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Abstract

Small angle neutron scattering (SANS) has been applied to characterise the structure of pure
bacterial cellulose hydrogels, and composites thereof, with two plant cell wall
polysaccharides (arabinoxylan and xyloglucan). Conventional published models, which
assume that bacterial cellulose ribbons are solid one-phase systems, fail to adequately
describe the SANS data of pure bacterial cellulose. Fitting of the neutron scattering profiles
instead suggests that the sub-structure of cellulose microfibrils contained within the ribbons
results in the creation of regions with distinct values of neutron scattering length density,
when the hydrogels are subjected to H,O/D,0 exchange. This may be represented within a
core-shell formalism that considers the cellulose ribbons to comprise a core containing
impermeable crystallites surrounded by a network of paracrystalline cellulose and tightly
bound water, and a shell containing only paracrystalline cellulose and water. Accordingly, a
fitting function comprising the sum of a power-law term to account for the large scale
structure of intertwined ribbons, plus a core-shell cylinder with polydisperse radius, has
been applied; it is demonstrated to simultaneously describe all SANS contrast variation data
of pure and composite bacterial cellulose hydrogels. In addition, the resultant fitting
parameters indicate distinct interaction mechanisms of arabinoxylan and xyloglucan with
cellulose, revealing the potential of this approach to investigate the role of different plant

cell wall polysaccharides on the biosynthesis process of cellulose.

Keywords: small angle scattering, neutron scattering, cellulose, hemicelluloses, bacterial

cellulose
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1. Introduction

Cellulose is one of the most abundant biopolymers found in nature, mostly as the main
structural component of plant cell walls (PCWs). It is a linear homo-polysaccharide of -D-
glucopyranose linked by B-1-4-linkages which, in its native form, is found assembled in a
characteristic hierarchical structure. At its most basic structural level, cellulose chains are
arranged in a highly ordered fashion forming crystal units ", also known as cellulose
nanocrystals or nanowhiskers. At the next structural level, cellulose crystals are intercalated
with paracrystalline and disordered amorphous domains, forming cellulose microfibrils,
which then aggregate to form cellulose bundles or ribbons. The size ranges corresponding to
these structural features are largely conditioned by the cellulose native source. For instance,
cross-sections of 2-5 nm have been reported for plant-derived cellulose microfibrils **,

whereas bacterial and algal cellulose microfibrils typically present larger cross-sections of 4-

9- 12, 13

8 nm ' and greater than 15 nm respectively. In PCWs, cellulose microfibrils are
embedded in a multi-component matrix composed of amorphous biopolymers, such as
hemicelluloses and pectins. Although these cellulose microfibrils are known to present a key
role in controlling growth processes and providing mechanical integrity to PCWs '*'®, many
questions still remain with regards to their structure and interactions with matrix
components. In addition to its significance in the field of plant biology, understanding the
structure of PCWs is also relevant to several industrial sectors such as the production of

biofuels, where identification of the structural role of the PCW components and their effect

on the digestibility of cellulose are essential to increase processing efficiency .

Besides being a major component in PCWs, cellulose is secreted extracellularly by several
bacterial species such as Gluconacetobacter xylinus (formerly known as Acetobacter

xylinus), which, when inoculated in a culture medium rich in carbohydrates or polyols,
3
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synthesize a highly hydrated pellicle of cellulose (often referred to as cellulose hydrogel) at
the liquid/air interface '®. Although plant-derived and bacterial cellulose have the same
chemical structure, they present quite distinct structural organization due to certain
differences in their respective biosynthesis processes. Cellulose biosynthesis is carried out
by complex proteins found in the cellular membrane of cellulose-synthesizing organisms,
known as terminal complexes (TCs), and the formation of different structural features is
assumed to take place sequentially during several synthesis stages '°. Thus, the architecture
of cellulose should be determined by the arrangement of TCs in different organisms and by
factors interfering with any of the biosynthesis stages. For instance, TCs in higher plants are
arranged into features known as rosettes, which present an hexagonal symmetry; a common
assumption therefore is that the number of cellulose chains found in plant-derived
microfibrils is divisible by six 429 On the other hand, TCs are linearly arranged in the cell
membrane of Gluconacetobacter '°, which has led several researchers to consider bacterial
cellulose ribbons as flat objects with rectangular cross-section 22, despite no definitive
evidence having been provided to support this hypothesis. Furthermore, while bacterial
cellulose is synthesized as nearly pure cellulose, interactions between cellulose and matrix
components are developed during the PCW biosynthesis process, hence affecting the
cellulose assembly pattern. Despite these differences, a number of studies have
demonstrated that when PCW biopolymers are added into the Gluconacetobacter culture
medium, cellulose establishes interactions with the added components, mimicking the
assembly of cellulose in PCWs ' 23! Ag a result, this has been employed as an efficient
approach to investigate the individual role of different PCW components, i.e. avoiding the
presence of interfering constituents, in the biosynthesis process and in the properties of the

resulting composite materials.
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A number of works have investigated the effect of several PCW polysaccharides such as
xyloglucan 27 #* *2, mannans > ** and pectins *' on the structure of bacterial cellulose by
means of microscopic, spectroscopic and diffraction techniques. However, the sample
drying typically required by these methods induces significant structural changes in the
highly hydrated (ca. 99% H,0) bacterial cellulose hydrogels'®. As an alternative, small angle
scattering techniques offer a suitable approach to characterise bacterial cellulose hydrogels
in their native state, covering a size range from 1 nm to several hundreds of nm.
Surprisingly, only a limited number of studies have exploited the potential of SAXS and
SANS to investigate the structure of native bacterial cellulose ' **2%. In most of these
studies, scattering data have been interpreted in terms of fractal analysis, cross-section

estimation, or application of very basic theoretical models which do not account for the

complex assembly of cellulose into several structural levels.

The combination of SANS and SAXS with complementary XRD and SEM to characterise
bacterial cellulose composites has been recently shown to provide meaningful insights on
the differential role of PCW polysaccharides in the cellulose biosynthesis processlo’ Y In
parallel, the development of a suitable theoretical model to describe the scattering arising
from hierarchically-assembled pure bacterial cellulose, and its composite hydrogels with two
different PCW polysaccharides, is presented here to fully exploit the potential of small angle
scattering techniques to the investigation of the interaction mechanisms between cellulose

and PCW matrix components.

2. Experimental

2.1 Preparation of pure and composite bacterial cellulose hydrogels

5
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Cellulose only (BC), cellulose/xyloglucan (BC-XG) and cellulose/arabinoxylan (BC-AX)
composites were produced following the method described by Mikkelsen et al. 2% * % with
some modifications. In brief, the Gluconacetobacter xylinus frozen strain ATCC 53524
(Manassas, VA, USA) was cultivated in Hestrin and Schramm medium at pH 5.0. To
produce the BC-XG composites, 1% xyloglucan solution (tamarind xyloglucan, Megazyme
International Ireland Ltd., County Wicklow, Ireland) was mixed with double concentrated
Hestrin and Schramm medium (1:1) before inoculation, leading to a final xyloglucan
concentration of 0.5%. A similar preparation method and concentrations were applied for
the culture medium used to synthesize the BC-AX composites *° (wheat arabinoxylan,
Megazyme International Ireland Ltd., County Wicklow, Ireland). Composite hydrogels were
cultivated statically at 30°C for 72 hours in 40 mm diameter containers. After cultivation
they were harvested and washed 6 times with ice-cold deionised water under agitation at 100

rpm to remove bacteria and excess medium. Samples were stored in 0.02% NaNj; solution

and kept at 4°C until further analysis.

Monosaccharide analysis by GC/MS of washed composite hydrogels showed 27%
incorporation of xyloglucan in the BC-XG composite and 53% arabinoxylan in the BC-AX
composite. The total solids content in the hydrogels were approximately 0.7% w/v for BC
and 1.4% for BC-XG and BC-AX, the remainder being water. Sample thicknesses were

measured with a Vernier calliper and were between 0.6 and 1.0 mm.

2.2 Small angle neutron scattering (SANS)
SANS measurements were performed on the 40 m QUOKKA instrument at the OPAL

reactor *'. Three configurations were used to cover a q range of 0.004-0.8 A™" where g is the

magnitude of the scattering vector defined as q = 47”5111 0 and 26 is the scattering angle.
6
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These configurations were: (i) source-to-sample distance (SSD) = 20.2 m, sample-to-
detector distance (SDD) = 20.1 m, (ii)) SSD =3.9 m, SSD =4.0 m and (iii)) SSD =10.0 m,
SDD = 1.4 m using a wavelength, A, of 5.034 A of 10% resolution and with source and
sample aperture diameters of 50 mm and 10 mm, respectively. Pure cellulose, and its
composite hydrogels, in their fully hydrated state were analysed by placing the samples in
sealed 1 mm path length cells with demountable quartz windows and filling the cells with
the required solvent (H,O, D,O or different H,O/D,O mixtures). To maximize the D/H
exchange, prior to the SANS measurements, the hydrogels were soaked in D,O or H,O/D,0
mixtures with an approximate hydrogel/solvent ratio of 1g/3mL. The samples were initially
soaked for 24h and, subsequently, an additional exchange step with fresh solvent was carried
out for at least a further 24h. Scattering was measured for a total of 1.25 h for the hydrogels
soaked in 60% D,0 and 100% D0, and 2.25 h for the hydrogels soaked in H,O, 20% D,0O

and 35% D,O.

SANS data were reduced using NCNR SANS reduction macros * modified for the
QUOKKA instrument, using the Igor software package (Wavemetrics, Lake Oswego, OR)
with data corrected for empty cell scattering, transmission, and detector and transformed to
absolute scale using an attenuated direct beam transmission measurement. To perform the
background subtraction, the background contribution in each sample was first assessed by
calculating the slope of the linear region at high q on an I-q* versus g plot. The value of the
slope obtained was used to estimate the level of constant background (bulk H,O, D,O or
different H,O/D,O mixtures) which was subsequently subtracted from each sample. All
scattering plots presented in this work have been background subtracted by following this

procedure. The contrast match point of each sample was determined by plotting the

Page 8 of 54



Page 9 of 54

176
177
178
179
180
181
182
183
184
185
186
187

188

189

190
191
192
193
194
195
196
197

198

Soft Matter

scattering intensity at a q value of 0.0052 A" against the D,O content of the solvent

mixtures (cf. Figure 5A).

2.3 Data analysis
Initial fits to the experimental SANS data of D,0-soaked hydrogels were conducted by

33,35,38
, namely

applying a variety of models that have been proposed in the existing literature
parallelepiped and cylinder with polydisperse radius, within the Igor NIST analysis macro
suite *. A more sophisticated model, comprising the sum of a power-law term (to account for
large-scale structure) plus a core-shell cylinder structure (polydisperse core, fixed thickness

shell) was coded by the authors within the same program, and was used as an alternative for

fitting the SANS curves for contrast variation experiments.

The function calculated is the following:
1(q) =L ¥r,n(Re, 0c) - P(q, Re, Ry, L, SLD, SLDs, SLDo,) + A - ¢~™ + bleg (1)

where the first term corresponds to the form factor of a core-shell cylinder with polydisperse
core radius, normalised by multiplying by the number density of particles (sf/V;), the
second term accounts for the power-law behaviour and the third term corresponds to the
incoherent background remaining after the solvent background subtraction (which in this
case was close to zero). Since the SANS data were collected on an absolute scale, the scale
factor parameter should correspond to the volume fraction of cylindrical particles. This

value relies on detailed knowledge of the thickness of the sample.

The form factor of the core-shell cylinder is calculated by the following equation:
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. (qLcos @
P(CI; Rc: Rs: L, SLDC, SLDS, SLDSO[V) = J-OTT/Z Sin 9 . d@ " [VS(SLDS - SLDSOZV) % .

2

sin(qLcosg) 2J,(qR.sin @) ?
+ VC(SLDC _SLDS) qLco§9 =
2

2J,(qRssin6)
qRssin6

qR. sin 6
)

where R, is the core radius, R is the shell radius (R = R, + t;), tg is the radial shell

thickness, L is the cylinder length, V. is the core volume (V. = mRZL), V; is the shell volume

(V;, = mR2L), ], is the first order Bessel function and @ is the angle between the cylinder

axis and the scattering vector q.

Additionally, the polydispersity of the core radius, 0., is modelled using a log-normal
distribution:

2
exp(—l[l”(RC/R") )

2 oc

V(2m)acRe (3)

n(Rc' Gc) =

where R, is the mean core radius.

This model is thus defined by eleven parameters: scale factor (sf), R., L, o, ts, SLD
(scattering length density) of the core (SLD.), SLD of the shell (SLDs), SLD of the solvent

(SLDgy1p), power-law coefficient (A), power-law exponent (m) and incoherent background

(bkg).

When fitting the SANS contrast variation experimental data, two new variables, x.y-. and
Xshen Were created to describe the volume fraction of cellulose present in the core and the
shell of the ribbons, respectively. Considering the situation of hydration in a 100% D,O

solvent, and assuming that both the core and shell regions may be occupied only by cellulose

Page 10 of 54
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and water then these variables are directly related to the SLD of the core and the shell as

follows:

SLD;ore = Xcore [SLDcell + degexcell core ' (SLDcellfull exch — SLDcell)] + (1 - xcore) '

[SLDbound H20 + degexsolv core ’ (SLDbound solv — SLDbound HZO)] (4)

SLDgpen = Xsneu [SLDcell + degex e sheu (SLDcell full exch — SLDcell)] + (1 — Xspen)

[SLDbound H20 + deQexsolv shell * (SLDbound solv — SLDbound HZO)] (5)

where degexce; core and degexcqy snen represent the degree of H/D exchange in the
cellulose fraction present within the core and shell, respectively and degexgop, core and
degexsow sney correspond to the degree of exchange undergone by the solvent contained
within the core and shell, respectively. These four parameters, which take a value between
zero and unity, represent the extent to which exchange has occurred in both the cellulose and
solvent with respect to the maximum possible SLD values for each fully exchanged
component. Thus SLD ey and SLDceyp fuig excn correspond to the SLD of non-exchanged and
fully exchanged cellulose, respectively and SLDpoyna nzo and SLDpouna sorw are the SLD
values of the tightly bound water initially found within the cellulose ribbons and the SLD of
tightly bound solvent (i.e. associated with the corresponding solvent used for the contrast

variation experiments) and both based on a density increase of 25% as reported in *****.

Thus, the final model was defined by the following nineteen parameters: sf, R., L, o., ts,

Xcores Xshells degexcell core» degexcell shell» degexsolv core» degexsolv shell» SLDcella

SLDcellfull exch» SLDsolva SLDbound solv» SLDbound H20> Aa m and bkg~ From these nineteen

parameters, the following nine were fixed: L, o, degexsow sneu> SLDcetr» SLDceur fuit exchs
10
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SLDgo1v> SLDpound sotvs SLDpound wzo and bkg. Of the remaining ten parameters, eight
parameters: Sf, Rca ts, Xcore> Xshell> d€geXsow core> d€geXcen core and degexcey shen, Were

constrained between values consistent with known sample properties.

Regarding the morphological parameters of the samples, the cylinder length was fixed to a
value of 500 nm, which is in agreement with values previously reported for the length of
crystalline cellulose **. In addition, the cylinder length beyond this has limited effect on the
low q scattering. The polydispersity of the core radius, equivalent to the polydispersity of the
ribbon thickness since the shell thickness was considered to be constant, was fixed to 0.2; the
latter corresponds to the approximate relative error obtained when measuring the ribbon
thickness from SEM micrographs '°. The core radius and the radial shell thickness were
constrained to refine between values of 3 and 30 nm; these values were based on
consideration of the minimum cellulose crystallite dimensions and the maximum ribbon

width, estimated in previous work .

The scale factor was estimated, before fitting, to be within the range of 0.004-0.015; this was
based on uncertainties concerning the sample thickness (0.6-1.0 mm) and knowledge of the
dry weight (0.7-1.4%). To account for possible thickness or dry weight measurement errors,
the scale factor was allowed to vary between 0.001 and 0.03 during the fitting process. In the
particular case of the solvent mixture closest to the contrast match point (i.e. samples soaked
in 33% D,0), where the SLD contrast between the solvent and the crystalline cellulose is
negligible, this parameter was fixed to a value of 0. The core and shell cellulose volume
fractions were constrained between 0 and 1. The solvent contained within the shell was
assumed to be completely exchanged (i.e. the solvent exchange within the shell was fixed to

a value of 1). On the other hand, the cellulose H/D exchange for both core and shell regions

11

Page 12 of 54



Page 13 of 54

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

295

Soft Matter

and the solvent exchange within the core were allowed to refine between 0 and 1 (i.e. no

exchange and complete exchange).

The SLD of fully exchanged cellulose was calculated for each solvent mixture considering
that a value of 3.66:10'° cm™ would be obtained if complete exchange of labile hydroxyl
groups occurred when soaking the samples in 100% D,O, whereas a value of 1.87- 10" cm™
would correspond to 100% H,O (i.e. no H/D exchange) (cf. Table 1). The tightly bound
solvent SLD values were calculated for solvent composition based on an increase of 25% in
the physical density. The bulk solvent SLD values were re-calculated based on consideration
of the sample/solvent ratio used for the two successive exchange steps. Thus, for instance,
one bacterial cellulose sample weighing ca. 14.7 g soaked in 40 mL of pure D,O should
result in a final solvent composition of ca. 75% D,0 viz. 14.7g sample = 1.03g cellulose +
13.67mL H,O, in 40 mL of D,O. Assuming that complete solvent exchange occurs during
the first exchange step, the final solvent composition would be around 93% D,O (1.03g
cellulose + 10.25mL D,0 + 3.42mL H,O + 40mL D,0), with a corresponding neutron SLD
value of 5.89-10' cm™. By following the same procedure, the final solvent compositions
when soaking the samples in 60%, 35% and 20% D,O solutions were calculated as 56%,

33% and 18% D,0, and having SLD values of 3.33-10'"° em?, 1.73-10'"° em™ and 0.69-10"°

2 .
cm™, respectively.

2.4 Small angle X-ray scattering (SAXS)

SAXS measurements of the native pure cellulose and composite hydrogels (soaked in excess
H,0) were performed on a Bruker Nanostar instrument, as described previously '°. The
SAXS patterns were fitted using the same power-law plus core-shell function applied to fit

the SANS data. However, in the case of X-rays, the scattering intensity arises mainly from

12
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296 the contrast between the interior of the crystalline cellulose microfibrils (i.e. the core,
297 according to the applied model described above) and the surrounding hydrated
298 paracrystalline cellulose exterior region (i.e. the shell). Thus, the SLD values of the core and
299 the shell were expressed as follows:

300

301 SLDcore = SLDcryst ceur (6)
302

303 SLDspeny = (Xsheu * SLDparacryst ce) T (1 = Xspewr) * SLDpoyna H20) (7)
304

305 where X corresponds to the cellulose volume fraction in the microfibril exterior region
306 and SLDcyyst cett» SLDparacryst cett @0d SLDpoyna 20 are the SLD values of the crystalline
307 cellulose, the paracrystalline cellulose and the tightly bound water, respectively (cf. Table
308 1). Hence, in the particular case of applying the core-shell model to describe the structure of
309 the individual cellulose microfibrils, the fitting function is described by a total of twelve
310 parameters, from which six were fixed (L, SLDiyrystcetr» SLDparacryst cetts SLDsorw
311 SLDpouna 2o and bkg), four were constrained (sf, R, g. and Xxg.) and only two
312 parameters were refined without any constraint (A and m). Based on the dry weight of the
313 samples and considering possible dry weight measurement errors, as well as the possible
314 reduction in the sample water content as a consequence of squeezing the hydrogel through
315 the 1 mm capillary, the scale factor was constrained between 0.001 and 0.1. The core radius
316 was constrained to refine between values of 1 and 30 nm, whereas the polydispersity of the
317 core radius and the cellulose volume fraction within the shell were constrained between 0
318 and 1.

319

13
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Table 1. Neutron and X-ray SLDs for the different polysaccharides and solvents used in the
SANS experiments. The following physical densities were used: p(crystalline cellulose) =
1.60 g/em’® *, p(paracrystalline cellulose) = 1.51 g/em® *°, p(amorphous cellulose) = 1.48
g/em’® ¥’ p(arabinoxylan) = 1.40 g/cm’, p(xyloglucan) = 1.40 g/cm’ **. Bound H,O and D,O

SLDs were calculated assuming a density increase of 25% with respect to the bulk, as

reported in ***,
Neutron SLD X-ray SLD
(10" cm™?) (10" cm™)
Cellulose (crystalline) 1.87 14.46
Cellulose (crystalline, D,O exchanged) 3.66 -
Cellulose (paracrystalline) 1.77 13.65
Cellulose (paracrystalline, D,O exchanged) 3.46 -
Cellulose (amorphous) 1.73 13.38
Cellulose (amorhpous, D,O exchanged) 3.39 -
Arabinoxylan 1.62 12.64
Xyloglucan 1.62 12.65
Bulk H,O -0.56 9.47
Bound H,O -0.70 11.84
Bulk D,O 6.38 —
Bound D,0 7.97 -

3. Results and discussion

14
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3.1 Model development: Fitting of bacterial cellulose SANS data

Bacterial cellulose hydrogels are structurally complex systems which have been characterized
by SANS in a very limited number of works '® * %7, To date, attempts to describe the
experimental SANS data have been carried out based on unrealistic models which do not
account for the real complexity of the system and, consequently, have not been able to
satisfactorily fit the experimental data over the relevant intensity and q range. The aim of this
work is to assess the validity of a more complex model, based on the prior knowledge of the
system, to describe the SANS data of pure and composite hydrogels. Note that throughout
this paper, the experimental data and associated fitting functions are illustrated on a
logarithmic (as opposed to linear) scale of both intensity and q as this provides a clear
demonstration of the quality, or otherwise, of the fitting functions; in addition, and unusual
for small-angle scattering data from polymeric systems, a reduced y* value is also provided.
The SANS patterns of pure bacterial cellulose hydrogels and its composites with
arabinoxylan and xyloglucan have been previously shown to consist of the following three
distinct regions: (1) low q region (q < 0.01 A'l) dominated by interfacial surface scattering
(i.e. arising from the interface between the cellulose ribbons and the surrounding bulk
solvent) and evidenced by a power-law behaviour; (2) appearance of one or two characteristic
shoulders in the region of q = 0.01-0.08 A™"; and (3) a high q region (q > 0.15 A™") dominated
by incoherent background scattering arising from the hydrogenous material '°. To explain the
observed scattering patterns, a range of models, including those previously proposed in the

literature, have been applied in the present work.

The small angle scattering data of bacterial cellulose samples have been typically fitted using

one-phase models, accounting for a single solid phase surrounded by bulk solvent ** *> %%,

Bacterial cellulose ribbons present a morphology of long entangled objects with cross-

15
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sectional dimensions within the range of 20-60 nm '"* ' Although the length of each
ribbon has not been unambiguously determined, they have been seen to be periodically

twisted with an approximate repeating distance of 1 pm **

; the cellulose crystallites
composing the ribbons have been determined to present lengths of ca. 400-600 nm **. On the
other hand, there is scarce information regarding the cross-sectional shape of the ribbons. On
the basis of the linear arrangement of TCs in the bacterial cell membrane " and on the
observation of thick and thin regions in the SEM and TEM images of bacterial cellulose
samples, which have been considered to arise from the periodical twisting of flat ribbons
along their axis ', it is commonly assumed that bacterial cellulose possesses a flat ribbon-

33,38,

like structure >0 According to this, the cellulose microfibril and ribbon dimensions have

been estimated from SAXS experiments by calculating the radius of gyration and the cross-
sectional area. Whereas Astley et al. reported a microfibril cross-section of 1 nm x 16 nm *,
Tischer et al. estimated ribbon dimensions of 7 nm x 70 nm **. Assuming such microfibril
and ribbon dimensions, theoretical scattering curves have been obtained by using a
parallelepiped model and the results, together with the experimental data, are displayed in
Figure 1. It is evident that consideration of the microfibril cross-section values, i.e. 1 nm x 16
nm, does not provide acceptable description of the experimental data (reduced y* value =
47.1). This is unsurprising as, even in their hydrated state, bacterial cellulose microfibrils are
aggregated into larger structures, i.e. ribbons. Although the fitting curves produced by using
the ribbon dimensions extracted from literature provide a much better approximation to the
experimental curve (reduced y* = 27.2), the shoulder feature reproduced by the theoretical
curve does not appear in the q range of interest, as observed in the corresponding Kratky plot
(Figure 1B). To account for the ribbon thickness (i.e. the cross-sectional dimension observed

in the microscopy images), which was previously determined for the bacterial cellulose

hydrogels used in the present work to be around 35 nm 1 the parallelepiped model was also
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applied by initially setting the ribbon thickness to a value of 35 nm and allowing it to vary
between 6 and 60 nm (based on the reported values for the minimum cellulose crystallite
dimensions and the maximum ribbon width '° as detailed in section 3.2), with the best
‘agreement’ to the experimental data obtained for a parallelepiped cross-section of ca. 4.9 nm
x 55.3 nm. The reduced y* value associated with the “fit” was 19.2, reflecting only a slight
improvement with respect to refining the 7 x 70 nm parallelepiped dimensions. Furthermore,
as observed in Figure 1A, the parallelepiped model was still unable to accurately reproduce
the experimental scattering data over the considered q range and the theoretical curves
presented a characteristic feature in the region of q = 0.1 - 0.3 A’', which arose from the
shortest parallelepiped edge, i.e. the ribbon width. The fact that such a feature was not
detected in the experimental curve, indicates that the parallelepiped model may not be the

most appropriate to describe the SANS data of bacterial cellulose hydrogels.

-
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® BC93%D,0
—— Parallelepiped 1x16 nm

Parallelepiped 7x70 nm
Parallelepiped 5x55 nm

1*q° em™ * AP

10"

10

Figure 1. (A) SANS experimental data and corresponding model curves for the BC
hydrogel (soaked in D,0O). Dots represent the experimental data and lines show the fits
obtained using a parallelepiped model. The following parameters were considered for each
fitting procedure: The scale factor was allowed to vary between 0.001 and 0.03, the longest
parallelepiped edge was fixed to 500 nm, the SLD of the parallelepiped was allowed to
vary between 1.87-10' cm™ (SLDcrystatline celtulose) and 5.89-10" ¢m™ (SLDsolvent) and the
SLD of the solvent was fixed to 5.89-10'° cm™ (assuming complete solvent exchange, final
solvent composition is ca. 93% D,0). Different ribbon cross-sections were considered by
fixing or constraining the shortest and medium edges as follows: (1) fixed to 1 nm and 16
nm, respectively (red line), (2) fixed to 7 nm and 70 nm, respectively (blue line) and (3)
constrained between 1 and 60 nm and between 6 and 60 nm, respectively (green line). (B)
Corresponding Kratky plots; the appearance of the shoulder-like feature in the

experimental data is indicated by an arrow.
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With the aim of approaching the sheet-like morphology observed in the cross-section of
dried bacterial cellulose samples, a large disk model, approximated by a cylinder with
radius of ca. 116 nm and thickness of ca. 8 nm, was previously used to fit the SANS
patterns of deuterated bacterial cellulose *°. Although acceptable fits were reported by
using this approach, it should be noted that a high radius polydispersity of ca. 0.95 was
assumed. Furthermore, the model considered the disk radius, which accounts for the ribbon
thickness, to be significantly larger than the values of 20-60 nm typically reported for
native bacterial cellulose; it is more likely to correspond to the aggregates of ribbons that
are usually formed as a consequence of the drying process. To assess the adequacy of this
model, the fitting parameters were allowed to vary within the range of values known to be
consistent with the BC sample analysed in the present work and compared to the result
when setting the values considered by He et al. *°. As shown in Figure 2, the large disk
model presented similar issues to that of the parallelepiped, i.e. a feature characteristic of
the shortest ribbon dimension (the ribbon width) was observed at q values of
approximately 0.11 A™ and the model did not appear to reproduce correctly the shoulder
located at lower q values in the experimental data (reduced x> = 33.4 and 31.6 for the large

disk model when fixing and refining the disk radius values respectively).
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Figure 2. SANS experimental data and corresponding model curves for the hydrated BC
hydrogel (soaked in D,0). Dots represent the experimental data and dashed lines show the
‘fits’ obtained using a large disk model. The following parameters were considered for
each fitting procedure: The scale factor was allowed to vary between 0.001 and 0.03, the
cylinder length was fixed to 8 nm, the SLD of the parallelepiped was allowed to vary
between 1.87-10" cm™ (SLDerystattine celiutose) and 5.89-10'° ¢cm™ (SLDjolvent) and the SLD of
the solvent was fixed to 5.89-10' cm™. Two different cylinder radii were considered by
fixing or constraining the radius and polydispersity as follows: (1) fixed to 115.8 nm and
0.95, respectively (red dashed line) and (2) constrained between 3 and 30 nm and 0.2 and

0.95, respectively (green dashed line).

An alternative to the rectangular cross-section could be based on the consideration of
bacterial cellulose ribbons as cylindrical objects. Indeed, looking at the interwoven
morphology of the bacterial cellulose hydrogels previously observed by SEM '® 5! a
cylindrical cross-section seems plausible. Data fitting by considering such morphology,

with a polydisperse radius between 3-30 nm is shown in Figure 3. Although the cylindrical
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model had the effect of eliminating the undesired peak obtained with the rectangular cross-
section, it still did not lead to an acceptable fit (reduced y* = 60.7). Taking into account
that the low q region (q < 0.01 A is expected to be dominated by the interfacial scattering
between the network of interwoven cellulose ribbons and the solvent as indicated from

. . 10,51
previous microscopy characterisation

, the addition of a power-law term into the model
is not only physically necessary but improves the fits over the region corresponding to
larger structural features (Figure 3A), as confirmed by the reduced y* value of 14.0;

however, the sum model was still not able to reproduce the shoulder appearing in the

experimental scattering data, as clearly seen in the Kratky plot (Figure 3B).

All the models considered thus far assume that bacterial cellulose ribbons may be
described as solid objects with a particular shape. Nevertheless, it is known that the ribbons
are actually composed of several microfibrils that interact by hydrogen bonding " The
exact cross-sectional shape of cellulose microfibrils has not been determined but they are

thought to contain a crystalline interior of ca. 3-8 nm width > '

and a paracrystalline
exterior region with increased chain packing and hydrogen bonding disorder *. It should be
noted that the cited works refer to plant-derived cellulose microfibrils and, to date, it has
not been confirmed whether bacterial and plant-derived cellulose microfibrils present a
similar structure. Nevertheless, the cross-section decrease reported when subjecting

bacterial cellulose to an acid hydrolysis treatment *°

suggests that the surface disorder
induced towards the exterior of the microfibrils is plausible for the case of bacterial
cellulose. Whereas the crystallites are assumed to be impermeable to solvents, several
works have suggested that a certain amount of water is present covering the crystallites’

surface **°* *% This interfibrillar water is probably bound to the hydroxyl groups found in

the disordered cellulose chains in the paracrystalline regions and therefore likely to present
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a different behavior to that of the bulk-like water filling the voids found within the network
of interwoven ribbons. Based on these structural characteristics, one may hypothesize that
bacterial cellulose ribbons can be considered as two-phase systems composed of a core and
a shell presenting different solvent accessibility '’ viz. (i) an inner region containing
solvent-impermeable crystallites, surrounded by paracrystalline cellulose and water, the
latter being associated by a dense network of hydrogen bonding and (ii) paracrystalline
cellulose and water composing the outer / surface region of the ribbons. Assuming such a
model has merit, it would imply that when bacterial cellulose hydrogels are soaked in D,O,
the water held in the paracrystalline fraction might be gradually exchanged, although this
process would be partially obstructed by the hydrogen bonding network present in the core
of the ribbons. Based on this, a core-shell formalism has been suggested to describe the
SANS data of bacterial cellulose and its composites with arabinoxylan and xyloglucan 10,
The combination of this model with power-law scattering describes the experimental data
well as further evaluated by the Kratky plot displayed in Figure 3B and as indicated by the
significantly lower reduced % value of 7.6 associated with the attained fit. This, together
with the fact that the core-shell formalism provides a physical description consistent with
what is known about the structure of hydrated bacterial cellulose, highlights the potential
of this model to describe the experimental SANS data. It should be considered that
although the SANS structural features here shown are relatively weak, the utilisation of
such a rather complex model has been previously justified as it was able to accurately
reproduce the experimental data of pure and composite hydrogels which showed much
stronger shoulder-like features in their associated scattering patterns '°. Comparison of the
fitting parameters obtained for the previously analysed hydrogels with those obtained in
the present work, suggests that the different intensity of the structural features within

hydrogel batches may be related to a densification effect. The strongly featured cellulose
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hydrogel presented greater core and shell SLD values (SLD.e=5.58" 10" ¢m? and
SLDgei=7.92-10'"° cm™) than the cellulose hydrogel characterised in this work, suggesting
that the stronger structural features arise from an increased solvent accessibility in the less
dense hydrogel structures. However, the effect of harvesting parameters on the properties
of the synthesized cellulose hydrogels is out of the scope of this manuscript and will be

thoroughly investigated elsewhere.

Incorporating a gradation in the SLD of the three different phases considered by the model
(i.e. core, shell and solvent) may lead to a further improvement of the attained fit although
this would naturally complicate the fitting function with the requirement of additional
refinable parameters to describe the SLD ‘roughness’. However, it should also be
mentioned that application of a power-law plus core-shell parallelepiped model did not
lead to an improved description of the experimental data (as indicated by the reduced X2
value of 7.8), as assuming a rectangular cross-section led to the appearance of undesired
features arising from the parallelepiped shortest dimension, similar to the simpler

parallelepiped and large disk models above (cf. Figure S1).
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Figure 3. (A) SANS experimental data and fits for the hydrated BC hydrogel (soaked in
D,0). Dots represent the experimental data and lines show the fits obtained using different
models assuming a circular cross-section. (1) Cylinder with polydisperse radius (blue
continuous line), (2) sum of a power-law plus cylinder with polydisperse radius model
(blue dashed line), (3) core-shell cylinder with polydisperse radius (red continuous line)

and (4) sum of a power-law plus a core-shell cylinder with polydisperse radius (red dashed
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line). In all the cases the scale factor was constrained between 0.001 and 0.03, the cylinder
length was fixed to 500 nm and the SLD of the solvent was fixed to 5.89-10'° cm™. (B)
SANS Kratky plot comparing the cylinder and core-shell sum models within the q region
of interest, where the characteristic shoulder feature observed in the experimental data is

indicated by an arrow.

Table 2. Parameters obtained from the fits of the different models considered assuming a

cylindrical morphology.
Cylinder Core-shell cylinder
Scale factor 0.004 0.001 0.030 0.066
Radius (nm) 15.00 15.00 19.08 10.18
Cylinder length (nm) 500 @ 500 500 500
Polydispersity 029 029 027 029
SLD¢ylinder/core (10" cm™) 2.70 5.97 4.45 4.03
SLDgpen (10" ecm™) 7.97 7.63
SLDgopvent (10" cm™) 589 589 5.89 ) 5890
Radial shell thickness (nm) - -—- 3.90 3.95
Power-law coefficient - 1.61-107 - 9.71-10”
Power-law exponent - 2.68 - 2.75

Parameters fixed during the fitting process are displayed with .

3.2 Model validation: Global fitting of SANS contrast variation experiments
To further test the validity of the model (core-shell cylinder with polydisperse radius plus
power-law), the experimental SANS data of pure and composite bacterial cellulose

hydrogels soaked in different D,O/H,O solvent mixtures were simultaneously fitted. As
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described in section 2.4, the sum model is characterised by eleven parameters; however, to
obtain more direct information from the fitting process, the model was defined as a
function of the cellulose volume fraction and the cellulose and solvent H/D exchange in the
core and the shell, which are directly related to the core and shell SLDs, as defined by
equations (4) and (5). This model, defined by nineteen parameters, was applied to fit the
SANS contrast variation experimental data of BC, BC-AX and BC-XG samples and the
results are displayed in Figures 4A, 4B and 4C. It may be observed that, despite the
relatively broad q range considered for the fitting process, the proposed model provided
relatively good fits for the three different samples, with corresponding values for the
reduced X2 of 16.8, 23.8 and 18.6 for the BC, BC-AX and BC-XG samples, respectively.
The parameters obtained with the best simultaneous fits for the pure and composite
bacterial cellulose hydrogels are summarised in Tables 3a, 3b and 3c. It is worth noting
that, as deduced from the values listed in the tables, fitting of the experimental data with
the developed model led to physically realistic values for the variables describing the

mathematical function.
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Figure 4. SANS patterns for solvent contrast variation experiments on BC (A), BC-AX
(B) and BC-XG (C) hydrogels. Dots represent the experimental data, whereas the solid
lines correspond to the best global fits obtained using the power-law plus core-shell
cylinder model. The shoulder features detected in the experimental data are indicated with

arrows.
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Careful analysis of the obtained fitting parameters was carried out with the aim of
extracting information regarding the structure of the different analysed materials; Figure 7
illustrates the so-obtained ribbon representation for the pure and composite hydrogels. As
already mentioned, the fitting function comprises the sum of a power-law model plus a
core-shell cylinder form factor. Whereas this latter term corresponds to the form factor of
the cellulose ribbons, the power-law term is added to account for the larger scale structure,
i.e. the network of randomly oriented ribbons that are forming the cellulose hydrogel. The
contribution from the larger-scale structure is weighted by the power-law coefficient and
therefore, greater coefficient values are indicative of the scattering intensity being more
strongly affected by the larger scale structure. Indeed, as observed in Tables 3a, 3b and 3c,
when the volume of D,0 in the solvent is close to the theoretical contrast match point of
cellulose (i.e. 33% D,0), the power-law coefficient reaches its minimum value. On the
other hand, when the contrast between the surface of the ribbons and the surrounding bulk
solvent is maximum (i.e. 93% D,0), the coefficient reaches its maximum value.
Interestingly, whereas at 33% D,O the pure cellulose hydrogel and the BC-XG hydrogel
present a power-law exponent close to -2.5, the BC-AX hydrogel presents a greater power-
law exponent of -2.6. This may indicate a more ‘visibly’ branched structure for the
composite BC-AX hydrogel when the cellulose crystalline fraction is approximately
matched out due to the presence of the amorphous arabinoxylan coating the cellulose

ribbons’ surfaces.

The overall ribbon cross-section, calculated from the core radius and shell thickness, does
not seem to be strongly affected by the incorporation of arabinoxylan and xyloglucan into

the system, and the estimated dimensions (ca. 33.6 nm, 41.6 nm and 41.8 nm for BC, BC-
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AX and BC-XG@G, respectively) are within the range previously determined by SEM
characterisation (35.5 £ 9.1 nm, 32.1 = 7.2 nm and 36.5 = 8.4 nm for BC, BC-AX and BC-
XG@G, respectively) ' Furthermore, while the relative thickness of the shell is approximately
constant when xyloglucan is incorporated into the system (ca. 33% with respect to the total
ribbon cross-section), a thicker shell (ca. 39%) is induced by the presence of arabinoxylan.
This may suggest that the arabinoxylan is preferentially located within the accessible

ribbon surface, hence increasing the relative thickness of the shell.

As expected, due to the limited solvent accessibility (i.e. limited solvent diffusion towards
the inner region of cellulose ribbons) caused by the strong hydrogen bonding network, the
apparent cellulose volume fraction in the ribbons’ core is larger than in the shell for all the
samples. In the pure and composite hydrogels, the shell region is mostly composed of
bound solvent, with only a 0.1-0.2% cellulose volume fraction. Interestingly, the composite
BC-XG hydrogel shows a decreased cellulose volume fraction within the core (ca. 21%
cellulose), as compared with that of the pure cellulose hydrogel (ca. 23% cellulose),
whereas the opposite effect is observed for the BC-AX hydrogel (with ca. 27% cellulose).
A reduction in the cellulose volume fraction may be due to either an increased amount of
solvent and/or to the presence of PCW polysaccharides within the ribbons’ core. This
result indicates that whereas xyloglucan is expected be located within the ribbons’ core,
hence reducing the corresponding cellulose volume fraction, arabinoxylan might be
preferentially located on the surface of the ribbons, leading to a reduced amount of solvent
contained within the ribbons’ core. Such different behaviour suggests that strong cellulose-
xyloglucan interactions are established at the microfibril structural level, whereas the

cellulose-arabinoxylan interactions seem to be limited to the surface of the ribbons.
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In addition, the model is able to provide information regarding the extent to which the
cellulose and solvent fractions contained within the core and the shell of the ribbons are
exchanged when soaking the samples in different H,O/D,O mixtures. Assuming that the
shell is easily accessed by the fresh solvent used to soak the samples, it is reasonable to
expect the solvent contained within the shell to be completely exchanged (thus the solvent
exchange within the shell was fixed to a value of 1 during the fitting procedure).
Interestingly, the solvent exchange within the core is around 58-60% for the pure cellulose
and the BC-AX hydrogel, while a greater value of ca. 68% corresponds to the BC-XG
hydrogel. This is in agreement with the presumed existence of a dense network of
hydrogen bonded cellulose/water in the ribbons’ core and suggests that approximately 42-
32% of the water tightly bound to the cellulose paracrystalline fraction is not exchanged.
The decreased amount of tightly bound water induced by the presence of xyloglucan in the
BC-XG composite hydrogel suggests a greater solvent access towards the inner region of
the cellulose ribbons, in agreement with the reduced cellulose volume fraction attained for
this sample. Solvent accessibility towards the ribbons’ core may be promoted by (i) the
presence of additional hydroxyl groups provided by the PCW polysaccharides and/or (ii)
the existence of a weaker hydrogen bonding network due to the establishment of cellulose-
PCW polysaccharide interactions. Although the amount of xyloglucan in the BC-XG
hydrogel is almost half of the amount of arabinoxylan in the BC-AX hydrogel, only the
former presents a significant effect in promoting solvent accessibility towards the ribbons’
core. Different batches of pure and composite hydrogels also showed an increased solvent
accessibility promoted by the presence of PCW polysaccharides, this effect being more
obvious for the hydrogel containing xyloglucan 1. This observation was hypothesised to
be a consequence of the ability of xyloglucan to interact with the individual cellulose

microfibrils contained within the ribbons’ core, whereas arabinoxylan-cellulose
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interactions are limited to the ribbons’ surface. Complementary XRD analyses have
demonstrated that the incorporation of xyloglucan promotes the creation of fewer
crystalline and Ig-rich cellulose microfibrils 10 thus supporting the hypothesis of a close

association between the cellulose microfibrils and xyloglucan.

With regards to the cellulose component, the fitting results support the hypothesis of a
shell mainly composed of paracrystalline or accessible cellulose, with exchangeable
hydroxyl groups, and a core containing a fraction of non-accessible crystalline cellulose (as
suggested by the ca. 1 and 0.7 cellulose exchange values, within the shell and core of the
pure cellulose hydrogel, respectively). Note that although the cellulose exchange within the
shell tends towards unity, large standard deviation values are associated with this
parameter, due to its weak contribution to the SLD value of the highly hydrated shell (with
only 0.1% cellulose). Previous dynamic vapour sorption measurements of freeze-dried
bacterial cellulose sheets exposed to a D,O atmosphere indicated that 1.24 out of 3 labile
hydroxyl groups from each glucose monomer are exchanged >. This would imply a
cellulose exchange of ca. 41%, which is considerably lower than the complete exchange
obtained here for the ribbons’ shell (i.e. the accessible region). It has been previously
demonstrated that drying processes reduce strongly the ability of bacterial cellulose

hydrogels to rehydrate >*

, which is mainly due to the creation of strong interfibrillar
hydrogen bonds when moisture is removed from the system. It would therefore be
reasonable to expect a significantly reduced amount of exchangeable hydroxyl groups in
the freeze-dried cellulose as compared with the native hydrogel. Whereas the cellulose
H/D exchange in the shell is not significantly affected by the incorporation of PCW

polysaccharides, the exchange within the core is reduced in the composite hydrogel

containing xyloglucan. Such an effect may be related to the presence of a certain fraction
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of this PCW polysaccharide strongly interacting with the cellulose microfibrils contained
within the ribbons’ core region, hence limiting the availability of the cellulose hydroxyl

groups to be exchanged.

Table 3a. Parameters obtained from fits of the power-law plus core-shell cylinder with
polydisperse radius model for the pure BC hydrogel. Standard deviations on the last digit

are shown in parentheses.

93%D,0 56%D,0 33%D,0 18%D,0 0% D,0
Scale factor 0.0038 (2) 0.0011 (3) 0 0.0016 (8) 0.0300 (7)
Core radius (nm) 11.2 (2) 11.2(2) 11.2 (2) 112 (2) 11.2 (2)
Cylinder length (nm)
o) 500 500 500 500 500
Polydispersity " 0.2 0.2 0.2 0.2 0.2
Radial shell thickness
. 5.6 (8) 5.6 (8) 5.6 (8) 5.6 (8) 5.6 (8)
(nm)( )
Cellulose volume
. . 0.228 (6) 0.228 (6) 0.228 (6) 0.228 (6) 0.228 (6)
fraction (Core) )
Cellulose volume
0.001 (2 0.001 (2 0.001 (2 0.001 (2 0.001 (2
fraction (Shell) ©” @ @ @ @ @)
Cellulose exchange
. 0.70 (3) 0.70 (3) 0.70 (3) 0.70 (3) 0.70 (3)
(core) )
Cellulose exchange
1.0(8 1.0(8 1.0 (8 1.0(8 1.0(8
(shell) ® ®) ® ) ®)
Solvent exchange
. 0.576 (1) 0.576 (1) 0.576 (1) 0.576 (1) 0.576 (1)
(core) "
Solvent exchange 1 1 1 1 1
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(shell) )
SLD cellulose (10"
em) ) 1.87 1.87 1.87 1.87 1.87
SLD fully exchanged
cellulose (10" em”) 3.66 2.95 2.50 2.23 1.87
*
SLD bulk solvent
0 e 5.89 3.33 1.73 0.69 -0.56
(10" cm™®)
SLD bound solvent
o 7.97 4.50 2.33 1.03 -0.70
(107" cm™)
SLD bound H,0 (10"
o) ) -0.70 -0.70 -0.70 -0.70 -0.70
Power-law coefficient | 11.85-10° (5) | 436:10°(8) | 0.5:10°(7) | 1.79:10° (5) | 8.68:107 (7)
Power-law exponent | 5 709 (9) 2.477 (4) 2.47 (3) 2.499 (5) 2536 (2)
Parameters displayed with ©” were linked and parameters displayed with © were fixed
during the fitting process.
Table 3b. Parameters obtained from fits of the power-law plus core-shell cylinder with
polydisperse radius model for BC-AX hydrogel. Standard deviations on the last digit are
shown in parentheses.
93%D,0 56%D,0 33%D,0 18%D,0 0% D,0
Scale factor 0.0023 (1) 0.0010 (1) 0 0.0010 (1) 0.018 (1)
Core radius (nm) 12.6 (2) 12.6 (2) 12.6 (2) 12.6 (2) 12.6 (2)
Cylinder length (nm)
- 500 500 500 500 500
Polydispersity “*” 0.2 0.2 0.2 0.2 0.2
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Radial shell thickness
. 8.2(3) 8.2 (3) 8.2(3) 8.2(3) 8.2 (3)
(nm)( )
Cellulose volume
. . 0.27 (1) 0.27 (1) 0.27 (1) 0.27 (1) 0.27 (1)
fraction (Core) )
Cellulose volume
. 0.011 (3 0.011 (3 0.011 (3) 0.011 (3 0.011 (3)
fraction (Shell) ©” ) ©) ©) (
Cellulose exchange
. 0.69 (4) 0.69 (4) 0.69 (4) 0.69 (4) 0.69 (4)
(core)
Cellulose exchange
. 0.7 (7) 0.7 (7) 0.7 (7) 0.7 (7) 0.7 (7)
(shell) @
Solvent exchange
. 0.599 (2) 0.599 (2) 0.599 (2) 0.599 (2) 0.599 (2)
(core)
Solvent exchange
1 1 1 1 1
(shell) )
SLD cellulose (10"
em) 1.87 1.87 1.87 1.87 1.87
SLD fully exchanged
cellulose (10" em™) 3.66 2.95 2.50 2.3 1.87
*)
SLD bulk solvent
0 o 5.89 3.33 1.73 0.69 -0.56
(10" cm?)
SLD bound solvent
0 o 7.97 4.50 2.33 1.03 -0.70
(10" em?)®
SLD bound H,0 (10"
em) -0.70 -0.70 -0.70 -0.70 -0.70
Power-law coefficient | 1653-10° (5) | 4.69-10° (6) | 0.6:10°(3) | 3.98:10° (6) | 12.31-10° (8)
Power-law exponent 2.656 (1) 2.529 (3) 2.55(1) 2.485 (5) 2.496 (2)
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Parameters displayed with ) were linked and parameters displayed with ) were fixed

during the fitting process.

Table 3c. Parameters obtained from fits of the power-law plus core-shell cylinder with
polydisperse radius model for BC-XG hydrogel. Standard deviations on the last digit are

shown in parentheses.

93%D,0 56%D,0 33%D,0 18%D,0 0% D,0
Scale factor 0.0043 (1) 0.0010 (1) 0 0.0010 (7) 0.022 (1)
Core radius (nm) 14.1 (7) 14.1 (7) 14.1 (7) 14.1 (7) 14.1 (7)
Cylinder length (nm)
o) 500 500 500 500 500
Polydispersity " 02 0.2 02 02 02
Radial shell thickness
. 6.8 (5) 6.8 (5) 6.8 (5) 6.8 (5) 6.8 (5)
(nm) (6]
Cellulose volume
. . 0.213 (4) 0.213 (4) 0.213 (4) 0.213 (4) 0.213 (4)
fraction (Core) )
Cellulose volume
. 0.002 (2 0.002 (2 0.002 (2 0.002 (2) 0.002 (2
fraction (Shell) ©” ) @ ) ( )
Cellulose exchange
. 0.33 (3) 0.33 (3) 0.33 (3) 0.33 (3) 033 (3)
(core) )
Cellulose exchange
1.0 (7 1.0 (7) 1.0 (7 1.0 (7 1.0 (7
(shell) (7N (N ) (7N
Solvent exchange
. 0.685 (1) 0.685 (1) 0.685 (1) 0.685 (1) 0.685 (1)
(core) "
Solvent exchange
1 1 1 1 1
(shell) )
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SLD cellulose (10"

) 1.87 1.87 1.87 1.87 1.87
SLD fully exchanged
cellulose (10" cm™) 3.66 2.95 2.50 2.3 1.87
*)
SLD bulk solvent
o e 5.89 3.33 1.73 0.69 -0.56
(107" cm™)
SLD bound solvent
o e 7.97 4.50 2.33 1.03 -0.70
(10" cm™)
SLD bound H,0 (10"
o -0.70 -0.70 -0.70 -0.70 -0.70
cm™)
Power-law coefficient | 14.05-10° (5) | 4.75-10° (8) | 0.9-10°(4) | 3.05-10°(5) | 9.75:107 (7)
Power-law exponent 2.685 (1) 2.427 (4) 2.46 (1) 2.536 (5) 2.552(2)

Parameters displayed with ) were linked and parameters displayed with ©) were fixed

during the fitting process.

It should be noted that, as observed in Figures 4A, 4B and 4C, the obtained fits deviate

from the experimental data within the high q region (q > 0.10 A™. Considering the real

distances corresponding to this q range (i.e. real distances smaller than ca. 6 nm), the

inability of the model to accurately describe the experimental data may be related to the

existence of sub-structure within the cellulose ribbons. While the core-shell model applied

to fit the SANS data is derived from the assumption that a number of cellulose microfibrils,

interacting with each other and with bound solvent by means of hydrogen bonding,

compose the ribbon structure, the fitting function only accounts for the core-shell ribbon

architecture. Thus, while the scattering in the high q region is likely to be dominated from

the structural arrangement of cellulose microfibrils, the fitting function does not contain
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any additional term to account for this particular size range. This would explain the
discrepancy between the theoretical and the experimental points within the region of q >
0.10 A™. As opposed to neutrons, X-rays are sensitive to electron density; as a result,
measurement by SAXS is not expected to reveal the creation of regions arising from
differential solvent accessibility within the ribbons’ core and shell as cellulose in both
regions are solvated with the same solvent. Instead, assuming the validity of the multi-
scale architecture depicted in Figure 7, the X-ray SLD contrast would be generated
between the crystalline and paracrystalline cellulose domains and therefore, the SAXS
intensity should be dominated by the structural features arising from the arrangement of
cellulose microfibrils. To assess the veracity of this, the SAXS patterns of the native
cellulose and composite hydrogels were collected and the experimental data were fitted by
using the core-shell model adapted to the microfibril structural level, as described in
section 2.4. As shown in Figure 5, the microfibril core-shell model provides excellent fits
for the experimental data, with reduced Xz values of 1.5, 1.9 and 1.5 for the BC, BC-AX
and BC-XG hydrogels, respectively. The corresponding fitting parameters, compiled in
Table S2, support the existence of microfibrils containing an impermeable crystalline
interior region (i.e. microfibril core) surrounded by a partially hydrated paracrystalline
exterior (i.e. microfibril shell). The overall microfibril dimensions, estimated from the core
radius and shell thickness, are ca. 5.0 nm for the BC hydrogel, 4.5 nm for BC-AX and 3.6
nm for BC-XG. These values are very similar to the range of crystallite dimensions
previously calculated for similar samples by means of XRD characterisation (5.2-5.9 nm
for BC, 4.9-5.4 nm for BC-AX and 3.9-5.0 nm for BC-XG) '°, hence supporting the ability
of the fitting function to model the structure of the individual cellulose microfibrils
contained within the ribbons. Interestingly, while the cellulose volume fraction within the

microfibril shell is ca. 60% for the BC and the BC-AX hydrogels, the fitting results
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indicate that the BC-XG hydrogel possesses a reduced volume fraction of ca. 30%. Such an
effect may be due to the presence of xyloglucan in the paracrystalline microfibril shell,
supporting the hypothesis of strong cellulose-xyloglucan interactions being established at

the microfibril structural level.

1 L T R T B A | 1 1

] BC H,0 L

100 3 ® BC-AXH,0 =

E BCXGHO  E

103 3

13 3

£ ] C
S

- 0.1 E E

0.01 3 =

0.001 E

0.0001 —

Figure 5. SAXS patterns for the native BC, BC-AX and BC-XG hydrogels. Solid lines
correspond to the fitting of the experimental data using the core-shell model applied at the

cellulose microfibril structural level.

The results from the SANS experiments, further supported by the SAXS characterisation,
have two main implications: (i) the PCW polysaccharide surface domains promote solvent
accessibility towards the interior of the cellulose ribbons; and (ii) the arabinoxylan and
xyloglucan components interact with cellulose through different mechanisms. Whereas
both PCW polysaccharides seem to interact with the cellulose ribbons’ surface, only
xyloglucan is able to establish strong interactions with the individual cellulose microfibrils

composing the ribbons’ core by interfering in the cellulose crystallization and assembly

38



730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

Soft Matter

processes. This is consistent with results from microscopy and *C-NMR spectroscopy of
BC-AX and BC-XG composites ' 2> *> . Whereas two distinct domains of xyloglucan
were detected in the *C CP/MAS and SP/MAS spectra of BC-XG hydrogels (with
approximately half of the xyloglucan corresponding to the mobile phase and the other half
being effectively immobilised), arabinoxylan was only detected in the C SP/MAS
spectrum of BC-AX hydrogels *> *°. This observation supports the existence of different
xyloglucan domains (mobile domains interacting with the surface of cellulose ribbons and
strongly bound domains interspersed with individual cellulose microfibrils composing the
ribbons), while only surface interactions appear to take place between arabinoxylan and
cellulose. The presence of xyloglucan domains interacting with cellulose microfibrils has
important implications for the biosynthesis process. It has been previously demonstrated
that the interference of xyloglucan with the cellulose crystallisation process leads to the
formation of smaller crystallites, richer in the Ig allomorph, which are similar to those
typically found in PCW systems '°. Additionally, it has been proposed that the tightly
bound xyloglucan interfibrillar domains, rather than the mobile fractions tethering the
cellulose bundles, play a major role in the cell wall mechanics >’. In contrast, the mobile
surface domains of both xyloglucan and arabinoxylan increase the degree of branching of
the hydrogel network structure and increase the amount of labile hydroxyl groups at a
surface level. This may play an important role in controlling the hydrophilicity of the

surface of cellulose ribbons and thus is crucial for plant tissues.

It should be noted that, while the model here presented seems to be appropriate to describe
the multi-scale structure of bacterial cellulose hydrogels, its ability to describe the small
angle scattering data from PCW materials would need to be assessed for each particular

system. One of the key aspects of the core-shell formalism lies in its ability to account for

39

Page 40 of 54



Page 41 of 54

755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778

779

Soft Matter

the existence of regions with different SLD values, due to the distinct solvent accessibility
towards the interior and exterior regions of the ribbons. While the existence of strong
hydrogen bonds between cellulose microfibrils is a plausible assumption since no
additional components are present during the cellulose biosynthesis process ', this might
not be the case for certain PCW systems, in which matrix components directly interacting
with the cellulose microfibrils may limit the formation of interfibrillar hydrogen bonds. In
fact, the shoulder features shown here for the bacterial cellulose hydrogels have not been
observed in the SANS patterns of celery and spruce wood samples * *. In turn, an
interference peak located at 0.1-0.2 A™, attributed to the centre-to-centre distance between
the cellulose microfibrils, was detected for these materials. The position of this peak
shifted towards smaller q values when the samples were hydrated * *, hence indicating that
water could penetrate the bundles of microfibrils and increase the microfibril centre-to-
centre distance. The contrast between the crystalline microfibril interior and the
surrounding bulk solvent would then lead to the appearance of a Bragg peak characteristic
of the interfibrillar separation, whereas no core-shell regions with distinct SLD values

would be apparent in that particular case.

Solvent contrast variation experiments were also used to estimate the contrast match point
of the three different materials. Following scattering measurements, the intensity at a q
value of 0.0052 A™" was plotted against the D,O content of the solvent mixtures utilised
(cf. Figure 6A). To evaluate the percentage error associated with the determination of the
scattering intensity values, several bacterial cellulose samples soaked in H,O were studied
and the intensity at the same q value used for the contrast match point determination was
measured (cf. Figure S2). These samples consisted of four different batches harvested

under the same conditions but not simultaneously, taking two different sample portions
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from each batch (thus making a total of eight samples). The maximum standard deviation
determined for different samples from the same batch was ca. 6.2%, whereas the standard
deviation determined from all eight samples was ca. 24.1%. This latter value was set as the
intensity error percentage (error bars in Figure 6A). As observed in Figure 6A, the contrast
match point of the three different materials, estimated by fitting the experimental data to a
parabolic function and subsequently calculating the function minimum, was quite similar
(ca. 34.2% D50 for BC, ca. 34.9% D,0O for BC-AX and ca. 35.9% for BC-XG). Indeed, the
resulting SLD of ca. 1.81-10' c¢cm™ for pure bacterial cellulose is very close to the
crystalline cellulose theoretical value listed in Table 1. According to the crystallinity index
of the bacterial cellulose hydrogels used in this work, which has been previously estimated
as ca. 88% ', a SLD value of 1.85-10'° cm™ would be expected. Although the contrast
match point of cellulose samples has been typically estimated by neglecting the effect of
H/D exchange, cellulose possesses labile hydroxyl groups which are in fact expected to
undergo exchange when the samples are soaked in D,O/H,O mixtures. Thus the SLD of
cellulose should increase with the amount of D,O in the solvent for any finite degree of
H/D exchange and, as a result, the experimentally obtained contrast variation curves
deviate from the contrast variation curve observed in the absence of H/D exchange and
consequently, the approach followed to determine the SLD by fitting the experimental

points to a parabolic function would not provide an accurate value.

The H/D exchange process in cellulose samples has been reported to occur in two different
stages. During the relatively short first stage, H/D exchange is thought to take place in the
hydroxyl groups located within the cellulose amorphous domains 3839 The duration of this
process is related to the sample properties (such as sample thickness and cellulose

crystallinity). As a reference, Hishikawa et al. stated that this process took place within
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several hours, with a gradual transition towards the subsequent exchange stage **. Within
the second stage, H/D exchange takes place at a significantly slower rate, ranging from
several hours to days. This process has been related to the exchange of hydroxyl groups
found in the cellulose crystallites’ surfaces or regions with increased disorder (i.e.
paracrystalline cellulose) *. Considering that the hydrogel samples used for the SANS
contrast variation experiments were soaked in H,O/D,O mixtures for periods longer than
48h, the H/D exchange process in the hydroxyl groups located within accessible regions is
expected to be complete. The degree of H/D exchange undergone by each hydrogel should
be determined by the cellulose structure, i.e. the relative amount of accessible
paracrystalline cellulose, as well as by the interactions established between the cellulose
and the PCW polysaccharides in the composite hydrogels. To evaluate the extent of the
H/D exchange effect, the shape of the theoretical contrast variation curves, assuming a
certain degree of H/D exchange, was predicted by calculating the square of the SLD
contrast between the bacterial cellulose hydrogel and the surrounding solvent since the
intensity, I & (SLDgc — SLDgppent)?. The SLD of native bacterial cellulose, with the

molecular formula of C¢H9Os, can be calculated as follows:

6bc+5bp+10by
6Mc+5Mp+10My

SLDBC* = Ny ppc- (8)

where b; and M; are the neutron scattering length and mass of the atoms, respectively and
Pgc> 1.€. the physical density of bacterial cellulose, would correspond to a value of 1.59

g/em’ according to the previously calculated crystallinity index of bacterial cellulose ' and

to the crystalline and amorphous cellulose density values provided in Table 1.

When the cellulose hydrogels are soaked in D,0O, a maximum of three hydrogen atoms,

corresponding to the labile hydroxyl groups, can be exchanged; thus the molecular formula
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830 of fully exchanged cellulose would be C¢H;D30s5. Accordingly, for an intermediate degree

831  of H/D exchange (excy,p) the SLD can be estimated as:

6bc+5bp+(10—(3-excy p))by+(3-excy/p)bp

832 SLDpcexc = Na*ppc- 6Mc+5Mo+(10-(3-excy p) )Mp+(3-excrp)Mp

)

833

834 Hence, combining equations (8) and (9) and assuming a degree of H/D exchange with the
835 solvent (which is in vast excess with respect to the polymer), the SLD of cellulose for each
836 D,O/H O mixture (where xp,o is the corresponding DO volume fraction) may be
837 calculated by applying the following equation:

838  SLDgcexc = Xp,o0 *SLDpcexc + 1- xuzo) *SLDpc" (10)
839

840 Figure 6B displays the term (SLDgc — SLDsppent)? plotted against the D,O volume
841 fraction, considering different degrees of H/D exchange. As expected, the contrast match
842 point is shifted towards greater D,O volume fraction values with increasing the H/D
843 exchange. The shape of the contrast variation curve of the bacterial cellulose hydrogel
844  should then correspond to an intermediate of the different curves plotted in Figure 5B, i.e.
845 as the D,O volume fraction increases, the corresponding point would deviate from the 0%
846 H/D exchange curve to a greater extent and would progressively become closer to the
847 behaviour of the 100% H/D exchange curve. This is expected to affect significantly the
848 shape of the experimental contrast variation curve, which will deviate from the theoretical
849  parabolic function. Using the parameters obtained by application of the core-shell fitting
850 model, listed in Table 3a, the SLD contrast terms for the ribbon core and shell were also
851 estimated. As observed, for low D,O volume fractions, the core and shell values are quite
852 similar, whereas the difference between their corresponding SLD contrast terms increases

853  with greater D,O volume fractions. According to the ribbon model shown in Figure 7,
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where the shell constitutes only a limited fraction of the ribbon, the experimental points

should be closer to the values predicted for the ribbon core (i.e. 70% exchange).

Regarding the composite hydrogels, based on the incorporation degrees of the two
polysaccharides estimated from the monosaccharide analysis, 1.e. 53% AX and 27% XG,
and the crystallinity values estimated by XRD ' (ca. 87% for BC-AX and ca. 64% for BC-
XG), the expected SLD values for the BC-AX and BC-XG samples would be 1.73-10"
cm™ and 1.77-10" ecm™, respectively. However, the values estimated from the contrast
variation experiments, 1.86-10'° cm™ for BC-AX and 1.93-10' cm™ for BC-XG, although
close, are slightly higher. The incorporation of PCW polysaccharides into the hydrogels
might promote H/D exchange due to the addition of amorphous chains possessing labile
hydroxyl groups; however, conversely, the interaction of these polysaccharides with
cellulose chains by hydrogen bonding could limit the amount of free hydroxyl groups
available for exchange. Thus, predicting the shape of the contrast variation curves for the
composite hydrogels is more challenging since it requires assumptions concerning the
degree of H/D exchange undergone by the AX and XG chains as well as the fraction of
hydroxyl groups involved in strong hydrogen bonds established between cellulose and the
polysaccharide chains which, at the same time, are expected to be different within the core
and the shell regions. Attempts to estimate the theoretical contrast variation curves for the
composite hydrogels confirmed that it is not possible to accurately quantify the effect of
these two polysaccharides in the contrast match point of the composite hydrogels, as more
information with regards to their structure and preferential location (i.e. ribbons’ core and

shell) would be required.
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Figure 6. (A) Contrast variation curves for BC, BC-AX and BC-XG hydrogels. Markers
represent the experimental values and the solid lines correspond to the fitted parabolic
functions. (B) Representation of the SLD contrast term (SLDBC-SLDsolvem)2 as a function
of the D,O content of the different solvent mixtures used for the contrast variation
experiments of pure BC. Crosses represent the theoretical values calculated by assuming
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different degrees of H/D exchange and solid lines correspond to the parabolic functions
fitting the theoretical values. The values predicted by the fitting model for the ribbon core
and shell, using the parameters summarised in Table 3a, are also displayed as open

markers for comparison.

The results demonstrate that the developed SANS model of native bacterial cellulose and
its composite hydrogels with PCW polysaccharides may provide valuable information to
investigate the structure of these materials as well as the effect of different components on
the hierarchical assembly of cellulose. It should be noted that the model assumes a
cylindrical cellulose ribbon cross-section, which may be in conflict with the rectangular
shape presumed in several studies according to TEM observations. However, it is relevant
to consider that the drying process applied prior to the TEM characterisation inevitably
impacts upon the structure of the cellulose ribbons, although it is still unknown how. Even
if the flat ribbon cross-section was true, the periodic twisting along the ribbon axis also
observed in the TEM images would lead to an overall morphology which could be
approximated to a cylinder. As an additional comment, it is worth noting that although the
model is built on the basis of the existence of sub-structure within the ribbons, it does not
account for the structure of the individual cellulose microfibrils, leading to deviation from
the experimental data within the relevant size range (q > 0.10 A™). Including an additional
term to describe the microfibril structure would result in an excessive number of refinable
parameters and most likely lead to high uncertainties in the fitting results. However, it has
been demonstrated that the same fitting function, adapted to account for the microfibril
structural level, can be successfully applied to describe the SAXS results from the same
hydrogels. This supports the existence of a multi-scale structure in which individual

cellulose microfibrils, composed of an impermeable crystalline core and a partially
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hydrated paracrystalline shell, interact with each other and with solvent by hydrogen
bonding, creating the cellulose ribbons. Whereas the use of X-rays highlights the
microfibril structure due to the SLD contrast existing between the crystalline and the
paracrystalline regions, the structure of ribbons is emphasised when using neutrons. The
strong hydrogen bonding network holding together the cellulose microfibrils impairs the
solvent accessibility towards the inner region of the cellulose ribbons. This leads to the
creation of core and shell regions with different neutron SLD values due to their different

degrees of solvent exchange.

Bulk D,0
SLDy = 6.38:101° cm
Ribbon shell: Ribbon shell: Ribbon shell:
- Bound D,0 - Bound D,0 - Bound D,0
SLDy = 7.97-101° cm?? SLDy = 7.97-101° cm?? SLDy = 7.97:101% cm??
- Exchanged paracrystalline cellulose - Exchanged paracrystalline cellulose - Exchanged paracrystalline cellulose + Xyloglucan
SLDy < 3.66:101% cm? SLDy < 3.66:101% cm? SLDy < 3.66:101° cm?

- Exchanged arabinoxylan
SLDy > 1.60:101% cm2

5.6nm

8.2nm

Ribbon core: Ribbon core: Ribbon core:
- Bound solvent - Bound solvent - Bound solvent

SLDy = -0.70 - 7.97-:10° cm? SLDy = -0.70 - 7.97-10° cm SLDy = -0.70 - 7.97-10°1° cm
- Crystalline + paracrystalline cellulose - Crystalline + paracrystalline cellulose - Crystalline cellulose

SLDy ~ 1.87-10'%° cm™? SLDy ~ 1.87-10'° cm™ SLDy ~ 1.87-10'1° cm™?

- Paracrystalline cellulose + Xyloglucan
SLDy < 3.66:101% cm?

Figure 7. Schematic representation of the structure of hydrated (D,O soaked) bacterial
cellulose and composite ribbons based on fitting parameters obtained by the power-law
plus core-shell cylinder with polydisperse radius model applied to SANS experimental

data. Representation of the sub-structure of microfibrils is based on the parameters
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obtained by fitting the SAXS data of the native hydrogels and the cellulose crystallite

cross-sectional shape suggested in previous work '° from XRD experiments.

4. Conclusions

Structural characterisation of native bacterial cellulose and its composite hydrogels with
two PCW polysaccharides has been carried out by means of small angle neutron
scattering and a model has been developed that well describes the experimental data over
a wide intensity - q range. It has been demonstrated that application of conventional
models proposed in the existing literature, such as a parallelepiped or large disk model, do
not provide adequate fits of the SANS data. This is due to the fact that these models

consider bacterial cellulose ribbons as one-phase solid objects with uniform SLD.

In contrast, the hierarchical assembly of bacterial cellulose, in which structural features
are assembled into several architectural levels, may be well represented by a core-shell
formalism; this assumes that the ribbons are composed of an inner region (core) mostly
containing impermeable cellulose crystallites surrounded by a network of hydrated
paracrystalline cellulose and tightly bound water, and an outer region (shell) containing
highly hydrated paracrystalline cellulose and water. The different core and shell solvent
accessibilities implied by this arrangement result in the formation of regions with distinct
neutron SLD values when the hydrogels are soaked in H,O/D,0 mixtures. Based on this,
a model comprising the sum of a power-law term plus a core-shell cylinder with
polydisperse radius was developed and validated by fitting the SANS contrast variation
data of pure and composite bacterial cellulose samples. The developed model has been

demonstrated to provide acceptable fits over greater than three orders of magnitude in q
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not only with a limited number of variable parameters but also whose refined values are

physically sensible and meaningful based on prior knowledge of the systems under study.

The obtained fitting parameters indicate that both xyloglucan and arabinoxylan domains
exist on the surface of bacterial cellulose ribbons interacting with the cellulose fraction by
means of a non-specific adsorption mechanism, therefore providing additional hydroxyl
groups in the ribbons’ shell and facilitating the access of the solvent towards the ribbons’
core. On the other hand, the fitting results, together with a careful analysis of the contrast
variation curves, seem to indicate that, only xyloglucan seems to establish strong
interactions with the cellulose microfibrils contained within the ribbons’ core by
interacting with the crystallisation/assembly process. The existence of these xyloglucan
domains within the core region is crucial as it has been seen to modify the cellulose
crystalline structure (decreasing the overall crystallinity and promoting the creation of the
plant-characteristic Iz allomorph) and the packing density by separating the individual

19
and

cellulose microfibrils. This supports a different cellulose/xyloglucan
cellulose/arabinoxylan %’ interaction mechanism and, furthermore, highlights the potential
of this approach to characterise additional PCW analogue systems based on bacterial

cellulose, hence providing valuable information to interpret the potential roles of different

cell wall components on the biosynthesis process.
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