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A B S T R A C T

TEMPO and periodate are combined in a one-shot reaction to oxidise cellulose and produce nanocellulose gels
with a wide range of degree of substitution (DS). Highly-oxidised cellulose nanofibres with a high charge of −80
mV were produced. The strong electrical repulsion between TEMPO-periodate oxidised nanofibres (TPOF) re-
sults in the formation of well-separated nanofibres with a diameter of 2−4 nm, albeit depolymerised due to high
oxidation. TPOF produces highly-transparent gels due to smaller aspect ratio and high surface charge. These
properties induce a reduced viscosity and moduli of the gels by decreasing fibre entanglement. TPOF gels are
more stable at basic pH and high ionic strength than TEMPO-oxidised gels due to their higher surface charge.
Freeze-dried TPOF gels also exhibit remarkable water holding capacity due to enhanced immobilisation of water
molecules. The excellent optical properties of the highly transparent gel for red blood cells analysis open new
possibilities in diagnostics application.

1. Introduction

Nanocellulose (cellulose nanocrystals, cellulose nanofibres, bac-
terial nanocellulose) is a biodegradable and renewable material with
excellent mechanical properties, unique optical properties and tunable
surface chemistry (Curvello et al., 2019; Dufresne, 2013; Habibi, 2014;
Klemm et al., 2009; Nascimento et al., 2018). In particular, cellulose
nanofibres (CNFs) are widely used for their inherent flexible elongated
structure and their ability to form physically entangled networks at
extremely low solids concentration (< 0.3 wt.%). CNFs are commonly
prepared by mechanical treatments such as microfluidisation (Hietala,
Ämmälä, Silvennoinen, & Liimatainen, 2016; Zimmermann, Pohler, &
Geiger, 2004), ultrasound (Chen et al., 2011), high-speed blending
(Uetani & Yano, 2011), twin-screw extrusion (Ho, Abe, Zimmermann, &
Yano, 2015), and high-pressure homogenisation (Ämmälä, Liimatainen,
Burmeister, & Niinimäki, 2013; Mendoza, Batchelor, Tabor, & Garnier,
2018). The major disadvantage of these mechanical treatments is high
energy consumption. To address this issue, chemical (Isogai, Saito, &
Fukuzumi, 2011; Jiang et al., 2017; Okita, Saito, & Isogai, 2010) and
enzymatic (Hu, Tian, Renneckar, & Saddler, 2018; Tarres, Boufi, Mutje,
& Delgado-Aguilar, 2017) pre-treatments have been explored to reduce
energy consumption and minimise fibre damage.

Carboxylation or oxidation is the most common chemical pre-
treatment to prepare CNFs. The introduction of negatively-charged
carboxylate groups on the surface of cellulose aids in the mechanical
delamination of the fibres into CNFs. Consequently, most oxidised CNFs
are used as highly viscous aqueous suspensions which can form hy-
drogels. Indeed, carboxylated nanocellulose gels have been engineered
for biomedical applications (Cheng, Park, & Hyun, 2014; Curvello et al.,
2019; Curvello, Raghuwanshi, & Garnier, 2019; Zander, Dong, Steele, &
Grant, 2014), drug delivery (Curvello et al., 2019; Fiorati et al., 2020),
and superabsorbents (Isobe et al., 2013; Mendoza, Browne,
Raghuwanshi, Simon, & Garnier, 2019).

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation,
coupled with mechanical fibrillation, remains as the most common
method to prepare carboxylated nanocellulose gels. TEMPO is a water-
soluble radical catalyst which selectively oxidises alcohol groups to
aldehydes and carboxyl groups (Adam, Saha-Moller, & Ganeshpure,
2001; deNooy, Besemer, & vanBekkum, 1996). Isogai et al. have ex-
tensively studied and characterised this oxidation protocol for cellulose
to prepare carboxylated nanocellulose (Isogai et al., 2011; Okita et al.,
2010; Ruizhi et al., 2017; Saito & Isogai, 2004; Shinoda, Saito, Okita, &
Isogai, 2012). The properties of TEMPO-oxidised nanocellulose fibres
are now very well described in the literature (Isogai et al., 2011;
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Mendoza, Batchelor et al., 2018; Mendoza, Gunawardhana, Batchelor,
& Gamier, 2018). However, there is a limited range of degree of sub-
stitutions (DS) achievable with TEMPO oxidation, as only the C6 hy-
droxyl groups can be oxidised.

Previously, we reported a one-shot TEMPO-periodate oxidation
protocol to produce carboxylated cellulose with a wide range of degree
of substitution (DS) (Mendoza, Browne et al., 2019). By combining
periodate with classical TEMPO-mediated oxidation, we showed that
cellulose molecules with carboxylate groups in the C6, C2 and C3 po-
sitions can be prepared (Fig. 1). In this work, we hypothesise that na-
nocellulose gels of tunable carboxylate content and thus properties can
be produced via TEMPO-periodate oxidation.

A few studies have reported changing the properties of TEMPO-
oxidised fibres by manipulating the NaClO concentration (Saito,
Kimura, Nishiyama, & Isogai, 2007) or the oxidation time (Benhamou,
Dufresne, Magnin, Mortha, & Kaddami, 2014). However, these studies
have been limited to aqueous suspensions of nanofibres, often prepared
by mild disintegration such as prolonged magnetic stirring. In this
study, carboxylated nanocellulose gels are prepared by high-pressure
homogenisation of TEMPO-periodate oxidised cellulose fibres. We in-
vestigate how TEMPO-periodate oxidation modulates the properties of
carboxylated nanocellulose gels over a wide range of carboxylate con-
tent measured as COO−DS. It is our objective to engineer the optical,
viscoelastic properties and water-absorbing capacity of nanocellulose
gels by controlling the level of carboxylation. We correlate these
properties with the structure of the nanocellulose fibres with varying
DS. We also highlight how the surface charge affects the stability of
these gels at varying pH and ionic strength. Last, the potential of
TEMPO-periodate oxidised gels as matrix for red blood cell analysis and
diagnostics is demonstrated. We show that TEMPO-periodate oxidation
provides high transparency of the gels enabling improved imaging of
red blood cells. The excellent transparency of the nanocellulose gel
opens new possibilities in gel card-based blood diagnostics. This study
aims to engineer nanocellulose gel properties by controlling the level of
carboxylation using a combination of TEMPO and periodate oxidation.

2. Materials and methods

2.1. Materials

Never-dried Bleached Eucalyptus Kraft (BEK) pulp of approximately
10 wt.% solids content, was supplied by Australian Paper, Maryvale,
Australia. Sodium periodate (NaIO4), 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO), and sodium bromide (NaBr) were purchased from
Sigma-Aldrich (NSW, Australia). 12 w/v% sodium hypochlorite
(NaClO) was purchased from Thermo Fisher Scientific. All chemicals
are analytical grade and used without further purification. All materials
expressed in mmol/g refer to the dry mass of cellulose.

2.2. Synthesis of carboxylated nanocellulose gels

TEMPO-periodate oxidation of cellulose was based on studies re-
ported previously (Baron et al., 2019; Coseri et al., 2015; Mendoza,
Hossain et al., 2019). Approximately 10 g (dry mass basis) of disin-
tegrated BEK pulp was suspended in 1200 mL distilled water containing
TEMPO (0.5 mmol/g), NaBr (8.0 mmol/g), and NaIO4(0.1–5 mmol/g).
The reaction vessel was covered with aluminium foil to prevent any
photoinduced decomposition of periodate. NaClO (12% v/v, pH 10.5, 8
mmol/g) was then added dropwise and the pH was maintained at 10.5

using 0.5 M NaOH. After 4 h, the oxidation reaction was stopped by
quenching with 10 mL ethanol. The oxidised fibres were vacuum fil-
tered and washed several times with distilled water until neutral pH
was achieved, with the fibres then freeze-dried for 48 h. For compar-
ison, cellulose oxidised with TEMPO/NaBr/NaClO (0 mmol/g NaIO4)
was also prepared.

Different solid concentrations of the oxidised fibres (0.1 wt.% to 1.0
wt.%) were prepared by suspending known amounts of the oxidised
fibres in water. The suspensions were passed through a high-pressure
homogeniser (GEA Niro Soavi Homogeniser Panda) at 1000 bar to
produce TEMPO-periodate oxidised (TPOF) and TEMPO oxidised (TOF)
nanocellulose gels. Suspensions with less than 1 wt.% were homo-
genised by two passes, while samples with concentrations greater than
1 wt.% were homogenised using one pass only.

2.3. Characterisation of carboxylated nanocellulose gels

2.3.1. Fourier-transform infrared (FTIR) spectroscopy
Freeze-dried nanofibres were analysed with a Fourier Transform

Infrared (FTIR) spectrometer (Agilent Technologies Cary 630 FTIR)
equipped with a diamond attenuated total reflectance (ATR) accessory.
Eight scans at 4 cm−1 resolution were recorded in the range of
4000−500 cm−1.

2.3.2. Carboxylate content and degree of substitution (DS)
The carboxylate content and degree of substitution were quantified

by conductimetric titration as reported previously (Curvello et al.,
2019; Mendoza, Batchelor et al., 2018; Perez, Montanari, & Vignon,
2003). Freeze-dried oxidised nanofibres (ca. 0.1 g) were dispersed in 40
mLl of Milli-Q water. 200 μL of 0.1% NaCl was then added and the pH
was adjusted to 2.5 using 0.5 M HCl. Conductimetric titration was
performed using a 0.1 N NaOH as titrant operating at a rate of 0.1 mL/
min (Mettler Toledo T5 titrator). The carboxylate content (mmol
COO−/g fibre) was calculated by Eq. 1:

=
−

×

−( )Carboxylate content mmol COO
g

C V V
w

( ) 10002 1
(1)

where V2 and V1 are the volume of titrant required to neutralise the
carboxylic groups, C is the NaOH concentration (M), and w is the dry
sample weight.

DS is expressed as the ratio of the amount of the sodium carboxylate
groups and the total hydroxyl groups in the anhydroglucose unit (AGU).
The degree of substitution was calculated by the following equation:

=
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where V2 and V1 are the volume of titrant required to neutralise the
carboxylic groups, C is the NaOH concentration (M), w is the dry
sample weight and 111 is the molar mass difference of 2,3,6-tri-
carboxycellulose and AGU.

2.3.3. Degree of polymerisation
The average viscometric degree of polymerisation(DPv) of the cel-

lulose nanofibres was quantified, as previously reported (Haun, Yoon,
Lee, & Weissleder, 2010; Shinoda et al., 2012). About 0.25 g of the
oxidised nanofibres were dissolved in 50 mL of 0.5 M copper ethyle-
nediamine for 30 min. The intrinsic viscosities were then measured
using a Cannon − Fenske capillary viscometer. These values were
converted to DPv with the Mark−Houwink− Sakurada equation (Saito

Fig. 1. One-shot TEMPO-periodate oxidation
of cellulose; the priary and secondary alcohols
are oxidised to carboxylate groups.
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et al., 2009), where [ŋ] is the average intrinsic viscosity measured from
three replicates:

= ×η DP[ ] 0.57 v (3)

2.3.4. Zeta potential
The zeta potential of nanocellulose fibres was measured as pre-

viously reported (Okita et al., 2010). Dilute suspensions of the gels
(∼0.01%) were sonicated for 2 min using an ultrasonic homogeniser at
19.5 kHz and 70% amplitude (ON/OFF, 5 s). Larger fibres were then
separated by centrifugation at 12,000 g for 5 min. The zeta potential of
the supernatants was the average of five measurements using a zeta
potential analyser (Brookhaven Nanobrook Omni).

2.3.5. UV–vis spectroscopy
Transmittance spectra of 1 wt.% gels were generated at 300−800

nm using a UV–vis spectrometer (Cary 60 UV–vis Agilent
Technologies). Prior to analysis, the gels were centrifuged at 4000 rpm
to remove any trapped bubbles.

2.3.6. Rheology studies
Rheological testing of the nanocellulose gels was based on methods

reported previously (Mendoza, Batchelor et al., 2018; Mendoza,

Batchelor et al., 2018). An Anton Paar MCR302 rheometer, equipped
with a cone (0.997°) and plate (49.975 mm) geometry, was used.
Viscosity measurements were performed at a shear rate ranging from
0.5–100 s−1. Oscillatory strain sweep was measured from 0.01–100%
at a constant frequency (1 Hz). All measurements were performed in
triplicates at ambient temperature (25 °C).

2.3.7. Transmission electron microscopy (TEM)
Transmission Electron Microscopy (TEM) was performed using a FEI

Tecnai F20. Dilute suspensions of the gels (∼ 0.001%) were sonicated
with an ultrasonic probe at 70% amplitude for 2 min and were allowed
to dry on plasma-cleaned copper grids. The samples were then stained
with 2% uranyl acetate, air dried, and examined at 200 kV.

2.3.8. Free swell capacity (FSC)
Freeze-dried nanocellulose gels were placed in a funnel and sub-

merged in deionised water for reabsorption. The water absorbed was
measured by weighing the gels at regular intervals up to 92 h. Prior to
weighing, the gels were allowed to stand on an inclined surface for five
minutes for the excess liquid to run off. The free swell capacity (FSC) is
calculated using the following equation:

Fig. 2. (a) FTIR spectra of BEK and TEMPO-periodate oxidised nanocellulose at varying periodate concentrations. (b) Effect of periodate concentration on the
carboxylate content and DS of oxidised nanocellulose gels. (c) Effect of DS on the zeta potential of nanocellulose fibres.
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where mf is the mass of the swollen gel at a particular time and mi is the
initial mass of the gel. All measurements were performed in triplicate.

2.4. Loading of red blood cells on nanocellulose gels

Glycine (300 mM) was dissolved into the gel to balance the os-
molality to physiological levels. Reagent red blood cells (3%, AHG
Control Cells, Immulab) were diluted in PBS, making up an 0.8% con-
centration. A volume of 50 μL of the gel was placed on a glass slide and
20 μL of RBCs were loaded in TPOF gels. The RBCs were imaged under
an optical microscope (Nikon Eclipse Ni-E Upright Microscope) at 100X
magnification.

2.5. Effect of pH and salt concentration on nanocellulose gels

The effect of pH and salt concentration on the stability of 1 wt.%
TOF and TPOF gels were determined qualitatively. The pH of the gels
was varied from 2–12.5 by the addition of 0.5 M NaOH or 1 M HCl. The
salt content of the gels was varied from 0–68.5 mM by adding 3 M NaCl.
The gels were then centrifuged at 4,000 rpm for 20 min to separate any
released water. The ratio between the initial and final gel height was
calculated and expressed as the fibre ratio.

3. Results

3.1. Surface charge

The concentration of carboxylate groups on nanocellulose was de-
termined by FTIR analysis and conductimetric titration. Fig. 2a shows
the FTIR spectra of native cellulose and TEMPO-periodate oxidised
nanocellulose fibres at varying periodate concentrations. The typical
cellulose peaks are observed in all samples: a broad O−H stretching at
3300 cm−1 and an sp3-hybridized C–H stretching at 2900 cm-

1(Dufresne, 2012). However, the intensity of these peaks is relatively
weak in all TEMPO-periodate oxidised nanocellulose. All oxidised
samples show low peak intensities at 1000−1060 cm-1(C−O−C-
stretching vibrations), 1201 cm−1 (−OH in-plane bending), 1112 cm-1

(C−H deformation stretching vibration), and 1165 cm-1 (asymmetry
stretch vibration), which suggests that some degradation has occurred.
The formation of sodium carboxylate groups in all oxidised nano-
cellulose is shown by the presence of a sharp peak at 1615 cm-1. In
general, this sharp peak increases with increasing periodate con-
centration.

High levels of carboxylate groups (1.27–1.94 mmol COO−/g fibre)
were introduced on nanocellulose by oxidative reactions (Fig. 2b). The
carboxylate content and degree of substitution of the nanocellulose fi-
bres increase with periodate concentration. An abrupt increase in car-
boxylate content and DS is observed at 2.5 mmol/g periodate. This
increase in COOH substitution, expressed as DS, increases the nano-
cellulose charge as measured by zeta potential (Fig. 2c). Interestingly,
the TEMPO-periodate oxidised cellulose nanofibres have a significant
surface charge, as high as −80 mV.

3.1.1. Optical transmittance
TEMPO and TEMPO-periodate oxidised nanocellulose gels (1 wt.%)

of varying carboxylate content were produced (Fig. 3). These gels range
from translucent to highly transparent. The gel optical transmittance at
715 nm increases with the level of periodate concentration in the oxi-
dation reaction. The difference in optical transmittance between TOF
gel (7%) and TPOF gel (as high as 65%) is significant. DS directly affects
the optical transmittance of the gel (Fig. 3); nanocellulose gels trans-
parency increases non-linearly with DS or the level of oxidation.

3.1.2. Morphology and degree of polymerisation
Fig. 4 shows the transmission electron micrographs (TEM) of

TEMPO-oxidised (0 mmol IO4
−/g) and TEMPO-periodate oxidised (2.5

mmol IO4
−/g) nanocellulose fibres. The oxidised celluloses were fully

disintegrated into nanofibres with measured widths less than 4 nm,
agreeing with previous reports (Shinoda et al., 2012). Interestingly,
TEMPO-oxidation produced long and aggregated nanofibres (> 1 μm
long,> 5 nm wide), whereas TEMPO-periodate oxidation led to shorter
and better separated individualised nanofibres (< 0.5 μm long, 2−4
nm wide).

The effect of oxidation on the cellulose degree of polymerization
(DP) was measured by viscosity. The nanocellulose degree of poly-
merisation degrades faster than linearly with DS (Fig. 5). A gradual and
linear decrease in the DPv of nanofibres is initially observed for DS
ranging from 0.24 to 0.30, followed by a step decrease for DS>0.30.
These results support the TEM analysis; that is, increasing the level of
oxidation increases charge density but shortens nanofibres. This cor-
roborates a previous study where the fibril length of TEMPO-oxidised
fibres decreased with increasing NaClO concentration (Shinoda et al.,
2012). However, because the DS range investigated in this study is
much wider than previously reported, cellulose nanofibres of lower fi-
bril length and DPv are achieved.

3.1.3. Viscoelastic properties
Rheology measured the effects TEMPO-periodate oxidation has on

the viscoelastic properties of nanocellulose gels. The viscosity curves of
TEMPO (TOF; 0 mmol IO4

−/g) and TEMPO-periodate (TPOF; 2.5 mmol
IO4

−/g) oxidized nanocellulose gels are presented at different con-
centration in Fig. 6a. All gels exhibited shear-thinning behaviour:
viscosity decreases with an increase in shear rate. This corroborates
previous work on TEMPO-oxidised gels (Curvello et al., 2019; Mendoza,
Batchelor et al., 2018; Mendoza, Batchelor et al., 2018), but innovates
in increasing the carboxylate content or DS tested. TOF gels have a
higher zero shear viscosity than TPOF gels at 0.5 and 1 wt.% con-
centration. The dynamic moduli (G’ and G’’) of the nanocellulose gels
are quantified by oscillatory measurements (Fig. 6b). G’ describes the
dynamic elasticity or solid-like behaviour of the material, while G’’ is
the viscous modulus or the liquid-like behaviour. The strength of TOF
and TPOF gels increases with increasing solids concentration. At 0.1 to
0.5 wt.%, TOF gels possess higher dynamic modulus compared to their
TPOF counterparts; however, the opposite trend is observed at 1 wt.%.

To understand the opposite trend at 1 wt.%, the effect of periodate
concentration and DS on the viscoelastic properties at this concentra-
tion was investigated. Fig. 7 reveals that TPOF gels (0.1–5.0 mmol/g
IO4

−) exhibit higher zero-shear viscosity (Fig. 7a) and dynamic moduli
(Fig. 7b) than TOF gel (0 mmol/g IO4

−), confirming the results of

Fig. 3. Effect of periodate concentration on DS and optical transmittance of 1
wt.% nanocellulose gels at 715 nm. Inset: photographs of the oxidised nano-
cellulose gels.
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Fig. 6. However, such increases do show a maximum; the gel viscosity
and strength started to marginally decrease at DS = 0.30. However, 1
wt.% TPOF gels of DS = 0.38−0.4 exhibit higher viscosity and dy-
namic moduli than 1 wt.% TOF gel (DS = 0.24). This suggests that DS

does not correlate linearly with the viscoelastic properties of carboxy-
lated nanocellulose gels; viscosity and dynamic moduli of the gels are
influenced by factors such as solids concentration, aspect ratio, and DS.

3.1.4. Effect of pH and salt concentration on stability
Fig. 8 shows the effect of salt and pH on the stability of 1 wt.% TOF

and TPOF gels. The gel stability was quantified with the fibre ratio
defined as the gel height after over that before pH and salt treatment.
Fig. 8a reveals that TPOF gels remain stable up to 40 mM NaCl, whereas
TOF gels release water at only 20 mM NaCl. Both TOF and TPOF gels
are unstable under acidic pH but stable over pH ranging from 7 to 11
(Fig. 8b). Interestingly, at pH = 12.5, TPOF gels remain relatively
stable, whereas TOF gels released a significant amount of water (fibre
ratio = 0.5).

3.1.5. Free swell capacity (FSC)
Carboxylated nanocellulose gels were freeze-dried and their water

reabsorption capacity measured. The swelling profile and free swell
capacity of the gels at equilibrium are shown in Fig. 9. The swelling of
all freeze-dried gels is characterised by an initial abrupt absorption of
water during the first 10 h, followed by sustained retention of water
until equilibrium (92 h). This study supports previous results (Curvello
et al., 2019), but broadens the findings over a much wider range of
charge. Consistently, nanocellulose gels treated with higher periodate

Fig. 4. TEM images of (a) TEMPO oxidised cellulose nanofibres (TOF) and (b) TEMPO-periodate oxidised nanofibres (TPOF).

Fig. 5. Effect of the DS on the average viscometric degree of polymerisation
(DPv) of TEMPO-periodate oxidised nanocellulose fibres.

Fig. 6. (a) Viscosity curves of TOF (0 mmol IO4
−/g) and TPOF (2.5 mmol IO4

−/g) nanocellulose gels as a function of solids concentration (wt.%). (b) Dynamic
moduli (Pa) of TOF (0 mmol/g IO4

−) and TPOF (2.5 mmol/g IO4
−) gels at different concentrations (wt. %). Measurements were performed at 25 °C and constant

frequency (1 Hz). Filled and unfilled symbols represent G’ and G’’, respectively.
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concentration exhibit a higher FSC. At equilibrium, nanocellulose gels
free swell capacity (FSC) increases linearly with DS.

3.1.6. Red blood cells in nanocellulose gels
Reagent red blood cells were loaded in 0.3 wt.% TEMPO-periodate

oxidised gels and imaged by optical microscopy. Healthy red blood cells

can clearly be imaged in the transparent TPOF gel (Fig. 10). This de-
monstrates the potential of the gel as a biocompatible media as a matrix
for cell imaging and diagnostic application. The high transparency of
the gel is attributed to the high oxidation level in TEMPO-periodate
oxidation which may not be achievable with TEMPO oxidation alone or
mechanical and enzymatic treatments.

4. Discussion

TEMPO-mediated oxidation is the most common chemical pre-
treatment to carboxylate cellulose and liberate cellulose nanofibres
upon homogenisation. However, the COOH substitution can exclusively
occur in the C6 glycosidic position, which limits the degree of sub-
stitution achievable in carboxylated nanocellulose. In this study,
TEMPO-mediated oxidation is combined with periodate in a one-shot
reaction to carboxylate cellulose. FTIR and conductimetric titration
analyses (Fig. 2) reveal that the addition of periodate controls the level
of nanocellulose carboxylation. COOH substitution is higher in TEMPO-
periodate oxidation than TEMPO oxidation as evidenced by the sig-
nificant increase in surface charge (−80 mV) for TPOF nanofibres. This
is the most stable and highly-charged nanocellulose fibre that we have
prepared to date. This is expected in TEMPO-periodate oxidation, as the
C2, C3, and C6 hydroxyl groups can be oxidised to carboxylate groups
(Fig. 1). The greater surface charge in TPOF enables a significant in-
crease in the degree of nanofibrillation, as revealed by TEM. The
stronger electrical repulsion and decreased hydrogen bonding in TPOF
enhanced nanofibrillation relative to TOF. However, at high DS, TPOF
fibres start to degrade as indicated by the decrease in DPv and length
(Figs. 4 and 5).

The remarkable increase in surface charge and enhanced nanofi-
brillation enable the good dispersion of the nanofibres in water to form
a gel. The characteristics of the gel are directly associated with the
extent of carboxylation of the nanofibrils. Here, we correlate the
properties of the nanofibres with the gel transparency, salt and pH
stability, rheology, and water absorbency.

Because of the higher charge and better fibrillation in TEMPO-per-
iodate oxidation, the resulting gels are highly transparent (Fig. 3). The
strong electrical repulsion between the TPOF fibres hinder their ag-
gregation and thus reduce the light scattering of the gels (Saito et al.,
2007). The high transparency of the nanofibres is also attributed to
their lower aspect ratio (Carr, Shen, & Hermans, 1977; Carr & Hermans,
1978); that is, the width of the nanofibres are smaller than the wave-
length of light which causes the gels to be transparent.

Fig. 7. (a) Viscosity curves of carboxylated nanocellulose gels as a function of periodate concentration (mmol/g). Inset shows the effect of DS on the viscosity of the
gels at 0.1 s−1. (b) Dynamic moduli (Pa) of carboxylated nanocellulose gels as a function of DS. Measurements were performed at 25 °C and constant frequency (1
Hz). Filled and unfilled symbols represent G’ and G’’, respectively.

Fig. 8. The effect of (a) salt content (mM) and (b) pH on the stability of 1 wt.%
TOF and TPOF gels. Insets show the release of water from the gels at pH (2-
12.5) and salt levels (0-70 mM NaCl).
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The lower aspect ratio and higher surface charge of TPOF nanofibres
also explain the reduced viscosity and moduli TPOF gels at 0.1−0.5 wt.
% (Figs. 6 and 7). At high DS, the nanofibrils are significantly shorter
and the probability of fibre entanglement in a dilute suspension is also
decreased; resulting in the formation of weakly-networked gels
(Benhamou et al., 2014), such as in the case of TPOF gels at 0.1−0.5
wt.%. We hypothesise that these fibrils behave like cellulose nano-
crystals assembled as liquid crystals where fibre entanglement is limited
and repulsive forces are dominant (Urena-Benavides, Ao, Davis, &
Kitchens, 2011). These rigid rods tend to percolate and form a gel.
Conversely, at 1 wt.%, TPOF gels become stiffer than TOF gels. This is
due to the higher fibrillation level resulting from enhanced electrical
repulsion leading to a stronger network. However, as seen in Fig. 7, this
is only true at DS <_ 0.3. The gradual decrease in moduli and viscosity
with DS is attributed to the lower agglomeration ability of the nano-
fibres due to higher electrical repulsion (Benhamou et al., 2014; Geng
et al., 2018).

The higher charge of TPOF nanofibres also explains the enhanced
stability of TPOF gels relative to TOF gels at elevated pH and salt levels
(Fig. 8). Increasing the ionic strength effectively screens the negatively-
charged carboxylate groups which also decreases the electrical double
layer in gels. This results in the destabilisation of the colloidal system
and ultimately leads to the collapse of the existing fibre network
(Mendoza, Batchelor et al., 2018). TPOF gels, having a higher surface
charge than TOF gels, require a greater concentration of salt ions to
screen the nanocellulose surface charges. On the other hand, pH

severely affects the stability of carboxylated nanocellulose gels. At low
pH, the carboxylate groups are protonated resulting in decreased sur-
face potential and electrical repulsion, leading to fibre agglomeration
and gel destabilisation (Mendoza, Batchelor et al., 2018). Both TOF and
TPOF gels exhibit the same behaviour at acidic and slightly basic
conditions. Carboxylated gels are relatively stable at basic pH; however,
the effect of ionic strength also needs to be considered. Only the TPOF
gel remains stable at pH= 12.5. This is because the ionic strength at pH
12.5 is sufficient to cause TOF gel to collapse.

Increasing the DS of the gels also improves their water holding ca-
pacity (Fig. 9). Gels bearing a higher DS or more carboxylate groups can
immobilise more water molecules by hydrogen bonding (Hossain et al.,
2020; Mendoza, Browne et al., 2019). At 5 mmol IO4

−/g, the FSC of 1
wt.% TPOF gel is reported to be as much as 150 g/g, which is com-
parable with commercial superabsorbent polymers such as potassium
polyacrylate (Zhang, Feng, & Jin, 2020). TPOF foams can be developed
as a green alternative to the current petrochemical-based, irritant and
even toxic superabsorbent.

In summary, combining periodate with TEMPO oxidation enables
the control of the degree of substitution and surface charge of nano-
cellulose fibres. Increasing the level of oxidation increases the surface
charge and degree of nanofibrillation. However, the nanofibres depo-
lymerise as a consequence of high degree of oxidation (Isogai et al.,
2011; Shinoda et al., 2012). The enhanced nanofibrillation, in addition
to higher charge, results in very stable and homogeneous nanofibrils
forming the gel. These gels are more transparent and exhibit better
water-holding capacity and pH and salt stability. High degree of oxi-
dation also induces reduced viscosity and dynamic moduli. The
rheology of these gels resembles that of cellulose nanocrystals ex-
hibiting liquid crystal behaviour where electrical repulsion is dominant
and fibre entanglement is limited. By controlling the extent of carbox-
ylation of cellulose, we can manipulate the properties of carboxylated
nanocellulose gels.

To demonstrate the potential application of the highly transparent
gel, we loaded reagent red blood cells and use it as a matrix for storage
and analysis. Fig. 10 reveals that red blood cells remain healthy and can
be directly imaged whilst loaded inside the gel. The high transparency
of the gel allowed clear imaging of the red blood cells. The transparency
or cloudiness of the gel is particularly important for imaging and
ophthalmic applications (Wang & Han, 2017). The excellent transpar-
ency of the nanocellulose gel open new possibilities in diagnostics ap-
plication.

5. Conclusion

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation
coupled with mechanical fibrillation remains as the most common

Fig. 9. (a) Swelling profile of 1 wt.% freeze-dried carboxylated nanocellulose gels at different periodate concentrations (mmol/g) in water. (b)Free swell capacity of
freeze-dried carboxylated nanocellulose gels with different DS at equilibrium (92 h).

Fig. 10. Optical image of red blood cells in 0.3 wt.% TEMPO-periodate nano-
cellulose gels at 100x magnification.
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method to prepare carboxylated cellulose nanofibres. However, the
degree of substitution (DS) achievable is limited as only the C6 hy-
droxyl groups can be oxidised. In this work, TEMPO and periodate are
combined in a one-shot reaction to oxidise the C2, C3, and C6 OH
groups and produce nanocellulose gels over a wide range of DS.
TEMPO-periodate oxidation yields highly-carboxylated cellulose nano-
fibres (DS = 0.4) with a very high charge of −80 mV. The strong
electrical repulsion between the fibres results in the formation of well-
separated nanofibres with a diameter of 2−4 nm, although depoly-
merisation is observed as a consequence of the high oxidation level.

The properties of the gels can be engineered through TEMPO-peri-
odate oxidation/fibrillation. TEMPO-periodate oxidised fibres (TPOF)
results in a highly-transparent gel. Their smaller aspect ratio and very
high surface charge prevents aggregation and reduces the light scat-
tering of the gels. TEMPO-periodate oxidation also results in gels of
reduced viscosity and dynamic moduli. Gel rheology is dependent on
the DS and nanofibre concentration. In a dilute regime (0.1−0.5 wt.%),
TPOF nanofibres have a low tendency to entangle to form a strong
network due to strong electrical repulsion and reduced length. At 1 wt.
%, these fibres form a stronger network thanks to an enhanced degree
of fibrillation. The TPOF gels have a superior stability at basic pH and
high ionic strength due to their high surface charge. Freeze-dried na-
nocellulose foams prepared from TPOF gels also exhibit remarkable
water holding capacity and can immobilise more water molecules by
hydrogen bonding. The potential of the highly transparent gel for red
blood cells analysis and diagnostic applications is also demonstrated.
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