microfibrils, which are

synthesized by a lower number of TC subunits

working together; (ii) lower number of microfibrils

constituting a microfibril bundle, caused by an irreg-

ular assembly of TC subunits on the cell membrane.

Developing a way to control these factors separately

would lead to a better overall control on cellulose

structures synthesized by bacteria and open new ways

to tailor them for various applications.

Conclusions

A comprehensive multimethod characterization of

two BCs showed that the cellulose fibrils synthesized

by a substrain of A. bogorensiswere finer than those of

K. xylinus on both the levels of individual cellulose

microfibrils and bundles or ribbons thereof. The new

results on the A. bogorensis fibril dimensions were

used to discuss the differences in cellulose biosynthe-

sis between the two bacteria. At the same time, this

work demonstrated the challenges of determining the

lateral dimensions of highly polydisperse and hierar-

chically structured BC fibrils, which often lead to

Fig. 8 Schematic cross-sectional views of various arrange-

ments of putative cellulose ‘‘mini-crystals’’: a a single cellulose
mini-crystal consisting of 4�4 cellulose chains and synthesized

by one TC subunit; possible arrangements of cellulose mini-

crystals synthesized by b 6 and c 15 such TC subunits

Cellulose (2018) 25:2771–2783 2781
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slightly different results depending on the method and

sample preparation. From the methods compared in

this work, only the small-angle scattering methods

SAXS and SANS could be used to determine the

lateral width of both the BC microfibrils and the

microfibril bundles simultaneously and without dry-

ing. By understanding the special characteristics of the

various methods and regarding them complementary

to each other, a consistent picture of BC structure and

its origins may be reached.
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