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Abstract Oxidised nanocelluloses have previously

shown promise for the production of extruded fila-

ments with high tensile strength properties. However,

they also exhibit poor wet strength due to swelling

upon immersion in water. This has resulted in the use

of chemical cross-linkers, or co-extrusion with mul-

tivalent cations, or cationic polymers, to inhibit this.

Here, we report on the effect of incorporating sugar

alcohols (glycerol, sorbitol andmaltitol) in an oxidised

nanocellulose gel before extrusion. Whilst their pres-

ence weakens the initial gel, they enable the

continuous wet spinning of filaments that are

stable in aqueous media without the need for post

extrusion processing. We conclude that the relative

hydrophilicity of the sugar alcohol and its ability to

protonate surface carboxyl groups upon drying are key

parameters regarding the physicochemical effects

observed.

Keywords Oxidised nanocellulose � Sugar
alcohols � Rheology � Tensile properties

Introduction

Cellulose nanofibrils (CNFs) are ideally suited for the

development of advanced functional materials due to

their biodegradability, biocompatibility, and excellent

tensile properties (Moon et al. 2011; Wang et al.

2019b). They are primarily produced via mechanical

fibrillation with additional chemical modification—

such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl orox-

idanyl (TEMPO) oxidation—used to ensure that the

nanofibrils remain well dispersed in aqueous solutions

under neutral conditions (De France et al. 2017).

These oxidised cellulose nanofibrils (OCNFs) have

been investigated for use in a variety of structures

including gels, films, 3D scaffolds and spun filaments

(De France et al. 2017; Alves et al. 2019; Wang et al.

2019b). Iwamoto et al. (2011) first reported the
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spinning of pure OCNF filaments, achieving a

reported Young’s modulus of 24 GPa and ultimate

tensile strength of 321 MPa via shear-induced fibre

alignment. Similar properties have been reported by

Walther et al. (2011), Torres-Rendon et al. (2014), and

Lundahl et al. (2016). However, the OCNF anionic

surface groups make these fibres susceptible to

humidity, with a significant loss in tensile strength

(wet material strength\ 1% that of the dry material)

upon immersion in water (Lundahl et al. 2016). This is

due to electrostatic repulsion of the fibres arising from

deprotonation of the surface groups, resulting in

expansion of the fibre and, ultimately, dispersion of

fibrils when immersed in water (Johns et al. 2020).

To mitigate this, both coating and cross-linking of

the filaments have been investigated. Lundahl et al.

(2018) coated fibres in cellulose acetate and guar gum

via coaxial wet spinning, retaining up to 10% of the

dry tensile strength after immersion and reducing

water absorption by up to 55%. Vuoriluoto et al.

(2017) retained approx. 80% of the filament dry tensile

strength after immersion in water via benzophenone

conjugation whilst Mittal et al. (2018) used 1,2,3,4-

butanetetracarboxylic acid to cross-link fibrils.

Chitosan has also been used as a counter-ion co-

polymer to generate filaments via interfacial polyelec-

trolyte complexation spinning (Grande et al. 2017;

Toivonen et al. 2017). Complexes formed between the

anionic carboxyl groups of OCNF and the cationic

amine groups of chitosan inhibit repulsion between

like charged groups, stabilising the resultant structure.

This is also observed upon complexation with multi-

valent ions in both films (Benselfelt et al. 2019) and

fibres (Mittal et al. 2019; Wang et al. 2019a).

Interestingly, Wang et al. (2019a) also reported that

extrusion into an acidic bath promoted hornification,

due to protonation of the carboxyl groups, decreasing

the filament moisture absorption by approximately

40% compared to fibres extruded into acetone, or

methanol.

Alcohols have also been shown to decrease the

repulsive interactions between OCNFs at low alco-

hol:water ratios, resulting in attraction between the

fibrils in primarily aqueous solutions, as determined

by small-angle x-ray scattering (SAXS) (da Silva et al.

2018). We theorize that this interaction between an

alcohol and the OCNFs could limit filament expansion

upon immersion in water. Sugar alcohols (SAs), e.g.

glycerol and sorbitol, are less volatile compared to

other alcohols and a number are internationally

approved for use in food products (Grembecka

2019). They are commonly used as natural-based

plasticisers with hydrophilic biopolymers—including

starch (Galdeano et al. 2009, Mathew, Dufresne 2002,

Müller et al. 2008, Saberi et al. 2017, Talja et al. 2007),

alginate (Jost et al. 2014; Tong et al. 2013), and

chitosan (Suyatma et al. 2005)—making them ideal

for use in this study given their potential applicability

to produce biodegradable, and edible, films and

filaments (Vieira et al. 2011). Most recently, SAs

have been incorporated into chiral nematic cellulose

nanocrystal structures to produce stable, flexible films

that change colour in response to humidity (He et al.

2018; Meng et al. 2020; Xu et al. 2018).

Here, we report on the interaction between three

SAs (glycerol, sorbitol, maltitol) and oxidised

nanocellulose in the aqueous environment. The sub-

sequent effect on the physicochemical properties of

filaments produced from these systems and their

response to immersion in water were also investigated.

Materials

Oxidised cellulose nanofibrils (OCNFs) (4 wt.%

aqueous suspension, sodium form, degree of modifi-

cation: 25%, calculated carboxyl group content:

0.711 ± 0.011 mmol g-1) were provided by an

industrial source. Acetone, glycerol and poly (ally-

lamine hydrochloride) (PAH, MW:

120–200 kg mol-1), were purchased from Sigma

Aldrich (Gillingham, UK). Sorbitol was purchased

from VWR International Ltd (Leicestershire, UK).

Maltitol (97%) was purchased from Thermo Fisher

Scientific (Loughborough, UK). DI water (18.2 MX
cm) was produced using a Direct-Q 3 UV water

purification system (Merck, Darmstadt, Germany).

Experimental methods

Gel production

The OCNF gel was diluted down to approx. 1.6 wt.%

using DI water before being passed through an APV-

2000 laboratory homogenizer (SPX FLOW, Sussex,

UK) seven times (pressures of 700, 1030, 1220, 1540,

1490, 1540 and 1530 MPa respectively). The
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suspension was cooled on ice between each pass. The

suspension was then placed in dialysis membrane and

concentrated to 2.5 wt.% at ambient temperature in a

fume hood. Atomic force microscopy analysis of the

particles (Figures S1 and S2, Supplementary Infor-

mation) revealed that the homogenization procedure

degraded the majority (approx. 90%) of the nanofibrils

resulting in two distinct nanoparticle lengths (lower

average: 159 ± 4 nm, upper average: 527 ± 22 nm)

despite there being no difference in the particle height

(average: 2.6 ± 0.0 nm). Samples (see Table S1,

Supplementary Information for sample names) were

generated via the addition of sugar alcohols (glycerol,

sorbitol, maltitol), which were then left on a roller

table overnight. Finally, these underwent an ultrason-

ication procedure using a digital sonifier 450 (Branson

Ultrasonics Corporation, Connecticut, USA) for 2 min

(10% power, 30 s power followed by 30 s rest on ice)

prior to use.

Atomic force microscopy (AFM)

Silicon wafers were treated with UV and ozone (UV/

Ozone ProCleanerTM, BioForce Nanosciences Inc.,

Ames, IA, USA) for 15 min before being spin coated

with a 0.1 wt.% PAH solution using a WS-650–23

Spin Coater (speed: 3000 rpm; acceleration:

2300 rpm s-1; hold time: 30 s; Laurell Technologies,

North Wales, PA, USA), and rinsed with purified

water. A 0.02 wt.% OCNF suspension was spin coated

onto the PAH-coated Si wafer for the individual

particle analysis. All atomic force microscopy images

were generated using a Jupiter XR atomic force

microscope (Oxford Instruments, Oxfordshire, UK) in

blue drive air tapping mode using an AC160TS-R3

lever (resonance frequency: 300 kHz; spring constant:

26 N m-1; tip material: Si; Asylum Research—Ox-

ford Instruments, Santa Barbara, CA, USA). Images

were post treated in Gwyddion (polynomial back-

ground substitution and alignment of rows) and the

heights of individual particles determined. Particle

length analysis was performed using ImageJ, all

particles with circularity greater than 0.5 were auto-

matically discarded.

Rheometry

All rheological tests on gel samples were performed

with a TA Discovery Hybrid HR-1 rheometer (TA

Instruments, New Castle, USA). A cone (angle: 4�,
diameter: 40 mm) geometry was selected. Testing was

carried out at a constant temperature of 25 �C.
Angular frequency sweeps were performed between

0.4 and 100 rad s-1 at a constant strain of 1.5%. Flow

sweeps were performed between 0.001 and 100 s-1.

Dynamic light scattering (DLS)

Size measurements were performed on a Malvern

Panalytical Zetasizer Nano-ZS (Malvern, United

Kingdom). The 2.5 wt.% OCNF suspension was

diluted to 0.025 wt.% using 2.9 wt.% solutions of

the SAs and apparent particle sizes were calculated

from hydrodynamic radii using Stokes–Einstein equa-

tion and the assumption of spherical particles. For

each sample, ten measurements were performed in

triplicate. The number average of each particle

distribution was calculated. The error presented is

the standard error of three samples.

Zeta-potential

Zeta-potential measurements were performed on a

Malvern Panalytical Zetasizer Nano-ZS (Malvern,

United Kingdom). Two different sample preparation

methods were used. Firstly, the SA modified gels were

diluted to 0.025 wt.% with DI H2O. Secondly, the

OCNF suspension was diluted to 0.025 wt.% using 2.9

wt.% SA solutions. The electrophoretic mobilities

were then converted to f-potentials following Smolu-

chowski theory despite the assumptions inherent to

this method. The error presented is the standard error

of three samples.

Quartz crystal microbalance (QCM)

Silicon dioxide coated QCM sensors (Biolin Scien-

tific, Gothenburg, Sweden) were first cleaned with

nitrogen and then submitted to UV and ozone (UV/

Ozone ProCleanerTM, BioForce Nanosciences Inc.,

Ames, IA, USA) for 15 min. For the SA-OCNF

interaction experiments, 200 lL of the 2.5 wt.%

OCNF suspension was spin coated onto the sensors

using a WS-650–23 Spin Coater (speed: 3000 rpm;

acceleration: 2300 rpm s-1; hold time: 30 s; Laurell

Technologies, North Wales, PA, USA). The spin

coated films were annealed overnight in the oven at

70 �C. The sensors were placed in a flow cell (QSense
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Analyzer, Biolin Scientific, Gothenburg, Sweden) and

equilibrated in DI H2O overnight (flow rate:

0.005 mL min-1) at RT, in order to obtain a

stable baseline. For the experiment a H2O/2.9 wt.%

SA solvent exchange (flow rate: 0.1 mL min-1) was

carried out to determine whether interaction was

observed between the OCNF and SAs. An additional

2.9 wt.% SA/D2O exchange (flow rate:

0.1 mL min-1) was performed to determine the

degree of SA interaction relative to the amount of

water adsorbed on the OCNF surface. Briefly, a DI

H2O baseline was recorded for 35 min, after which the

solvent was exchanged for 2.9 wt.% SA aqueous

solution and a change in resonance frequency (Df) was
recorded for an additional 45 min. The solvent was

exchanged back to DI H2O for 30 min, re-exchanged

for the SA solution for 40 min and finally switched to

D2O for 55 min. The mass of bound analyte (Ci) was

calculated using the complex Sauerbrey function in

the QSense Dfind software (Biolin Scientific, Gothen-

burg, Sweden), which automatically considers all

measurement harmonics, rather than just the singular

harmonic used in the Sauerbrey equation (Eq. 1):

Ci ¼ �A:C Df=m

� �
film;i

ð1Þ

where A is the area of sensor (0.7854 cm2); the C is the

sensitivity constant of the sensor (0.177 mg m-2 -

Hz-1), m is the measurement harmonic (m = 1, 3, 5,

7…), i is the analyte (H2O, D2O, SA solution), and

Dffilm,i is the measured change in resonant frequency of

the OCNF film due to the analyte exchange (Eq. 2):

Dffilm;i ¼ Df =n½ �film� Df=n½ �baresubstrate= qi=q i�1ð Þ

h i
� 1

� �

ð2Þ

where Dfbare sensor is the measured change in the res-

onant frequency of a pristine SiO2 coated QCM sensor

(-54 Hz) due to the solvent exchange; qi is the density
of analyte (H2O: 1.104 g cm-3 at 23 �C; D2O:

1.227 g cm-3 at 23 �C; 2.9 wt.% glycerol: 1.011 g

cm-3 at 23 �C; 2.9 wt.% sorbitol: 1.014 g cm-3 at

23 �C; 2.9 wt.% maltitol: 1.015 g cm-3 at 23 �C) and
q(i-1) is the density of the prior analyte. As the SA-

OCNF interaction was fully reversible, CH2O was

normalized to the mass of D2O adsorbed. The densities

of the 2.9 wt.% SA solutions were determined using

a hydrometer.

For the D2O-SA/OCNF interaction experiments,

200 lL of the SA modified 2.5 wt.% OCNF suspen-

sions (SA conc.: 0.7, 1.6, and 3.6 wt.%) were spin

coated and annealed. A DI H2O/D2O exchange was

performed (flow rate: 0.1 mL min-1). Briefly, a DI

H2O baseline was recorded for 30 min, the analyte

was exchanged to D2O for 135 min, and finally re-

exchanged to DI H2O for 85 min. Analysis proceeded

as reported for the SA solution analyte experiments.

Filament extrusion

Gels were extruded into an acetone bath using a pump

11 elite syringe pump (Harvard Apparatus, Holliston,

US) (extrusion rate: 0.3 mL min-1, needle gauge: 21).

This was collected onto a glass cylinder before being

allowed to dry at room temperature to generate a

filament consisting of entangled OCNFs and the sugar

alcohol. Acetone was chosen for the solvent bath due

its miscibility with water; poor suitability for the

dispersion of anionic nanocelluloses, and poor suit-

ability as a solvent for sugar alcohols (Zhi et al. 2013).

Scanning electron microscopy (SEM)

SEM images were acquired using a TM3030Plus

scanning electron microscope (Hitachi, Tokyo, Japan)

(uncoated; secondary electron and backscatter com-

bined image; acceleration voltage: 5 kV).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained using a Spectrum100

spectrometer (PerkinElmer, Waltham, USA) operat-

ing in ATR mode (range: 4000–600 cm-1; resolution:

1 cm-1; accumulation: 10 scans).

Thermogravimetric analysis (TGA)

Thermogravimetric analysis up to 600 �C was per-

formed using a Q500 (TA Instruments, New Castle,

DE) under nitrogen atmosphere. Briefly, the sample

(* 10 mg) was held at 30 �C for 10 min before

ramping to 600 �C at 10 �C min-1, held for 10 min

and allowed to cool.
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Tensile testing

Single filaments were mounted between two plastic

tabs, located on a 20-slot linear plastic cassette (gauge

length: 30 mm). Each filament was fixed onto the tabs

using 3193 UV adhesive (DYMAX, Wiesbaden,

Germany). Filament diameters were determined using

an FDAS770 fibre dimensional analysis system (Dia-

stron, Andover, UK). The diameter was measured at

five different locations along the filament for each

sample. Tensile testing was performed using an

LEX820 high resolution extensometer (Dia-stron,

Andover, UK) (load cell capacity: 20 N; extension

rate: 20 lm s-1) after determination of the filament

diameter. Samples were tested to failure. Measure-

ments were repeated for five lengths of each sample

filament generated (N = 1, n = 5).

Multi-channel confocal laser scanning

spectroscopy (MCLSS)

For the expansion experiments, each sample was held

in place using carbon tape. Water (500 lL) was added
after 7 s. Spectral images were acquired using a Zeiss

LSM 880 confocal microscope (405 nm diode laser,

5.0% power, Plan-Apochromat 10 9 /0.45 M27

objective, MBS-405 filter, 32 channels:

k = 411–695 nm). The experiment was conducted

for 30 min, with a spectral image acquired every

0.52 s. Spectral analysis was performed using the

unmixing tool in ZEN 2.6 (blue edition) (Carl Zeiss

AG, Oberkochen, Germany). Each image was sec-

tioned into fifths and spectra for each section obtained,

which were then averaged. The fibre diameter was

estimated using Fiji imaging software. Briefly, images

were converted to 8-bit before automatic thresholding.

An ellipse was fitted to the threshold area and the

minor axis determined.

Statistical analysis

Statistical analysis was performed using IBM SPSS

Statistics software. A one-way analysis of variance

(ANOVA) test was used to determine the statistical

differences between the means of three or more

samples, assuming equal variance, with Tukey post-

hoc comparison. Differences were considered signif-

icant with a confidence level of 0.95 (95%

confidence).

Results and discussion

Sugar alcohol interaction and resultant gel

properties

The addition of SAs to the OCNF gel resulted in a

decrease in both the storage (G’) and loss (G’’) moduli

compared to the unmodified gel (Fig. 1a). This

indicates that SAs weaken the oxidised nanocellulose

gel structure. The effect was most apparent for

glycerol (tan(d) = 0.60 at 4 rad s-1 compared to

0.33 for the unmodified gel), whilst the addition of

sorbitol, or maltitol, had less of an effect (tan(d) =
0.51 and 0.47 at 4 rad s-1 respectively). This effect

on gel structure was anticipated based on the paper by

da Silva et al. (2018), who reported an increase in

tan(d) in OCNF suspensions containing less than 20

wt.% alcohol. Whilst the exact mechanism behind this

is not yet fully understood, the relative hydrophobicity

of the alcohol may play a role, with more hydrophilic

alcohols producing stronger gels (da Silva et al. 2018).

This observation is reflected here; the predicted

XlogP3 values, relative to the molecule hydrophobic-

ity, are - 1.8, - 3.1, and - 5.2 for glycerol, sorbitol,

and maltitol respectively (PubChem

2020a, 2020b, 2020c), i.e. maltitol—the most hydro-

philic SA—results in the strongest gels.

Whilst the presence of the SAs reduced the gel

viscosity at low shear rates (Fig. 1b), no change was

observed in the shear thinning yield point (circa.

2.5 s-1). The Ostwald–de Waele power law (Eq. 3)

was fitted to the shear thinning regions:

l ¼ K _cn�1 ð3Þ

where l is the viscosity (Pa s); K is the flow

consistency index (Pa s); _c is the shear rate (s-1) and

n is the flow behaviour index (dimensionless). n de-

creased for all SA types and contents to an average of

0.09 compared to 0.13 for the unmodified gel

(Table S1, Table S2). This indicated that the SA-

containing gels were more susceptible to shear thin-

ning, which could be explained by a weaker interac-

tion between the fibrils, potentially due to the

disruption of charge-charge interactions either by a

reduction in the absolute surface charge, or by an

increase in the interfibrillar distance. The SA weak-

ening effect on the OCNF gel was also evident from

the comparison of shear viscosity and complex
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viscosity, obtained from steady shear and oscillatory

rheology respectively (Fig. 1b). According to the Cox-

Merz rule, the viscosities of ideal polymer dispersions

are equal at the same value of shear rate and angular

frequency. Deviations from the Cox-Merz rule are

usually induced by material structuring, which is

impervious to the small deformations induced by

oscillatory deformation but is distorted under the

directional large deformations induced by steady

shear. Large differences between the steady shear

and complex viscosities were observed for the

unmodified OCNF gel indicating strong network

formation. However, smaller differences between the

two viscosities were observed for SA-modified OCNF

gels. The glycerol-modified gels almost obeyed the

Cox-Merz rule, indicating the weakest gel network

compared with the unmodified OCNF gel and gels

with the addition of maltitol and sorbitol.

Fitting the power law (Eq. 4) to the complex

viscosity data determined a significant decrease in the

parameter A for the SA-modified gels (Table S1,

Table S2), reflecting the increase in tan(d)

g� ¼ A xð Þb�1 ð4Þ

where g* is the complex viscosity (Pa s); x is the

angular frequency (rad s-1) and A and b are constants.

However, minimal difference was observed in the f-
potential of the fibrils, averaging-35.3 mV across all

samples, in the presence of the SAs (Table 1,

Table S3). This meant that the presence of the SAs

Fig. 1 Rheology of OCNF-SA gels. a Storage (G’, closed

symbols) and loss (G’’, open symbols) moduli. b Comparison

between steady shear viscosity (closed symbols, left and bottom

axes) and complex viscosity (open symbols, right and top axes).

Temperature 25 �C. 2.5X100:0 (black diamonds); 2.5G60:40

(green triangles); 2.5S60:40 (red circles); and 2.5M60:40 (blue

squares). cAverage values for Eqs. 1 and 2 constants dependent

on SA content. d Average values for Eqs. 1 and 2 constants

dependent on SA type. Viscosity constants K (light blue open

circles, dotted line) and n (light brown open circles, dotted line);
complex viscosity constants A (light blue open triangles, dashed

line) and b (light brown open triangles, dotted line). N = 3,

n = 1. Error: ± S.E
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did not reduce the surface charge of the fibrils—which

would result in particle aggregation and syneresis,

such as occurs upon acidification of the suspension

(Alves et al. 2020; Johns et al. 2020)—but rather

disrupted the interfibrillar repulsive interactions that

are responsible for the gel behaviour of OCNFs

(Crawford et al. 2012; Schmitt et al. 2018). Impor-

tantly, increasing the SA content of the gels did not

significantly affect the calculated parameters for either

the viscosity and complex viscosity (Fig. 1c), whilst

the choice of SA, denoted by the number of carbons

present, did (Fig. 1d). This suggested that only SA

molecules adsorbed onto the OCNF surfaces affected

the rheological properties; excess SA in the suspension

had no impact.

Further evidence for this is observed in the Kratky

plots for the gels, as determined by SAXS (Fig. 2a,

Figure S4). Fitting Gaussian curves to the data

revealed that a band around 0.13 Å-1 (4.8 nm) present

in the pure OCNF sample substantially increased in

intensity in the presence of SAs (Table 1, Table S3).

Whilst the SA content did not impact the area of the

band, the choice of SA resulted in an increase

exponentially proportional to the gel complex viscos-

ity fit parameters (Fig. 2b). Given that the band falls

within the range 0.03–3 Å-1, it is apparent that the

presence of the SA affects the macromolecular

distances between the fibrils. Thus, it is theorised that

the relative hydrophobicity of the SA impacts the fibril

spacing, which weakens the gel due to a decrease in

the strength of the interfibrillar interactions.

Interaction between the SAs and OCNF was

confirmed using DLS and QCM. DLS confirmed that

the incorporation of the SA into the suspension

resulted in a larger apparent particle size, indicating

a change in the hydrodynamic friction of the OCNFs

due to the adsorption of the SAs (Table S4). QCM

analysis revealed that the SAs were reversibly bound

to the OCNFs, as evidenced by the mass loss upon

switching back to H2O (Fig. 2c). Converting the

change in mass to moles and multiplying by the total

number of potential hydrogen bond sites per molecule

(6, 12 and 20 for glycerol, sorbitol and maltitol

respectively) (PubChem 2020a, 2020b, 2020c)

resulted in no significant difference between the

theoretical number of hydrogen bonds formed for all

three SAs (Table S6). This suggested that adsorption

of the SAs resulted from hydrogen bonding. However,

the change in mass was approximately one fifth of the

change observed upon switching to D2O, which

indicated that SAs could not interact with all the sites

accessible to water.

Filament physicochemical properties

Extrusion of the gels into an acetone bath and

collection on a curved glass surface resulted in the

formation of ribbon-like fibre structures (Fig. 3a).

Differences in the FTIR spectra (Fig. 3b) and an

increase in the filament cross-sectional area as the SA

content increased (Fig. 4a) suggested that the SAs

were still present in the filaments after drying.

However, these were both indirect measurements as

there were no distinct bands that could be directly

associated with the SAs themselves in the FTIR

spectra and an increase in filament diameter could

Table 1 Select properties of unmodified and SA-modified OCNF gels. SA type is the average of the three different concentrations

for each SA; SA content is the average of the three different SAs for each concentration. N = 9, n = 1. Error: ± S.E

Sample Viscosity n [a.u.]a Complex viscosity A [Pa s]b f-potential [mV]c Gaussian area [%]d

2.5X100:0 0.13 17.6 - 35.6 0.4

SA Type Glycerol 0.10 ± 0.00 6.3 ± 0.9 - 34.4 ± 0.2 1.1 ± 0.2

Sorbitol 0.09 ± 0.01 9.5 ± 1.1 - 34.7 ± 0.5 0.8 ± 0.1

Maltitol 0.10 ± 0.00 10.4 ± 0.9 - 35.7 ± 0.1 0.7 ± 0.1

SA Content 0.6 wt.%gel 0.10 ± 0.00 9.1 ± 3.1 - 35.4 ± 0.4 0.9 ± 0.0

1.7 wt.%gel 0.10 ± 0.00 7.5 ± 2.1 - 34.8 ± 0.6 1.0 ± 0.2

3.6 wt.%gel 0.09 ± 0.02 9.7 ± 2.1 - 34.7 ± 0.4 0.8 ± 0.2

aViscosity flow behaviour index (n) determined from steady-shear rheology; bScaling factor (A) determined from oscillatory

rheology; cf-potential determined from gels diluted to 0.02 wt.% OCNF; dArea of fitted Gaussian curve centred at 0.13–0.14 Å-1

determined from SAXS Kratky plot
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have resulted from an increase in the porosity of the

material. It is apparent that the SAs preferentially

interacted with the sodium ions present, displacing

them from the carboxyl groups, which is observed as a

shift in the carboxyl group absorption from ca.

1600 cm-1 to ca. 1720 cm-1 upon protonation

(Socrates 2004), observed as a decrease in the

1600:1720 absorption ratio. Maltitol was most

effective at this, resulting in the band located

at * 1720 cm-1 dominating the band located

at * 1600 cm-1, whilst glycerol was least effective

(Table 2), reflecting the relative hydrophilicity of the

SAs. It has previously been reported that SAs will

form complexes with metal ions in the presence of

water, which may contribute to this observation,

although this is only significant for divalent and

trivalent cations rather than monovalent ions, such as

sodium (Tiihonen et al. 2002). TGA analysis (Fig-

ure S5a) of the filaments confirms the retention of the

sugar alcohols after extrusion and drying as evidenced

by a decrease in the final mass inversely proportional

to the sugar alcohol content (Fig. 3c) and the presence

of two mass differential peaks attributed to the

nanocellulose (differential centre: 269 �C) and the

sugar alcohol (maltitol differential centre: 326 �C)
(Fig. 3d, Figure S5b).

The inclusion of the SAs enabled the continuous

production of flexible fibres, unlike the pure OCNF

filaments that were highly brittle and susceptible to

breaking at the acetone/air interface (limiting their

ability to be tested). As expected of a plasticiser, an

increase in the SA content resulted in an increase in the

strain at break from 1 to 4% (Fig. 4b), whilst the

ultimate tensile strength and Young’s modulus

decreased (Fig. 4c,d). Whilst the increase in cross-

sectional area and strain at break were independent of

the choice of SA, both the tensile strength and Young’s

modulus demonstrated dependency. Glycerol resulted

in significantly weaker fibres than sorbitol and malti-

tol. For example, at 30 wt.%dry SA, the Young’s

moduli for glycerol and sorbitol/maltitol are * 19%

(2.2 GPa) and * 39% (4.4 GPa) of the predicted pure

OCNF modulus (11.4 GPa) respectively. This reflects

results previously observed by Mathew and Dufresne

(2002) with starch, and Csiszár and Nagy (2017) with

cellulose nanocrystals. In this case, the possibility

exists that the protonation of the carboxyl groups

(Table 2) promotes hornification—defined as esterifi-

cation between carboxyl and hydroxyl groups (Fer-

nandes Diniz et al. 2004)—of the material, resulting in

improved tensile properties for maltitol and sorbitol

modified materials compared to glycerol. It is noted

that the predicted Young’s modulus and ultimate

tensile strength of 11.4 ± 1.6 GPa and

101.5 ± 16.5 MPa respectively at 0 wt.%dry SA are

similar to those first reported by Iwamoto et al. (2011)

at a similar extrusion rate (Iwamoto: 11.6 ± 2.1 GPa,

Fig. 2 a Kratky plots for hydrogels with no SA (black line);

glycerol (green line); sorbitol (red line); maltitol (blue line)

b Comparison between gel structure (area of gaussian fitted to

SAXS Kratky plot at 0.14 Å-1) and rheological properties

(complex viscosity parameters A and b). No SA (diamond),

glycerol (triangle), sorbitol (circle), maltitol (square). Expo-

nentials fitted to data (dashed lines) Error: ± S.E. c QCM

analysis of SA interaction with OCNFs. 1: H2O; 2: H2O (black

line), glycerol (green line), sorbitol (red line), maltitol (blue

line); 3: D2O
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192 ± 110 MPa at extrusion rate of 1 m min-1; this

work extrusion rate: 1.5 m min-1).

Response to immersion in water

It has previously been reported that extrusion into an

acid bath promoted hornification, and stabilisation, of

OCNF fibres due to the protonation of the carboxyl

group (Wang et al. 2019a). Given that the addition of

SAs also resulted in protonation of the carboxyl group

(Table 2), the responses of the SA-modified filaments

upon immersion in water were tracked over 30 min by

MCLSS. As previously reported in an earlier publica-

tion (Johns et al. 2020), the addition of water caused

the formation of COO- groups, electrostatically

repelling the fibrils from each other, resulting in the

rapid expansion of the filament and its ultimate

dispersion. This is observed as an increase in the

background fluorescence as fibrils are dispersed into

the aqueous phase (Fig. 5a 2.5X100:0). However, the

Fig. 3 a SEM images of extruded OCNF filaments with, and

without, addition of SAs. Scale bar: 100 lm. b Full FTIR

spectra of, from top to bottom, pure maltitol (light blue dotted

line); 2.5M60:40 (dark blue solid line); pure sorbitol (light red

dotted line); 2.5S60:40 (dark red solid line); pure glycerol (light

green dotted line); 2.5G60:40 (dark green solid line); and

2.5X100:0 (black solid line) plus detail of bands associated with

carboxyl groups between 1800 and 1500 cm-1. Vertical dashed

lines indicate bands centred at 1030, 1600 and 1720 cm-1. Data

normalized to intensity at 1030 cm-1, corresponding to C–O–C

groups in cellulose. All composite spectra were obtained in dry

filament form. c Char mass dependent on SA content after heat

treatment up to 800 �C. Pure OCNF (black diamond); maltitol

(blue squares); cubic polynomial fit (dashed blue line) d Fitted

differential peak temperatures related to OCNF (open symbols)

and sugar alcohol (closed symbols). Pure OCNF (black

diamond); maltitol (blue squares); cubic polynomial fits applied

to OCNF peaks (dotted lines) and SA peaks (dashed lines)

123

Cellulose (2021) 28:7829–7843 7837



Fig. 4 Physical properties of filaments produced from OCNF

with varying sugar alcohol contents. a cross-sectional area,

b strain at break, c ultimate tensile strength, and d Young’s

modulus. Sugar alcohols are glycerol (green triangles), sorbitol

(red circles), and maltitol (blue squares). Lines of best fit (black

dotted lines) determined with 95% confidence intervals (black:

all three sugar alcohols; purple: sorbitol and maltitol; green:

glycerol). Error: ± S.E. N = 1, n = 5. Representative stress–

strain curves may be found in the SI (Figure S7)

Table 2 Normalized absorption intensity and ratio of fitted

FTIR bands (Figure S6) relating to the fibril carboxyl groups.

1600 cm-1 is attributed to the carboxyl group in the ionic state

([COO-] [Na?]); and 1720 cm-1 is attributed to the carboxyl

group in the protonated state (COOH). Bands normalized to

intensity of absorption at 1030 cm-1 (attributed to C–O–C

groups)

Sample Band intensity [a.u.] Ratio 1600:1720

1600 cm-1 1620 cm-1 1640 cm-1 1720 cm-1

2.5X100:0 0.27 0.31 – 0.01 27.0

2.5G60:40 0.21 0.23 – 0.02 10.5

2.5S60:40 0.15 0.17 – 0.03 5.0

2.5M60:40 0.03 0.04 0.08 0.15 0.2

123

7838 Cellulose (2021) 28:7829–7843



Fig. 5 Response of SA

modified filaments to

immersion in water by SA

type. a MCLSS images of

filaments in the dry state,

after deprotonation, and

after 30 min. b Initial

expansion ratio (\ 30 s max

diameter: 0 s diameter);

final expansion ratio

(30 min diameter: 0 min

diameter); initial (\ 30 s)

expansion rate (lm min-1)

divided by initial filament

diameter (lm); and final

(15–30 min) expansion rate

(9 10–2 lm min-1) divided

by initial filament diameter

(lm). c Comparison of

468:504 emission intensity

ratios of the filaments in the

dry, deprotonated (deprot),

and final states. (2.5X100:0:

white; Glycerol: green,

upwards hash; Sorbitol: red,

downwards hash; Maltitol:

blue, double hash)

Error: ± S.E. N = 3, n = 1.

* p\ 0.05 compared to

unmodified (2.5X100:0)

value
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inclusion of SAs in the fibres inhibits this expansion,

resulting in the formation of water stable materials

where no background fluorescence is observed, even

after 30 min (Fig. 5a 2.5G70:30, 2.5S70:30,

2.5M70:30). As such, the final expansion ratios (final

diameter/initial diameter) for the SA-modified fibres,

averaging 1.3, are significantly lower than the ratio for

the unmodified fibre; a value of 2.6 (Fig. 5b, Fig-

ure S8a). Increasing the SA concentration did not

significantly affect the final expansion ratio across the

range investigated (Figure S9).

All the filaments investigated undergo two distinct

expansion phases, the first during the initial 30 s after

immersion and the second over a longer period

(Figure S8a). Whilst there is a slight decrease in the

initial rate of expansion by SA type relative to the

degree of carboxyl group protonation, no significant

difference is observed between type, or concentration,

which results in no difference observed in the initial

expansion ratio (Fig. 5b, Figure S9). This expansion

corresponded to a decrease in the 468:504 nm inten-

sity ratio for all the samples (Figure S8b, Table S7),

which has previously been associated with ionization

of carboxyl groups (Johns et al. 2020). Whilst slight

variation in the ratio between the dry and ‘deproto-

nated’ states was observed between SA types, as with

the initial expansion rate, no significant difference was

observed (Fig. 5c). Therefore, it is concluded that the

initial expansion phase, which is essentially swelling

of the filament, is not significantly impacted by the

inclusion of the SAs despite the apparent shift from

[COO-][Na?] to COOH after drying in their presence.

Unlike the initial swelling, the final expansion rate

is significantly lower in the presence of SAs compared

to the unmodified filaments (Fig. 5b), which determi-

nes the final expansion ratio. It was originally

theorised that the presence of SAs could promote

hornification between the fibrils, as per acidification.

However, based on the FTIR data (Table 2), it would

be expected that the glycerol-modified samples would

continue to expand in a similar manner to 2.5X100:0

as there is a minimal shift to the protonated form of the

carboxyl group. That said, from the rheological

experiments (Table 1), glycerol was best at screening

the repulsive interactions between the fibrils, which

originally resulted in weaker gels, whilst the more

hydrophilic maltitol was worst. Therefore, it is theo-

rized that maltitol promotes hornification of the fibrils

due to protonation in the dry phase, which inhibits

further expansion of the filaments beyond the initial

swelling phase. Conversely, glycerol does not promote

hornification. Rather, its presence inhibits the fibrils

from repelling one another thus inhibiting further

expansion. This is supported by the change in the

468:504 nm autofluorescent intensity ratio between

the ionized and final states (Fig. 5c, Table S4),

whereby separation of the fibrils results in an increase

in the observed ratio (Johns et al. 2020). The fibrils in

the 2.5X100:0 filaments becomewell-spaced from one

another, resulting in a 19% increase in the ratio, whilst

the fibrils in maltitol-modified filaments remain

aggregated, resulting in a significantly lower (3%)

increase over the same time period. The glycerol- and

sorbitol-modified fibrils are less inhibited than those

present in the maltitol sample, resulting in an average

increase of 8% in both cases.

Additional analysis for the response of filament

immersion in water was performed using QCM.

Exposure of the pure OCNF film to D2O resulted in

a loss of mass upon switching back to water (Fig. 6a)

This mass loss was attributed to the enhanced disper-

sion of the nanocellulose in the presence of D2O, in

line with the dispersion of the pure OCNF filament as

observed by confocal microscopy (Fig. 5a). However,

the presence of the SAs changed this response. At low

SA contents the mass loss was less than that of the pure

OCNF film, whilst higher contents resulted in a greater

mass loss (Fig. 6a). However, significant mass loss

was also observed whilst the high content films were

immersed in D2O. As OCNF is not observed to

disperse in the SA modified filaments, this mass loss is

attributed to the dissolution of excess SA present in the

films, which would not be detected by the confocal

microscopy technique. Taking the dissolution of the

SA into account, the calculated change in mass after

the switch to D2O and back to H2O confirms that

dispersion of the OCNF is completely inhibited within

the time frame studied by using sorbitol, or maltitol, at

higher SA contents (Fig. 6b, Table S7). We acknowl-

edge that whilst the presence of SAs inhibits disper-

sion of OCNF, enhancing the wet stability of the

filaments, the mass loss at high SA contents may

negatively impact the wet strength of the filaments.
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Conclusions

The incorporation of SAs (glycerol, sorbitol and

maltitol) into OCNF gels and extruded filaments

affect their physicochemical properties, resulting in

weaker gels but enabling the continuous production of

filaments that are stable upon immersion in water. It is

proposed that the relative hydrophilicity of the SA and

its ability to protonate the surface carboxyl groups are

important parameters in predicting the gel and

filament response. Glycerol, the least hydrophilic SA

investigated, appears to inhibit repulsive interactions

between fibrils, weakening the gels but also inhibiting

filament dispersion upon immersion in water.

Conversely, the incorporation of maltitol, the most

hydrophilic SA, results in protonation of the surface

carboxyl groups upon drying, which is presumed to

promote hornification between the hydroxyl groups

and carboxyl groups present, although the exact

mechanism behind this is unknown. This also inhibits

filament dispersion upon immersion in water. Whilst

the precise mechanism behind the stabilisation of the

OCNF filaments in the presence of SAs is not yet

known, nor whether all SAs interact in the same

manner, we conclude that their use opens further

opportunities for tailoring the properties of OCNF-

based gels and filaments without the need for post

extrusion processing.
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