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Abstract

The structure of protiated, deuterated and compastiulose hydrogels with plant cell
wall (PCW) polysaccharides has been investigated doybined USANS/SANS
experiments, complemented with spectroscopy andostopy. The broad size range
covered by the USANS/SANS experiments enabled dentification of cellulose
architectural features in the cross-sectional amuyitudinal directions. In the cross-
sectional direction, cellulose ribbons are mode#ilsdtore-shell structures. Xyloglucan and
mixed linkage glucans interfere with the cellulaggstallization process, reducing the
crystallinity and establishing cross-bridges betwebbons. However, only xyloglucan is
able to establish strong interactions with theutefle microfibrils, affecting the properties
of the ribbons’ core. Longitudinally, the ribbonse dypothesised to present a ca. 1.4-1.5
um periodic twist with a crystallite length of ca4@180 nm for the individual
microfibrils. These results highlight the potentiaf USANS/SANS techniques to
investigate the multi-scale architecture of cela@dhydrogels as well as the interaction

mechanism between cellulose and PCW polysaccharides

Keywords: small angle scattering; neutron scattering; detiteracellulose; hydrogels;

Komagataeibacter xylinus
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1. Introduction

Cellulose hydrogels are highly hydrated systemsvirich cellulose fibrillar networks
interact with interstitial water at different sttucal levels. Several bacterial species such
asKomagataeibacter xylinus (formerly known asGluconacetobacter xylinus), are able to
synthesise cellulose hydrogels in the form of pkdf when inoculated into a culture
medium rich in carbohydrates or polyols [1]. Thatbgsised cellulose hydrogels present
a high degree of purity and hydration (ca. 99 wiH3®@) and possess a complex structure
in which cellulose is hierarchically assembled donf different structural features [2, 3].
Cellulose chains, consisting of glucose units cotet by[3-1-4-linkages, are typically
arranged into larger structures known as cellutoszofibrils. These microfibrils contain
distinct domains with differing levels of cellulogdhain ordering: (i) crystalline (i.e.
highly ordered chains), (ii) paracrystalline (iregions with loose molecular packing or
some degree of crystal distortion) and (ii) amanpdh (i.e. regions with randomly
arranged cellulose chains) domains. At the same, tihe presence of hydroxyl groups on
the surface of the microfibrils leads to the creatof cellulose-cellulose and cellulose-
water interactions by means of a strong hydrogendéd network, resulting in the
formation of structures which, in the particulaseaf bacterial cellulose, are known as

cellulose ribbons.

Cellulose hydrogels are attracting a great deahtarest across diverse research areas,
since they present remarkable properties for dyglication in the fields of biomedicine
[4-6], the food industry [7] and polymeric bionaoagposites [8-11], as well as having
been shown to serve as excellent model systemswestigate the structure and
interaction mechanisms of cellulose with other comgnts found in plant cell walls

(PCWs) [12-18]. PCWs are complex systems in whiehulose microfibrils, the main
3
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load-bearing component, are embedded in an amosphnatrix of polysaccharides and
glycoproteins. The matrix composition and intercection between the different
components is specific to each type of PCW andrahete the properties of the respective
plant tissue. Xyloglucan (XG) and pectins are thegamnon-cellulosic polysaccharides
found in the primary cell walls from dicotyledonoydants and non-commelinoid
monocotyledonous plants, known as Type | wallstl@nother hand, arabinoxylans (AX)
and (1>3)(1—4)-p-D-glucans, i.e. mixed linkage glucans (MLG), cdse the
predominant matrix polysaccharides in type Il walidich are found in commelinoid
monocotyledons, including cereals and grasses [Wlderstanding the interaction
mechanism of cellulose with these PCW polysacckarievould therefore provide
substantial insights into their biosynthetic amigural roles, enabling connections to be
established between the specific requirements férdnt PCW types and both their

composition and structure.

Investigation of the PCW structure is, however raxtly complicated due to several
inherent difficulties. For example, the ability plants to adapt to modifications in their
cell wall composition [20] has precluded the drayvai definitive conclusions on the role

of different PCW polysaccharides. Furthermore, sit unclear how the chemical or
enzymatic processes that are typically appliecetpuentially extract PCW components —
essentially a deconstructionist approach - affeetdellulose network. As an alternative,
the synthesis of composite cellulose hydrogels utino the incorporation of PCW

components into the bacterial culture medium cautst a very promising approach, as it
offers the possibility of studying the effect ofleted PCW polysaccharides on the
cellulose biosynthesis process and on the propesfithe synthesised hydrogels, without

the interference of additional components. The npomtion of several PCW
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polysaccharides such as XG, mannans, AX, MLG amtingeusing this approach is well
reported in the literature [2, 12, 13, 15-18, 21-Ffom some of these studies it has been
inferred that only XG and mannans are able to feterwith the cellulose crystallisation
process, reducing the crystallinity index and prangpthe formation of the cellulosg |
allomorph [14, 15, 17, 18, 23, 26]. This indicatbst a certain fraction of XG (or
mannan) is able to interact directly with the indual cellulose microfibrils. In addition,

a different fraction of XG, which interacts withetlsurface of cellulose ribbons, has been
identified [14, 15, 17]. This fraction is thougloet¢orrespond to the thin XG cross-bridges
detected in the microscopy images from compositdyels [14, 15, 17, 26]. In contrast
to XG, neither AX nor MLG have been reported teeeaffthe crystalline arrangement of
cellulose and they have been suggested to intan#ictcellulose ribbons via a surface

adsorption mechanism [15, 16, 23].

It is evident that in the case of highly hydratgdtems such as cellulose hydrogels, any
drying process should be avoided as it may ind@@g structural alterations. In this
sense, small angle X-ray and neutron scatteringntgues (SAXS and SANS) represent a
clear advantage over the typically used microsa@racterisation techniques, since they
enable the characterisation of native cellulosed¢yels, covering a size range from 1 nm
to several hundreds of nm, with minimal sample arafpon [28]. Moreover, in the
particular case of SANS, the different scatterieiggth of hydrogen and deuterium opens
up the possibility of enhancing the scattering tndensity (SLD) contrast by means of
selective deuterium labelling. Successful productd deuterated bacterial cellulose by
utilising deuterated glycerol [29, 30] and gluc$3e31] as the carbon sources has been
recently reported. Moreover, the similarity in tmeulti-scale assembly (from the

molecular to the nano-scale size range) of pratiated analogous deuterated cellulose
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hydrogels has been demonstrated by the combinatforBAXS and SANS with
complementary microscopy, spectroscopy and diffsactnethods [3]. In spite of the
aforementioned, the great potential of these tegtes can only be fully exploited if a
suitable model, based on prior knowledge of théesysis utilised to interpret the data. It
has been recently demonstrated that the convehtinodels which consider cellulose
ribbons as one-phase objects surrounded by buiesibare not appropriate[2]. Instead, a
core-shell model accounting for the different stuual levels and cellulose-water
interactions has been proven to satisfactorily idescthe nano-architecture of native
cellulose hydrogels [2, 3]. However, the size mmgvered by small angle scattering
techniques does not allow the identification ofistural features relevant to the cellulose
assembly in the ribbon longitudinal direction. Maover, the values reported in the
literature for the length of bacterial cellulosgstalline domains, ranging from 100 nm up
to several micrometres [32-37], are merely basedmicroscopy characterisation of
samples extracted by means of enzymatic or aciésti@n. The large variability in the
reported lengths is related to the heterogeneith®fapplied acid hydrolysis procedures.
It is known that several factors such as acid coimagon, temperature and hydrolysis
time may strongly affect the extent to which theogpmous and crystalline domains are
digested [34, 36] and, therefore, varying any efsthparameters is expected to affect the
morphology of the extracted material. In this cahteultra-small angle scattering
techniques, which are able to cover size range® uga. 10um, represent an excellent
approach to provide a complete picture of the tmdkl multi-scale structure in native

cellulose hydrogels when combined with small asglgttering techniques.

In the present work, we report on the multi-scdlaracterisation of pure protiated and

partially deuterated cellulose hydrogels, as wekhssociated composites of cellulose with
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three different PCW polysaccharides through a caetbi USANS/SANS study,

complemented by spectroscopy and microscopy teabrigBy extending the size range
up to the micron scale, structural features charestic of the longitudinal structure of
cellulose can be identified. Through the strategimbination of the multi-length scale
techniques selected, the effect of PCW polysacdbarion the architecture of the

synthesised hydrogels has been investigated aaigdetio their structural roles.

2. Materials and methods

2.1 Production of pure cellulose and composite hydrogels

Protiated and deuterated cellulose, as well asceed composite PCW hydrogels were
prepared as described by Martinez-Setnal. [3], with the following exceptions. Briefly,
Komagataeibacter xylinus (formerly Gluconacetobacter xylinus) strain ATCC 53524
(American Type Culture Collection, Manassas, VA, A)Svas cultivated in Hestrin
Schramm (HS) medium [38] at pH 5.0, containing 2.088v) glucose or deuterated
glucose (552003-1G — Sigma- Aldrich, Castle HillS\W, Australia) as the sole carbon
sources to generate the protiated (H-CH) and theedsted cellulose hydrogels (D-CH), as
well as the composite hydrogels incorporating PCoysaccharides (D-CH-AX, D-CH-
XG and D-CH-MLG). The latter materials were prodili@s described by Mikkelsen and
co-workers [16, 39], by adding to this medium, asiced, 0.5% (w/v) medium viscosity
(22 cSt) wheat AX (lot 40302b), medium viscosity (@St) barley MLG (lot 90802), or
tamarind seed XG (lot 100403), supplied by Megazynternational Ireland (County
Wicklow, Ireland). Incubations were performed at°8for 48 h under static conditions.
The materials were subsequently harvested and wafsiie90 min in ice-cold sterile
milliQ water, under gentle agitation (150 rpm), hwa total of five rinses (until white in

appearance) to remove excess medium and polymerspezifically trapped within the
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cellulose mat, and to dislodge loosely-associatectdnial cells. Thereafter, all samples

were stored in 0.02% (w/v) sodium azide solutioA°&, until used for experiments.

The wet weights of all samples were recorded usinganalytical balance at room
temperature and the densities were calculated \aglidg the wet weights by the average
volume of the hydrated hydrogel (calculated ushmgdimensions of the growth vessel and

the thickness of the hydrated hydrogel, measuraxd)ukgital calipers).

2.2 Compositional Analysis

2.2.1. Monosaccharide analysis

The amount AX and XG incorporated into the D-CH-Ad D-CH-XG composite
hydrogels was calculated from individual monosaddeacontents of the dry samples
using the method by Pettolino et al. [40]. Briefllge air-dried samples (1-5 mg) were cut
with a scalpel, hydrolysed with sulphuric acid,ueed and acetylated. The alditol acetates
of the monosaccharides were subsequently identifesti quantified by gas

chromatography-mass spectrometry (GC-MS).

2.2.23—glucan colorimetric assay
The amount of MLG in the D-CH-MLG composite hydrbgeas assessed using the
mixed-linkage B-D-glucan assay kit (Megazyme International Irelabtt, County

Wicklow, Ireland), according to the manufacturg@rstocol.

2.3 Scanning electron microscopy (SEM)
The microarchitectures of the fully hydrated H-GPtCH, as well as composite D-CH

hydrogels were visualised by appropriately preasamples of approximately 18érfor
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field emission SEM (FESEM) as previously describgdartinez-Sanet al. [3]. Images

were obtained using a JSM 7100F electron micros¢dp®©L, Tokyo, Japan) with an
accelerating voltage of 5 kV and a working distaot&0 mm. Cross-sections of cellulose
ribbons were determined using ImageJ software frtih the FESEM micrographs at

their original magnification.

2.4 Small angle neutron scattering (SANS)
SANS measurements were performed on the 40 m QUOKIsS&kument at the OPAL

reactor [42]. Four configurations were used to cowey range of ca. 0.0006-0.6 ‘A
where q is the magnitude of the scattering vector defiresdg =47nsin 6, A is the

wavelength in A and@is the scattering angle. These configurations w@reource-to-
sample distance (SSD) = 20.2 m with focusing optise\g Mgk, lenses; (ii) SSD =
20.2 m, sample-to-detector distance (SDD) = 20.1iim;SSD =3.9m, SSD =4.0 m and
(iv) SSD = 10.0 m, SDD = 1.3 m, with 10% wavelenggsolution and. = 8.1 A for (i)
and A = 5.0 A for (ii)-(iv). The source and sample apestdiameters were 50 mm and
12.5 mm, respectively. Native H-CH, D-CH and conitgoB-CH hydrogels were studied
by placing the samples in 1 mm path length celkh wemountable quartz windows and
filling the cells with BO. To maximize D/H exchange, prior to the SANS meaments,
the hydrogels were soaked in@with an approximate sample/solvent ratio of 1giBO
The hydrogels were initially soaked for 24h andysaquently, an additional exchange
step with fresh solvent was carried out for attieaturther 24h. The demountable cells
used for these SANS experiments have been desifmedSANS and enable beam

dimensions of up to 5 x 5 ém
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SANS data were reduced using NCNR SANS reductionrosa[43] modified for the
QUOKKA instrument, using the Igor software packayeéavemetrics, Lake Oswego,
OR) with data corrected for empty cell scatterimgnsmission, and detector response and
transformed onto an absolute scale by the use attanuated direct beam transmission

measurement.

2.5 Ultra-Small angle neutron scattering (USANS)

USANS experiments were performed on identical samplo SANS, using the
KOOKABURRA instrument at the OPAL reactor [44]. KBBBURRA is based on the
Bonse—Hart technique using two sets of identicddp&nce, channel-cut, perfect Si single
crystals, the “monochromator” and “analyser” respety, arranged in non-dispersive
parallel geometry in Bragg reflection. Using a mentwavelength of 4.74 A and a Cd
aperture with a diameter of 35 mmgaange of ca. 0.00003—-0.007 Awas accessed.
Rocking curve profiles were measured by rotating éimalyser crystal away from the
aligned peak position (the position in which theleviated neutrons are reflected onto the
detector) and measuring the neutron intensity ametion ofg. The USANS data were
reduced with an empty cell as background and coedesnto an absolute scale using
adapted python scripts based on the NCNR USANSctestumacros[43]. The reduced
slit-smeared data were desmeared using the Lakeithlg [43] before merging with the

SANS data.

2.6 Data fitting
The reduced SANS and USANS data were merged, ahgaintensity versus q plots with
a g range of ca. 3 x T0- 0.6 A™. As an example, Figure 1 shows the g ranges cousre

the four different SANS configurations (three comenal and one focussing) as well as

10
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by the USANS experiment. The background contribufior each sample was estimated
by calculating the slope of the linear region aihhij on an I-gversus ¢ plot (Porod plot).

The value of the slope obtained was used to deteritiie level of constant background
(bulk DO and incoherent scattering from the protonateceriad} which was subsequently
subtracted from each sample. All the scatteringspfyesented in this work have been

background subtracted by following this procedure.

The function utilised to fit the experimental dat@er the extremely broad g range
available comprises the sum of a three-level Begeicaodel (to account for the structural
features contained within the region 3 x°¥0q / A*< 6 x 10°) plus a core-shell cylinder
model (to describe the shoulder features within région 0.01 < q / A < 0.10). The

resulting sum function is as follows:

R. \13Fi
[i=3 RZ . Bi I:erf(q\/%,l)] —l
,L
I(q) = ZGi eXp(—qz' g >+ e
i=1

sf
Vshell

+ [ Zrgpeu "(Reores Ocore) - P(4, Reores Rsneits L SLDores SLDsnert, SLDsos) | +

bkg (1)
where the first term contained within brackets esponds to the three-level Beaucage
model, the second term corresponds to the coré-syleider model and the third term
accounts for the incoherent background remaininigr afolvent background subtraction

(which in this case was close to zero, as it heshdly been subtracted using the Porod plot

described above).

The Beaucage model considers that, for each ing@ildkvel, the scattering intensity is the

sum of a Guinier term and a power-law function [46]. In the first term from equation
11
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(1) G; = ¢;V;,ASLD;* is the exponential prefactor (wheFe is the volume of the particle
and ASLD; is the SLD contrast existing between tH2 structural feature and the
surrounding solvent)R, ; is the radius of gyration describing the averaige sf the i

level structural feature angl; is a g-independent prefactor specific to the tgbpower-
law scattering with power-law exponer®;. In this particular case, the largest sized
structural level (i.e. level 1) could be descrilisda simple power-law function (with the

first term in the Beaucage model equation equakto).

The core-shell cylinder model, corresponding to sleeond term in equation (1), is a
slightly modified version of the core-shell modeisdribed in a previous work [2], which
accounts for a cylinder structure with polydispecsge and fixed thickness shell (no
power-law term was included in this case, as thialieady being accounted for by the
Beaucage model). A detailed description of the fdactor function and the parameters
defining the core-shell model can be found elsewlji2}. In this particular case, the scale
factor was allowed to vary between 0.002 and 0uingd the fitting process. This range
was based on uncertainties concerning the samjallenttss (0.8-1.0 mm), knowledge of
the dry weight (0.5-2.0%) and errors in the measerds thereof. The SLD values of the
native hydrogels (i.e. in 100%,8) were estimated by assuming an initial molecular
structure of @H100s for H-CH and GHsDsOs for D-CH. As described below, the
deuteration degree for D-CH is based on the FTHRly&is and is consistent with the
value previously reported for a D-CH sample pregdog following exactly the same
procedure [3]. The cellulose crystallinity valuesalculated from the*C-NMR
experiments, were also considered in the calculatiny re-calculating the physical density

of cellulose as

Pcellulose = [XC ' pcrystalline cellulose] + [(1 - XC) ' pamorphous cellulose])-
12
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2.7 C CPIMAS Nuclear Magnetic Resonance (NMR) spectr oscopy

The solid-state®*C CP/MAS NMR experiments were performed at’@ frequency of
75.46 MHz on a Bruker MSL-300 spectrometer. Onertwyel specimen, squeeze dried to
~90% water, was packed in a 4-mm diameter, cyloadri PSZ (partially-stabilized
zirconium oxide) rotor with a perfluorinated polym@elF) end cap. Due to the limited
amount of sample, it was necessary to pack the vatb Teflon tape so the material was
placed in the middle of the rotor to maximize sigiméensity. The rotor was spun at 5-6
kHz at the magic angle (54)7 The 96 pulse width was fis and a contact time of 1 ms
was used for all samples with a recycle delay &. Ihe spectral width was 38 kHz,
acquisition time 50 ms, time domain points 200@nsform size 4000 and line broadening
50 Hz. At least 20,000 scans were accumulatedafoh spectrum. Spectra were referenced

to external adamantane.

28 FT-IR analysis

IR spectra of fully hydrated H-CH and D-CH samplesre collected on a Perkin EImer
Spectrum 100 FT-IR spectrometer (Perkin Elmer Umsénts, Waltham, Massachusetts,
USA) using an ATR accessory with a single bouncamdind crystal. Spectra were
recorded between 4000 and 600 cah a resolution of 4 cthand32 scans were added. A
single-beam spectrum of the clean crystal was aseal background. After converting the
spectra into absorbance units, the baselines wereated using a straight line between
4000 and 600 cth Duplicate spectra were recorded and averagefiifdrer analysis. All
spectra were deconvoluted with a Lorentzian linapsh a half-width of 15 cthand a

resolution enhancement factor of 1.5 using Begsadliaation.
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309 Figure 1. Merging of the experimental data for D-CH soakedDgO. The data
310 corresponding to the four different SANS configioas and the USANS experiment are
311 shown with different colours.

312

313 Table 1. Neutron and X-ray scattering length densities pootiated and deuterated
314 bacterial cellulose. The following physical derestiwere usedy(crystalline cellulose) =
315 1.60 g/cni[47], p(paracrystalline cellulose) = 1.51 g/&8] andp(amorphous cellulose)
316 = 1.48 g/cm[49]. Bound HO and RO scattering length density values were calculated

317 assuming a density increase of 25% with respetttadoulk solvent density, as reported in

318 [47, 50].
Neutron SLD | X-ray SLD
(10" cm?) (10" cm?)
Cellulose (crystalline) 1.87 14.46
Cellulose (paracrystalline) 1.77 13.65

14



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

Cellulose (amorphous) 1.73 13.38
Cellulose (crystalline, BD exchanged) 3.66
Cellulose (amorphous, D exchanged) 3.39
100% Deuterated cellulose (crystalline) 7.59 13.62

100% Deuterated cellulose (amorphous) 7.02 12.60
Hemicelluloses$’ ~1.62 ~12.65

Bulk H,O -0.56 9.47

Bound HO -0.70 11.84

D-O 6.38 9.37

Bound DO 7.97 11.79

®) The provided SLD value is based on the estimati@vipusly conducted for tamarind
XG and wheat AX [34]. However, this value shouldydoe used as an approximation as it
will differ depending on the molecular weight anefjcee of substitution of each particular

hemicellulose.

3. Resultsand discussion

3.1 Construction and molecular analysis of cellulose hydrogels and its composites
with PCW polysaccharides

After 48 h fermentation, the pure H-CH and D-CH, vasll as the D-CH composite
hydrogels form thick gelatinous pellicles at thguid medium-air interface. The thickness
of the synthesised hydrogels, as well as theirweights and densities, are presented in
Table 2. The differences in the estimated bulksdes may be indicative of D-CH being
less dense than H-CH, suggesting that cellulosthegis takes place at a slower rate when

d-glucose is provided as the carbon source, as\@abereviously [3].
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Table2. Post ferementation characteristics of the purecangposite hydrogels.

Hydrogel Wet Estimated Polymer
e
Thickness . Density incorporation
Weight (g)
(mm) (g/cn) (%)
H-CH 1.11 2.46 1.64
D-CH 1.03 1.89 1.36
D-CH-AX 0.76 1.75 1.71 13
D-CH-XG 0.78 1.60 1.51 39
D-CH-MLG 1.05 2.94 2.07 32

Monosaccharide analysis of H-CH and D-CH reveatgh purity, with >97% glucose
composition. When D-CH is produced in the presesfceheat endosperm AX, the level
of PCW polysaccharide incorporation is 13% AX. Tigiselatively low when compared to
the incorporation levels observed for H-CH-AX hyglets, where the AX was dissolved by
vigorous overnight stirring in boiling water (ca0% AX) [14-16]. When barley
endosperm MLG is added to the fermentation medR@2fp MLG is incorporated into the
D-CH hydrogel, similar to previously reported vauaf 27-29% MLG incorporation for
H-CH-MLG [16, 53]. For the D-CH-XG hydrogel, incaation of 39% XG is consistent

with previously reported values of ca. 27-38% XGHBCH-XG samples [14-17].

3.2 Microstructure characterisation

The microstructures of the pure cellulose and caipdhydrogels were visualised by
FESEM, and representative micrographs are presemteajure 2. The soluble-extensive
fixing and critical-point drying sample preparatiappeared to prevent microstructural

collapse of the highly hydrated samples duringdhgng process. FESEM revealed that
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all the samples present the typical architectureaoflomly oriented cellulose ribbons,
which has been previously reported for cellulosdrbgels [3, 14-16, 22]. As the samples
were only washed with water prior to the microscagharacterisation (to avoid any
possible structural modifications caused by a mexéensive washing with sodium
hydroxide [54]), it was not possible to remove ctetgly the bacteria cells, which are
visible in the micrographs as cylindrical objecttaehed to the cellulose ribbons. The
average ribbon cross-section values estimated fr@MFESEM micrographs are 27.7 *
10.1 nm, 42.3 £ 14.4 nm, 33.7 £ 12.6 nm, 26.0 #10n and 34.0 £ 12.4 nm for H-CH,
D-CH, D-CH-AX, D-CH-XG and D-CH-MLG, respectivelyihese values are similar to
those observed for several bacterial cellulose &81[A5, 24, 25, 35, 55, 56]. Given the

large standard deviation values, the differencelerribbon thickness are not significant.

As visualised in Figures 2D and 2E, it appears ¥@tand MLG act as cross-linking
agents, promoting the association of ribbons. Btiands of XG, acting as cross-bridges
between cellulose ribbons, have previously beerctied in H-CH-XG samples [14, 15].
In contrast with the marked molecular binding exiith within D-CH-XG, D-CH-AX
(Figure 2C) does not exhibit such features. In thiger composite hydrogel, small
“nodules” (of ca. 78 + 13 nm size) are visible ¢@d in Figure 2 and Figure S1). These
are likely due toin situ precipitation by methanol during the solvent-risample
preparation protocol, as previously reported [I¥¢t interestingly, in the D-CH-MLG
micrographs (Figure 2E), a combination of a fewuladlike structures with an average
size of ca. 57 £ 20 nm, consistent with earliediings [16], as well as cross-linked
cellulose ribbons are observed in the heterogenesaumsple. The microarchitectural
obervations made for D-CH-MLG in this study suggest deuteration may promote non-

covalent cross bridges to form between celluldsleans by MLG in the D-CH hydrogel.
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3.2 Molecular gtructure: *C CPIMASNMR and FT-IR

The rigid components of the cellulose hydrogelsenexamined using solid-statéC
CP/MAS NMR and the spectra obtained are displayedrigure 3. The cellulose
crystallinity index was estimated by integrationtleé signals at 85-92 ppm and at 80-85
ppm, corresponding to the internal crystalline aod-crystalline and/or crystal surface
cellulose C4 sites respectively [57]. On the othand, it was not possible to estimate the
crystalline allomorphdllg ratio since, as previously noted [3], the pealescamplicated
by the quadrupolar coupling between carbon andediemt which splits the peak into

multiplets.

In agreement with previous work [3, 30], the inamgdion of deuterium into the cellulose
molecular structure does not appear to signifigaatiiect crystallinity, as indicated by the
similar values of ca. 87 and 84% for H-CH and D-Ceégpectively. With regards to the
effect of the different PCW polysaccharides, wiiile incorporation of AX into the D-CH
structure does not seem to induce any significhahge in the crystallinity (X= 81%), a
decrease is observed with the addition of MLG 6X68%) and XG (¥ = 59%). The
same trend of reduced crystallinity has been prshoreported for composite H-CH
hydrogels with XG (ca. 16% crystallinity reductioji4] and MLG (ca. 7% crystallinity
reduction) [16], although the effect seems to b®ngfer for the D-CH composite

hydrogels.

The presence of XG in the rigid phase of D-CH-XGswanfirmed by the detection of
peaks located at 100 ppm and at 82 ppm, due tG1hend C4 of xylose [14]. Calculating
the ratio of the C1 xylose peak to the C1 cellulpsak, shows that the composite has ca.

18% XG bound to the cellulose (i.e. 46% of the XGound to cellulose), in agreement
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with earlier studies [14]. In the case of D-CH-ML{Be spectrum shows a minor peak at
79-80 ppm that may be due to the C4 of MLG; howgifethere were corresponding
signals for the expected C1 position at 102 ppnj, [ty would be overlapped by the
cellulose C1 peak making it difficult to confirrm this case, based on the ratio of the C4
MLG peak to the C4 cellulose peak, the amount ofGvihound to cellulose is only ca.
4%. It should be noted that all the samples contaane than 90% water and, thus, any
PCW polysaccharide which was not bound to celluleseld be mobile and would not be
observed in thé®C CP/MAS experiment. Therefore, these results atdi¢hat certain
fractions of XG (and possibly MLG) are bound tolulelse and potentially responsible for

the crystallinity decrease observed in the corredpm composite D-CH hydrogels.

o W

T T v T r T T T o r
120 115 1€ 103 100 93 a0 85 & 5 0 [
chemical shift (ppm)

Figure 3. 3C CP/MAS NMR of pure cellulose and composite hyetsg

Figure 4 shows the region corresponding to the @H@H stretching bands in the ATR-
FT-IR spectra of native H-CH and D-CH. As expectaath samples display characteristic

OH stretching bands in the region of 3500-3300"d&0, 30, 34]. The presence of OH
20



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

groups in D-CH is not surprising, since the OD gwuoriginally present in the deuterated
glucose are expected to be exchanged to OH grdtgrdassolving all the culture medium
components in kD. On the other hand, the intensity of the bangseapng at 3000-2800
cm?, attributed to CH stretching [29, 30], is strongbduced in the D-CH sample as
compared with H-CH. The reduction in the area unlderband has been previously used
to estimate the degree of deuteration in D-CH, igling a value similar to that estimated,
using an alternative approach, by determinatiothefsample neutron SLD through SANS
contrast variation experiments [3]. In the presstntly, a reduction of ca. 81% in the area
under the CH stretching bands is estimated by cdangahe D-CH spectrum with that
from H-CH. Considering that each glucose unit ia tellulose molecule contains seven
CH groups, such a decrease corresponds to an avefai 1.3 CH groups and 5.7 CD
groups in the D-CH molecular structure; this sugges average monomer structure
between @DgH,Os and GDsHsOs for D-CH. A previous D-CH batch produced by using
exactly the same method was reported to presemtictige of GDsHsOs, based on FT-IR
and SANS contrast variation experiments [3]. Cqnsetly, the molecular structure in the
D-CH sample characterised in the present workssiragd to be closer tog0sHs0s. FT-

IR measurements were conducted on the hydratediaiat®-H,O; a monomer structure
of C¢D;H30s, would be attained from a fully deuterated cekelaafter the OD groups
originally present in the deuterated glucose ahanged to OH groups when dissolving
the culture medium components i@ In addition, the presence of other protiated
components (such as peptone and yeast extradbeiculture medium and that are also
involved in theKomagataeibacter xylinus glucose metabolism process inevitably further

limits the degree of deuteration, as previouslyedd8].
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Figure 4. FT-IR spectra of H-CH and D-CH. Peaks are normdlipethe OH stretch.

3.3 Micro- and nano-ar chitecture: Combined USANS/SANS experiments

SANS and USANS experiments were carried out toasdtarise the structure of native H-
CH and D-CH, as well as D-CH composites within tia@mo- and microscale size range.
Samples were soaked in® prior to the experiments, since the appearancsro€tural
features associated with the cellulose ribbonsbe@n previously shown to be optimised
when using this solvent (as opposed tgHr HO/D,O mixtures) as a result of H/D
exchange undergone by the solvent held within #lilose ribbons [2, 3]. Figure 5A
shows the combined USANS/SANS data of th®©Boaked H-CH, D-CH and composite
hydrogels. As observed, the combination of botlhregues allowed a very broad g range
to be covered of ca. 3 x 20- 0.6 A™. Several structural features, which can be more
clearly identified in the corresponding Kratky @dtf. Figure 5B), appear in the scattering
patterns from all the samples. The shoulder featimmated within the region 0.01 < q A

< 0.10 have been detected in the SANS patterns prmtiated and deuterated cellulose

hydrogels and arise from the existence of regioitis gistinct SLD values due to the sub-
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structure of cellulose ribbons [2, 3, 15]. Theseuwtiers are more intense in the case of D-
CH and its composites, as compared with H-CH, dua tecreased contribution from
interfacial scattering (i.e. decreased SLD contkettveen the cellulose ribbons and the
surrounding bulk BO) as a result of the partial deuteration withia tellulose molecular
structure. Interestingly, two additional shouldeatlres, which have not been previously
reported for cellulose hydrogels, appear within iagion 3 x 10< q / A'< 6 x 10°. It
should be noted that, over the whole q range, tla#tesing intensity decreases with the
deuteration level of the samples, with the highestnsity for H-CH and the lowest
intensity for D-CH. This is again related to theased SLD contrast between the solvent
and the partially deuterated cellulose in D-GHLp, o — SLDp_cy = 6.38 — 4.75 = 1.63

x 10" cm?, assuming a structure ofgdsDsOs) compared to the SLD contrast with
protiated cellulose in H-CHS{Dp, o — SLDy_cy = 6.38 — 1.84 = 4.54 x 10'° cm®). In

the case of the D-CH composites, the sample-sol8&ft contrast is expected to have
intermediate values between those correspondirtg-@H and D-CH since they contain

partially deuterated cellulose and protiated PC\ygaxcharides.
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487 Figure 5. Combined USANS/SANS data for pure H-CH, D-CH andCB-composites
488 with PCW polysaccharides (soaked in) (A) and the corresponding Kratky plots (B).
489 Solid lines correspond to the fitting of the expental data using the sum model of a
490 three-level Beaucage and a core-shell cylinder mode
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Although a previous study reported on the USANS/SAbharacterisation of bacterial
cellulose covering a q range of 3 x°10 0.1 A, the data were interpreted merely by
delimiting regions with different power-law exponeinn the scattering curves [58]. It is
possible to go far beyond this basic data integpiet and fully exploit the potential of

combined USANS/SANS experiments by developing biletamodels to fit the

experimental data. However, the extremely complexyctire of cellulose, which is

hierarchically organised into different structutalels, has typically complicated the
interpretation of small angle scattering data anty @ery recently has a model based
upon a core-shell formalism been proposed to desdhe SANS data from cellulose
hydrogels [2, 3]. This core-shell formalism impligiaccounts for the sub-structure of
cellulose microfibrils within ribbons and the rol&f moisture and, accordingly, it

considers that cellulose ribbons are composed of pvases: (i) a core, containing
impermeable crystallites surrounded by a networkartcrystalline cellulose and tightly
bound water and (ii) a shell containing only payatalline cellulose and bound water.
These two phases are expected to present diffaceessibility and H/D exchange when
soaked in solvents, hence resulting in the formatibregions with distinct neutron SLD

values. Based on this core-shell model, a functiomprising the sum of a power-law
term plus a core-shell cylinder with polydisperadius was developed and applied to fit
the SANS contrast variation data of protiated aadterated cellulose hydrogels [2, 3].
The fitting function applied in the present studyfit the combined USANS/SANS data
consisted of the sum of the core-shell cylindethwblydisperse radius term from the
above described core-shell model (to describehbalder-like features detected at 0.01 <
q/ A’ < 0.10) plus a three-level Beaucage model (to@uctor the additional structural

features located within the 3 x 18 q/ A*< 6 x 10%range). As shown in Figures 5A and

5B, the sum model produces good fits across the witknsity and g range considered
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(over 9 orders of magnitude in intensity and 4 osdef magnitude in ). The values

obtained for the refined parameters are summaiis&eble 3.

The ribbon cross-section values estimated for H{€4 26.4 nm) and D-CH (ca. 29.2 nm)
are very similar and consistent with the range afugs estimated from the SEM
characterisation. In agreement with previous reqalt and supporting the hypothesis of a
slower synthesis rate, D-CH seems to present adlsse ribbon structure with a reduced
cellulose volume fraction within the shell and gezaH/D exchange in the cellulose
contained within the core, as compared with H-CHe Toverall ribbon cross-sections
estimated for the composite D-CH hydrogels are262@ nm, 28.8 nm and 27.1 nm for D-
CH-AX, D-CH-XG and D-CH-MLG, respectively. Wheretse shell represents ca. 11%
of the overall ribbon cross-section for D-CH-XG diecreases to values of ca. 7% for D-
CH-MLG and ca. 5% for D-CH-AX. This may be a resolt strong cellulose-XG

interactions being established. Close associat@wden XG and the individual cellulose
microfibrils is expected to disrupt the ribbon sture to a certain extent, promoting the

accessibility of RO towards the inner region of the cellulose ribbons

As expected, the strong hydrogen bonded networlatete between the cellulose
microfibrils and bound water held within the coegion limits the solvent accessibility
and, as a result, the cellulose volume fractiorhwithe ribbons’ core is larger than the
volume fraction within the shell. Interestinglygtincorporation of XG into D-CH leads to
a decreased cellulose volume fraction within theec®he same behaviour was observed
for H-CH incorporating XG, where it was attributead the ability of this PCW
polysaccharide to interact with the individual atdse microfibrils contained within the

ribbons’ core [28].
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The solvent exchange values indicate that ca. 20%e water tightly bound to the
cellulose microfibrils within the core is not exclgged when the samples are soaked in
D,O. Additionally, as indicated by the cellulose exefe values, the H/D exchange is
more limited within the core region due to the pres of non-accessible crystallites. It is
worth noting that the cellulose H/D exchange witttie core is further restricted by the
incorporation of XG into the D-CH hydrogel. The #ah of XG into H-CH has been
reported to show the same behaviour and is consistigh a reduction in the amount of
cellulose hydroxyl groups available for exchange tluthe existence of strong cellulose-

XG interactions within the ribbons’ core [28].

Consistent with the crystallinity reduction detemed from NMR characterisation, the sum
model fit parameters associated with the core-sfoethalism (i.e. the second term in
equation (1)) suggest that XG is able to interactatly with the individual microfibrils
composing the cellulose ribbons and is located bathin the core and the shell of the
ribbons; in contrast, AX and MLG domains are moéthjited to the surface (i.e. shell) of
the ribbons. This result is in agreement with wies$ been previously reported for H-CH
composite hydrogels with AX and XG [2, 15, 59]hHs been hypothesised that whereas
AX interacts with cellulose once the crystallisatimnd aggregation of cellulose
microfibrils has been completed, XG can establistteractions with cellulose
simultaneously with the crystallisation/aggregatipnocesses, hence promoting the
formation of fewer crystalline cellulose microfilsriricher in the dallomorph [15]. On the
other hand, the interaction mechanism of MLG witklwdose has not been clearly
established in the literature. Although MLG hasrbsaggested to present a non-specific

surface adsorption interaction mechanism, analogouwat of AX based on the NMR
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characterisation and mechanical properties of Hgdkhposites [16], a different study
showed that only 12-13% of MLG was removed from thal of wheat and maize
coleoptiles by using a specifendo-(1—3)(1—4)--glucanase [60]. The results presented
here suggest that the ability of XG and MLG to ddrinteractions within and between
cellulose microfibrils during the crystallisationggess may be linked to their cross-linking
role as is demonstrated by microscopy characteisétf. Figure 2). However, while XG
is able to establish strong interactions with thdividual cellulose microfibrils, thus
remaining trapped within the ribbons’ core, sucbrgg interactions are limited in the case
of MLG which, in turn, interacts with cellulose ntlysat the ribbons’s surface level. Based
on our previous studies [2, 3], a more extensivaratterisation of the D-CH composite
hydrogels is needed to fully understand the distinteraction mechanisms of partially
deuterated cellulose and these PCW polysacchaatidéise different relevant structural
levels. Future work will consist of SANS contrastriation experiments (which provide
information on the ribbon structural level), witlA’8S and XRD characterisation (which

highlight the structural organisation of the indival cellulose microfibrils).

To the best of our knowledge, the shoulder-likeuess appearing in the lower q region
from the combined USANS/SANS data are reported faréhe first time. To account for
these features, a term corresponding to a unifie@t#on (i.e. Beaucage model) with three
structural levels was incorporated into the appfigohg function, as described in section
2.6. The Beaucage model has been previously utilige fit the SANS data from
switchgrass lignocellulose, enabling the identtima of morphological changes induced
by a diluted acid treatment [61]. As observed iguFes 5A and 5B, the structural features
within the 3 x 10 < q / A*< 6 x 10%range are well described by using this mathematical

function.
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The characteristic dimensions of the structuraiuiess detected in the USANS/SANS data
can be estimated from the, Ralues obtained. The cellulose network in the bgdtls is
composed of ribbons, which may be considered ag ¢omne-shell cylindrical objects with
cross-sections within the range of 20-40 nm [3].tA¢ same time, these ribbons are
composed of cellulose microfibrils, which can also simplified as core-shell cylindrical
objects with an overall diameter of ca. 3.0-3.5 [8h Considering this and taking into
account the approximate q values at which the gatufes are located (ca. 3 x*1A*and

6 x 10° A, we propose that these shoulders arise from thetsre of cellulose
microfibrils and ribbons in the longitudinal axigettion, i.e. B3 from the longitudinal
arrangement of cellulose microfibrils and,Rfrom structural features in the ribbon
longitudinal direction. Assuming a cylindrical méwgdogy for both the microfibrils and the
ribbons, the corresponding lengths can be calalilateapplying the following equation

for Ry based on a cylindrical rod with length L and radiu

Rp? =4+ 2)
where R is assumed to be equal to the cross-section vakteeated from the sum model
fitting (cf. Table 3) and Rto the approximate cross-section reported foritifgermeable
crystalline core of cellulose microfibrils (i.e.61nm [3]). The calculated values for the
characteristic lengths corresponding tBnd Ry 3(L2 and Ls, respectively) are: :=1468

+ 7 nm and k=142 + 1 nm for H-CH, £=1470 + 13 nm and &180 + 6 nm for D-CH,

L,=1422 + 9 nm and 4=150 + 6 nm for D-CH-AX, k=1367 + 6 nm and 4=166 = 6 nm

for D-CH-XG and 1.=1474 + 6 nm and4=166 + 5 nm for D-CH-MLG.
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617 The smallest characteristic lengthsXLwhich ranges between ca. 140-180 nm, may be

618 associated with the length of the cellulose criis@ldomains. To date, information
619 regarding the morphology of bacterial cellulose staifites has been inferred from
620 subjecting the native material to hydrolysis treatts. Based on microscopy
621 characterisation, cellulose nanocrystals extrabiedcid hydrolysis of bacterial cellulose

622 have been reported to have lengths within the rahd®0 nm to severalm [32-37]. The
623 large variability in the length values is relatedtihe heterogeneity in the acid hydrolysis
624 procedures applied to extract these nanocrystals. dnown that several factors such as
625 acid concentration, temperature and hydrolysis traee a strong effect on the extent to
626 which the amorphous and paracrystalline domainslagested [34, 36] and consequently
627 hydrolysis treatments with different characterisparameters are expected to vyield
628 nanocrystals with distinct morphologies. It shoblkl considered that the longer rod-like
629 structures extracted by acid hydrolysis of bactedallulose have been shown to
630 correspond to aggregates of 3-6 microfibrils ratttem to individual crystallites [35].
631 Hence, the cellulose crystalline domain lengths naysmaller than some of the values
632 previously estimated from acid-digested materiagispecially when milder hydrolysis
633 conditions are applied. As deduced from thesdlues, the cellulose crystallites in D-CH
634 (ca. 180 nm) are larger than the crystallites i€H-(ca. 142 nm). This suggests that the
635 incorporation of deuterium atoms into the cellulasaecular structure has an effect on the
636 synthesis process. As discussed above, it is plelbbt when d-glucose, instead of h-
637 glucose, is provided as the carbon source, theebacynthesise cellulose at a slower rate.
638 This has been previously hypothesised as the paltesstuse for the less dense ribbon
639 structure detected in D-CH compared to H-CH [3}thAugh no connection between the
640 synthesis process and the morphology of the pratwetiulose crystallites has been

641 established in the literature, it is likely that.aaslower synthesis rate, the distance between
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the defective regions (i.e. cellulose amorphous alng) increases; to demonstrate this,
identical acid hydrolysis treatments could be aplto H-CH and D-CH samples to
confirm whether the length of the extracted cryséal is significantly different. Moreover,
the incorporation of PCW polysaccharides into D-&bpears to induce the formation of
slightly shorter crystallites which may arise froine establishment of interactions between
the amorphous cellulose domains and a fractiorhefRCW polysaccharides. However,
these results should be interpreted with cautierthea same crystallite radius was used to
estimate the crystallite length for all the samplEss assumption seems valid in the case
of AX which, according to previous XRD charactetisa, does not induce any significant
modification in the cellulose crystallite cross4s@e [15]. In contrast, smaller crystallites
have been observed for H-CH composite hydrogels % [15] and, consequently, the
actual D-CH-XG crystallite length may be larger rthdne estimated value. Since the
microfibril crystalline core radius can be detersdrby fitting the complementary SAXS
data from cellulose hydrogels [2, 3], future working SAXS characterisation to
accurately determine the crystallite lengths fa plure and composite cellulose hydrogels

would be beneficial.

At the next structural level, bacterial cellulosdbons have been reported to be
periodically twisted along their longitudinal afB5, 56, 62-64]. The mechanism leading
to the development of twists has not yet been &skadal. An initial hypothesis claimed
that the twists could be created from the rotatmn bacterial cellulose along its
longitudinal axis [63]. However, it was demonstcatkat the origin of these twists is more
likely related to the intrinsic chirality of cellode molecules [65, 66]. Based upon TEM
images, the ribbon twisting periodicity has beetnested as ca. um [64, 67]. Moreover,

mild acid digestion of bacterial cellulose has besgorted to produce structures consisting
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of microfibril aggregates with an average lengtlca 1.2um [35]. If the twisting regions
are considered as less structurally stable domties, the mild acid hydrolysis applied in
the cited work could proceed by disrupting the oiblstructure preferentially through the
twisting domains. The values reported in the liten@ for the ribbon twisting periodicity
are similar to the 1.4-1.fum characteristic lengths £} estimated for the pure and
composite hydrogels. Nevertheless, it is also #s ¢hat different structural entities, such
as bacteria cells remaining in the samples or widked pores in the hydrogel network
structure could, in principle, also be responsiblethe appearance of the shoulder-like
feature detected in the scattering patterns. Theesions of the remaining bacteria cells
are ca. 447 = 133 nm x 1735 + 624 nm, as measuoed SEM images. If the cell is
considered to present a cylindrical shape, therafiseciated Rvalue would be ca. 525
nm. This value does not agree well with thevRlues provided by the unified fits and it is
unlikely that the presence of bacteria cells isdberce of the scattering feature; however,
collecting the scattering patterns from hydrogehskes washed with NaOH to remove any
bacteria cell debris would be desirable to fullgadird this as a possibility. With regards to
the water-filled pores in the hydrogel network stune, direct measurements from the
SEM images (albeit with the caveat of the poss$ibif sample drying artefacts) indicate
that the average pore size is ca. 500 + 300 nrharcase of H-CH, D-CH and D-CH-AX,
whereas it reduces to ca. 300 + 200 nm for the DX@1and D-CH-MLG composites.
Thus, it also seems implausible that the shouleatufes arise from the contrast between
the water-filled pores and the ribbons, since tbeesize does not match the g range at
which the shoulders are located and it is alsonmadified by the incorporation of PCW
polysaccharides. If the hypothesis of the shouldature arising from the ribbon twisting
periodicity is correct, the results would indic#itat neither the partial deuteration of the

cellulose molecular structure nor the incorporawbiPCW polysaccharides would have a
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strong effect on the distance between two consexutvists which is shown here to

remain approximately constant at ca. 1.44inbfor all hydrogel samples.

These results demonstrate the great potential ohboong SANS and USANS
experiments to characterise the multi-scale archite of cellulose hydrogels, covering
the size range relevant to the cellulose structorghnisation in both the cross-sectional
and longitudinal directions. In particular, the emdled q range provided by USANS has
enabled the identification of structural features the micron size range in cellulose
hydrogels. Based on prior knowledge of the systénmas been hypothesised that the
observed shoulder-like features arise from the ngement of crystalline/amorphous
cellulose domains along the microfibril and fronripdic ribbon twisting. If that is the
case, USANS experiments would be extremely valuablnswer relevant questions that
still remain open in this research area such asthehalifferent bacterial strains, with
distinct synthesis rates, are able to synthesidwlase crystallites with varying
morphologies or how the cellulose network strucisrerogressively broken down when

subjecting native hydrogels to acid hydrolysis tireents.

Table 3. Parameters obtained from fits of the sum mode&éitevel Beaucage plus core-
shell cylinder with polydisperse radius) for natieCH, D-CH and D-CH composites
with PCW polysaccharides (soaked in@Q). Standard deviations on the last digit are

shown in parentheses.

H-CH D-CH D-CH-AX | D-CH-XG | D-CH-MLG
Scale factor 0.0183(1) 0.0209(3) 0.050(1) 0.0450(2 0.050(4
Core radius (nm) 9.44(9) 13.68(3) 14.2(2) 12.75(5) 12.58(8
Core length (nmfy 500.0 500.0 500.0 500.0 500.0
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Polydispersity 0.376(3) 0.288(8) 0.254(4) 0.234(1) 0.229(2
Radial shell thickness
3.78(3) 0.91(1) 0.76(1) 1.65(2) 0.98(6)
(nm)
Cellulose volume
_ 0.218(2) 0.212(2) 0.168(4) 0.119(2) 0.232(4
fraction (Core)
Cellulose volume
_ 0.038(1) 0.001(1) 0.001(3) 0.093(1) 0.001(5
fraction (Shell)
Cellulose exchange
0.48(1) 0.60(3) 0.60(1) 0.35(1) 0.63(1)
(core)
Cellulose exchange
1.0(6) 0.6(3) 1.0(3) 0.37(2) 1.0(2)
(shell)
Solvent exchange (core) o.825(1) 0.821(1) 0.824(1) 0.803(2) 0.814(1
Solvent exchange
. 1.00 1.00 1.00 1.00 1.00
(shell)®
SLD cellulose
. 1.85 4.76 4.75 4.67 4.71
(10" cm?)
SLD fully exchanged
o o 3.63 6.43 6.41 6.31 6.35
cellulose (16’ cm?) ©
SLD bulk solvent
i 6.38 6.38 6.38 6.38 6.38
(10 cm?) ©
SLD bound solvent
. 7.97 7.97 7.97 7.97 7.97
(10 cm?) ©
SLD bound HO
. -0.70 -0.70 -0.70 -0.70 -0.70
(10 cm?) ©
By (cm™-sr?) 0.05(2) 7(2)-10 7(2)-10° 6(3)-10° 2(1)-10°
PLy 1.69(3) 2.211(3) 2.34(6) 2.34(6) 2.44(7)
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G (cm’-st) 2.48(4)-16 | 7.8(1)-16 | 2.01(4)-10| 1.55(4)-10 | 1.95(4)-18
Rg.2 (nm) 424(4) 425(4) 411(3) 395(4) 426(3)
B2 (cm™-sr?) 0.2(1)-1¢ 2(1)-10° 12(7)-1¢ | 50(10)-1¢ | 20(10)-16
PL, 2.75(7) 2.8(2) 2.70(9) 2.59(9) 2.6(1)
Gs (cm™-st) 0.36(3)-18 | 0.4(1)-18 | 0.5(1)-18 | 1.3(4)-18 | 0.9(2) 16
Rg,3 (Nm) 41(1) 52(3) 43(2) 48(3) 48(2)
Bs (cm™-sr?) 0.43(1)-16 | 0.031(2)-16 | 9.4(1)-1C | 0.018(6)-16 | 0.18(5)-1C
PLs 2.865(6) 3.63(8) 2.62(3) 4.00(7) 3.50(6)

Parameters displayed withwere fixed during the fitting process.

4. Conclusions

Partially deuterated cellulose hydrogels (D-CH) assultant composites with three major
PCW polysaccharides (AX, XG and MLG), were syntbediby using d-glucose as the
carbon source in the fermentation medium lKbmagataeibacter xylinus. PCW

polysaccharide incorporation into the hydrogels basn confirmed by monosaccharide
analyses, while their effect on the multi-scalehdecture of D-H has been investigated by
combined USANS/SANS experiments and complementacyoscopy and spectroscopy
techniques. The combination of SANS with USANS deadlthe coverage of four orders of
magnitude in g and revealed unique structural feataharacteristic of the very broad size

range explored that is highly relevant to the rsidtale architecture of cellulose hydrogels.

The structural features located within the ran@d & q / A < 0.10 are well-described by
the core-shell cylinder model included in the suttinfy function. This core-shell model
accounts for the sub-structure of cellulose mitmas within ribbons and for the role of

moisture. The fitting results suggest that only }¥Gable to establish strong interactions
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with the individual cellulose microfibrils, thusfa€ting the properties of the cellulose
ribbons’ core; in contrast, cellulose-AX and cedsg-MLG interactions are mostly limited
to the ribbons’ surface. On the other hand, fi®eNMR results indicate that the presence
of XG or MLG at the time of cellulose synthesisable to perturb cellulose at the
microfibril structural level, leading to reduced/stallinity values. This effect seems to be

linked to their ribbon cross-linking role as revazhby SEM characterisation.

Furthermore, an additional term consisting of diedithree-level function was included
into the fitting function to account for the twocsHder-like features appearing within the
range 3 x 10 < q / A* < 6 x 10% which are reported for the first time for cellsio
materials. Considering a cylindrical morphologyattees characteristic of length scales of
140-180 nm and ca. 1.4-14sm along the microfibrils and ribbon longitudinal igx
respectively have been identified. Based on theesponding size ranges and prior
knowledge of the cellulose structure, the firstdiea is proposed to arise from the length of
cellulose crystallites, whereas the second featsirattributed to the ribbon twisting
periodicity. In addition, the fitting results indite that the crystallite length increases due
to the potentially slower D-CH synthesis raté KI-CH); this hypothesis is in agreement
with the larger and less dense ribbon structuremies for D-CH. The incorporation of
PCW polysaccharides into D-CH appears to induce ftmmation of slightly shorter
crystallites, which may originate from the estaimient of interactions between these
polysaccharides and the amorphous cellulose domdmsthe presence of PCW

polysaccharides, no effect is found on the riblaisting.

This study has demonstrated the potential of coathidSANS/SANS experiments to

elucidate the multi-scale structure of cellulosedrogels. In particular, USANS is
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presented as a promising techniqgue which may beereely useful to investigate the
structural arrangement of cellulose in the longnad direction. This is expected to
provide valuable insights into understanding thdlulse biosynthesis process,
fundamental to plant biology, and to determinerttezhanism of cellulose digestion when
subjected to hydrolysis treatments which is of vafee to diverse areas such as the
optimisation of biofuels’ synthesis processes ahd tlevelopment of bio-based and

biodegradable materials.
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979 Figure S1. Higher magnification (x50000) FESEM micrographsfi@feze-subtituted D-

980 CH-AX (A) and D-CH-MLG (B) showing the presencerafdular structures.
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