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Cellulose nanocrystals (CNCs) have emerged as promising, sustainable materials, with applications in sensors,
coatings, pharmaceuticals, and composites. Their modification with block copolymers such as PEO-PPO-PEO
triblock copolymers of the Pluronic family has been attempted many times in the literature, with claims that
such modification would happen by an anchor(PEO)-buoy(PPO)-anchor(PEO) mechanism. However, there is
much disagreement in the literature on this. We herein physically adsorbed Pluronic F127, a nontoxic triblock
copolymer poloxamer, comprising hydrophilic polyethylene oxide (PEO) and hydrophobic polypropylene oxide
(PPO) blocks, onto the surface of TEMPO oxidised CNCs by simple mixing in an aqueous medium. The adsorption
of F127 onto the surface of these CNCs was successful and persistent even after solubilisation. The thermal
stability of modified TOCNCs increased (by ~19 °C) compared to their neat and oxidised counterparts. F127-
TOCNC suspensions exhibited comparable viscosity to their neat and oxidised counterparts without premature
gelation of F127. NOESY NMR observations showed that PPO blocks are more proximal to the TOCNC than the
PEO blocks. AFM and QCM-D analyses supported the formation of a rigid, thin layer of block copolymer sur-
rounding the TOCNC. A degree of modification (7 %) was achieved, even after washing, proving that adsorption
is persistent and mainly irreversible.

1. Introduction

down process of acid-catalysed hydrolysis. This hydrolysis process tar-
gets the disordered regions of the cellulose structure, where the water

Cellulose nanomaterials (CNMs) have emerged as attractive alter-
natives to common synthetic nanofillers due to their highly functiona-
lizable surface and nanoscale size (Foster et al., 2018) as well as their
availability, renewability, and potential biodegradability (Eichhorn
et al., 2022). As such, research on CNMs spans many fields such as
materials science and engineering (polymer composites, adhesives,
membranes, textiles, flexible and transparent films, textiles), and med-
icine (drug delivery, tissue engineering scaffolds, hydrogels) (Eichhorn
etal., 2022; Foster et al., 2018). Cellulose nanocrystals (CNCs), one form
of CNMs, are highly crystalline rod-shaped nanoparticles, with widths
ranging from 3 and 50 nm, and lengths of 50 nm up to 350 nm (Foster
et al., 2018; Solhi et al., 2023). CNCs are usually prepared using a top-
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most typically resides, leaving the most ordered, crystalline regions
intact (Llacer Navarro et al., 2021; Solhi et al., 2023). CNCs prepared
using sulfuric acid hydrolysis introduce sulfate half-ester groups that
impart a negative charge, colloidally stabilising them in aqueous solu-
tions; these groups are susceptible to degradation and can be removed
under mild alkaline conditions (Fraschini et al., 2017; Habibi et al.,
2006). TEMPO-mediated oxidation of CNCs produces carboxylic groups
on their surfaces, which are less labile compared to sulfate half-ester
groups (Fraschini et al., 2017; Habibi et al., 2006). Another advantage
of the oxidation of CNCs with TEMPO is that an increase in carboxylic
groups may be favourable to their subsequent modification. These
modifications include polymer adsorption. This can be achieved by
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taking advantage of the highly negatively charged surface from TEMPO
oxidation, thereby favouring electrostatic adsorption (Llacer Navarro
et al., 2021; Solhi et al., 2023). TEMPO-oxidised celluloses are also
known to possess increased hydrophilicity, compared to other forms and
derivatives, due to their highly charged surface (Isogai et al., 2011; B. Li
et al., 2015).

Surface modification of CNCs via adsorption of block copolymers is a
non-covalent strategy that can be carried out in aqueous media. Both
these aspects are highly advantageous in the context of CNMs because it
does not compromise their physical integrity (Arumughan et al., 2021).
Amphiphilic block copolymers comprising both hydrophilic and hy-
drophobic blocks such as poloxamers — commercially known as Plur-
onics — have emerged in recent times as they are water soluble while also
maintaining one hydrophobic block that can interact with other hy-
drophobic particles and polymers alike. CNCs possess a quite heterog-
enous surface, abundant with functional groups and surface charges; all
of these contribute in different ways to the adsorption mechanisms of
nonionic block copolymers (Arumughan et al., 2021). Moreover, the
properties of block copolymers are highly dependent on the concentra-
tion and temperature of the system, most notably in the way they self-
assemble (Arranja et al., 2016; Carrera Espinoza et al., 2021; Sarkar &
Alexandridis, 2012). While this may be an issue to applications that rely
on their self-assembly and thermoresponsive behaviour, such as
hydrogels for drug delivery, by avoiding premature self-assembly and
micelle formation, the adsorption of unimer structures — that is, indi-
vidual chains — are favoured. Retention of the unimer form could facil-
itate the adsorption of triblock copolymers in an anchor (PEO)-buoy
(PPO)-anchor(PEO) mechanism, as has previously been suggested (Y. Li
et al., 2011).

The use of PEO-PPO-PEO block copolymers in conjunction with
cellulose-based materials has been studied in the literature for a number
of applications, ranging from hydrogels for drug delivery, tissue engi-
neering, ophthalmic interventions (Boonrat et al., 2021; Gutierrez et al.,
2017; Orasugh et al., 2019; Tercjak et al., 2015) and composites (Builes
et al., 2013; Nagalakshmaiah et al., 2016). More recently, the use of
Pluronic F127 has been reported for the gelation of CNCs (Kushan &
Senses, 2021) and for the modification of cellulose acetate mats to
facilitate electrospinning (Gomez-Hermoso-de-Mendoza et al., 2023). In
this sense, the use of Pluronic F127 (PEOg9PPOscPEQgg) for the modi-
fication of CNCs is fairly recent. Benefits in doing so lie in an increased
thermal stability and the possibility to increase the compatibility of
nanocelluloses with polymer matrices in composites (Builes et al., 2013;
Nagalakshmaiah et al., 2016). Compared to other block copolymers of
the Pluronic family, for example F108 (PEO;3,PPO50PEO;33) and F68
(PEOgoPPO3oPEQOg)), F127 has a larger number of PPO blocks, with 56
PPO units and 99 PEO units which could theoretically interact with
hydrophilic surfaces (Cohen et al., 2022; Khaliq et al., 2023). This could
be advantageous to increase their compatibility with polymer matrices.

When it comes to nonionic block copolymers that undergo self-
assembly, the literature seems to contain fundamental disagreements
as to whether it is poly(ethylene oxide) (PEO) or poly(propylene oxide)
PPO blocks that effectively adsorb onto cellulose surfaces. These dis-
agreements seem to be related to the complex nature of the surface
functionalities of cellulose (Arumughan et al., 2021) and how they
interact with water (Solhi et al., 2023). In addition, the F127 poloxamer
is known to self-assemble and form micelles above a critical micelliza-
tion temperature (CMT) and concentration — critical micelle concen-
tration (CMC) (Russo et al., 2024). When the temperature is raised above
the CMT, for example, PPO blocks are able to collapse onto the cellulose
chains, though the interaction is said to be weak and not governed by
electrostatics (Kushan & Senses, 2021).

Nagalakshmaiah et al. (2016) studied the adsorption of Pluronic
F127 onto sulfated CNCs for their use in polyethylene melt-processed
composites. The authors claimed successful adsorption when using a
concentration of 5 wt% content of F127 on CNCs in solution by
observing shape changes in functionalised CNCs via SAXS; the
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mechanism was deemed to be due to hydrophilic/hydrophobic in-
teractions of PEO blocks with the surface of the CNCs. Previous studies
have also investigated the adsorption of single block PEO/PEG co-
polymers onto the surface of cellulose, and concluded, by using Quartz
Crystal Microbalance (QCM) measurements, that hydrogen bonding
plays an integral role in this process (Bardet et al., 2015; Cheng et al.,
2015). Cohen et al. concluded that both Pluronic F127 and F108 adsorb
on the surface of CNCs by observing a reduction in the zeta potential of
the neat CNCs and the ternary F127/F108/CNC mixtures, along with
observing an increase in their widths. It is important to highlight that, in
all aforementioned studies, concentrations of up to 20 wt% F127 were
used to facilitate self-assembly and co-assembly of CNCs and F127,
particularly for applications in thermoresponsive hydrogels. Li et al.
(2011) studied the adsorption of PEO;9gPPO29PEO19 on cellulose, poly-
propylene and polyethylene surfaces, and concluded that PEO blocks
have a higher affinity for hydrophilic surfaces than PPO blocks and that
an anchor (PEO)-buoy(PPO)-anchor(PEO) mechanism was proposed for
hydrophilic cellulose (Li et al., 2011). Tarhanli and Senses (2023) pro-
posed that the hydrophilic PEO groups of Pluronic L121 (PEOsPPOg;.
PEQOs) are adsorbed on CNCs, and instead of a bridging effect, they
sterically stabilised the suspension. They also mentioned that the
adsorption of PPO blocks to CNCs was only favoured when the suspen-
sions were heated above their phase transition temperature — ranging
from 10 to 20 °C as measured from the melting peak from DSC. The
authors attributed this behaviour to the strong interaction of PPO blocks
with hydrophobic sections of the CNCs above the CMT. This is expected
to occur along the (100) edge of the CNCs (Reid et al., 2017). Reid et al.
(2017) studied the role of hydrogen bonding in nonionic polymer
adsorption to CNCs and silica colloids. The authors emphasized that, in
the absence of water, adsorption of PEG to cellulose is likely. However,
they argue that adsorption of amphiphilic polymers to CNCs occurs not
because of PEG adsorption, but via hydrophobic effects in which the
hydrophobic portion of the polymer adsorbs to the surface of CNCs to
limit water interactions. In short, even though the literature is abundant
with studies reporting the adsorption of PEO-PPO-PEO block co-
polymers onto cellulose surfaces, many conflicting statements are made
on both the structure of the block copolymers or on the ratio of hydro-
phobic PPO and hydrophilic PEO blocks present. The majority of the
literature seems to agree that adsorption occurs, though some conflict-
ing reports on the nature of this adsorption still remain, particularly for
poloxamers such as F127. These conflicts seem to stem from whether
PEO or PPO blocks are closer to cellulose surfaces, or even the nature of
the interaction. With this, our hypothesis is that even though persistent
adsorption might occur, these interactions could be far more complex
and even involve the effects of the presence of water. This could have
implications in gel formation mechanisms of composite CNC/polox-
amers, thermoresponsive gels for drug delivery, and other applications.

2. Experimental
2.1. Materials

Pluronic F127, a triblock copolymer PEOgg-PPOss-PEOgg, supplied
by Merck (Dorset, UK) was used (molecular weight = 12,600 g mol™1).
Commercial sulfated cellulose nanocrystals (SCNC) were obtained from
the University of Maine (Orono, MA, USA) at a 11.5 wt% solids content
(molecular weight = 6675 g mol ™). 2,2,6,6-Tetramethylpiperidine 1-
oxyl (TEMPO), sodium bromide (NaBr) and ethanol (99.8 %) were
supplied by Merck (Gillingham, UK) and sodium hypochlorite (NaClO)
and sodium hydroxide (NaOH) were supplied by Fisher Scientific (Lei-
cestershire, UK). All reagents were used as received without purifica-
tion. Deionised water was used for all experiments.

2.2. TEMPO-mediated oxidation of cellulose nanocrystals

The TEMPO-mediated oxidation of CNCs was adapted from a
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previously described method (Fraschini et al., 2017; Isogai et al., 2011).
Briefly, 3 g (dry weight) of CNCs was dissolved in ultrapure water to
obtain a 1 wt% suspension. 0.048 g (0.1 mmol g '-CNCs) of TEMPO/
NaBr and 0.3 g (1 mmol g™'-CNCs) were added to the suspension and
stirred until dissolution occurred (for ~2 h). The pH of the suspension
was adjusted to 10-11 with 0.5 M NaOH after the addition of TEMPO/
NaBr and prior to the addition of NaClO. After that, NaClO (10 mmol/g-
CNCs) was slowly added dropwise to the suspension over the course of 1
h, yielding a viscous, yellow suspension. The pH of the suspension was
continuously adjusted to 10-11 until no further decrease was observed.
The pH was continuously monitored with a pH meter (FiveGo Mettler
Toledo portable pH meter, model F2; Mettler Toledo, Ohio, United
States). Care was taken to keep the pH close to 10.5. To ensure that, only
a few drops of NaOH 0.5 M were added. Upon completion, the reaction
was quenched with 30 mL of ethanol (1 ml/0.1 g-CNC) whereupon the
suspension turned white. This TEMPO-oxidised CNC suspension
(TOCNC) was centrifuged three times at 10,000 rpm for 20 min and
washed with deionised water. The final pH of the TOCNC suspension
was 6. The suspension was then stored in a fridge at 4 °C.

2.3. Adsorption of Pluronic F127 to TOCNCs

A simple mixing procedure was used to adsorb the triblock copol-
ymer F127 to the TOCNGs. Firstly, a 1 wt% concentration of F127 was
slowly dissolved in deionised water for 2 h at 6 °C with the aid of an ice
bath. Then, the F127 suspension was gradually added to a TOCNC sus-
pension (1 wt%) and slowly stirred for an additional 2 h using magnetic
stirring. This F127-TOCNC suspension was stored at 4 °C. The concen-
trations were chosen to keep F127 in its unimer form, to better evaluate
adsorption and to minimize the amount of polyoxamer for their appli-
cation in the aqueous processing of polymer composites, following the
work of Nagalakshmaiah et al. (2016). Additionally, the ratio of 1:1
F127:TOCNC represents the weight percentage of each component,
following the same mixing and adsorption procedure mentioned in
earlier studies (Kushan & Senses, 2021; Nagalakshmaiah et al., 2016).

2.4. Characterization

2.4.1. Fourier-transform infrared spectroscopy

Functional groups and the presence of triblock-copolymer on the
CNCs were investigated using a FTIR spectrophotometer in attenuated
total reflectance (ATR) mode on air-dried samples. Spectra were
collected from 4000 cm ™! to 400 cm ™! and 8 scans were performed.

2.4.2. Conductometric titration

The surface charge of SCNCs and TOCNCs was measured by
conductometric titration. 0.05 wt% of SCNCs or TOCNCs were redis-
persed and dialysed against deionised water for 3 days to remove free
sodium ions. A Dowex Marathon C hydrogen cation exchange resin was
used to exchange counterions to protons prior to the measurements. An
amount of 12 g of resin per 1 g CNC was used following a methodology
described by Li et al. (2020). The resin was then added to the suspension
and vigorously stirred for 2 h. Upon protonation, the resin was removed
and 1 ml 100 mM NaCl was added to the suspension to increase the
reading range. The suspension was titrated with 100 pl additions of 10
mM NaOH following a procedure recommended by Foster et al. (2018).
The titration curve was obtained by plotting the conductivity of the CNC
suspension against the volume of NaOH (Supplementary Material).

2.4.3. Zeta potential measurements

Zeta potential measurements were performed on aqueous suspen-
sions dispersed at 1 mg mI™! using a Zetasizer Nano-ZS with a DTS 1070
capillary cell. Measurements were obtained at 25 °C, using a refractive
index of water 1.33. In total, 3 measurements were taken per sample
with 50 runs per measurement. Average values with their respective
standard deviations are reported.
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2.4.4. Thermogravimetric analysis

The thermal stability of air dried samples was evaluated using a
Netzsch STA 449 Jupiter F3 instrument, with a heating range from 30 to
800 °C at a rate of 10 °C min™! under a nitrogen flow of 50 ml min™*. 10
mg of sample was used. DTG curves were obtained from the percentage
loss data from the TGA using Proteus Analysis software (version 6.1).

2.4.5. Differential scanning calorimetry

The thermal transitions of the samples were investigated by differ-
ential scanning calorimetry using TA Instruments Discovery DSC 2500
equipment. 5 mg of sample was placed in TZero hermetic aluminium
pans and heated at a rate of 10 °C/min using a heating cycle from 30 °C
to 200 °C. and a subsequent cooling cycle from 200 °C to —50 °C. The
specific enthalpy values were obtained from the area under the first
melting peak. The degree of crystallinity, as a percentage, of the samples
containing F127 was calculated using the equation

_ AH,
B AHm.O

X. x 100% @

where AH,, is the melting enthalpy obtained from the first heating ramp
and AHp,( is the melting enthalpy of fully crystalline F127; this was
taken to be 229.1 J g’1 using literature values (Shaker et al., 2020;
Tenorio-Alfonso et al., 2023).

2.4.6. Rheology

Rheological measurements were carried out using a TA Instruments
DHR Rheometer and a 40 mm serrated parallel Peltier plate to avoid
‘wall slippage’ (Bertula et al., 2019). The samples were concentrated to a
10 wt% solids content due to equipment limitations. The samples were
then subjected to a pre-shear regime from 0.001 to 100 rad s~! to
determine the linear viscoelastic region (LVR) and later rested for 10
min using a time sweep at 1 Hz and 0.25 % strain. All experiments were
carried out at room temperature (25 + 1 °C).

2.4.7. Transmission Electron Microscopy (TEM)

The morphologies of the unmodified and modified CNCs were
captured using a JEOL JEM-1400 TEM in bright field mode with an
accelerating voltage of 120 kV. The CNC-containing samples were
diluted to 0.001 wt% before imaging. The sizes of the CNCs were
measured using ImageJ. Their dimensions were represented using a box
plot using Origin 2020b. Statistical analysis was performed using a two
sample mean t-test with p < 0.05 (n = 30).

2.4.8. Small Angle X-ray Scattering (SAXS)

SAXS experiments were performed on a Ganesha SAXS/WAXS in-
strument (Xenocs) fitted with a Cu Ko microfocus source (1.544 A).
Samples were prepared at 1 wt% at 25 °C. 50 pL samples were placed in
a 1.5 mm borosilicate glass capillary (Capillary Tube Supplies Ltd) and
sealed using a UV cured epoxy (Norland). Data were collected over a q
range of 0.007 < q < 0.25 A™! for an exposure time of 3600 s. A blank
capillary and water background were subtracted from all data. Data
were reduced using SAXSGUI and subsequent processing was carried out
using SASView.

2.4.9. Solid-state nuclear magnetic resonance (ssNMR)

1H-13¢ cross-polarisation magic angle spinning (CP/MAS) NMR was
performed on freeze-dried samples on a Bruker Avance III NMR spec-
trometer operating at a '3C frequency of 75.21 MHz. The samples were
packed into an 80-uL rotor and spun at a magic angle spinning (MAS)
rate of 10 kHz. All ssNMR spectra were acquired using 'H n/2 rf pulse of
3.2 ps, contact time of 2 ms, recycle delay of 10 s, and at 20 °C.

Global spectral deconvolution was carried out using the MestreLab
MNova (v14.2) package.

The degree of surface oxidation of TOCNC and the surface adsorption
of F127 was calculated according to the equation
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DSMY% — Anmodification %100 @
n X A(casces)
where A odification 1S the area under the deconvoluted CHg peak in PPO
(ca. 18.6 ppm) of the sample, and A(cssices) is the area under the
deconvoluted peaks associated with the cellulose backbone surface
moieties of C4 and Cg carbons (ca. 85 an 63 ppm, respectively).

2.4.10. Pulsed-field gradient (PFG) spectroscopy and nuclear Overhauser
effect spectroscopy (NOESY)

F127-TOCNC, TOCNC, and F127 were solubilised in D50, and their
diffusion was measured using Bruker’s ‘stebpgp1s’ pulse sequence, using
gradient pulse of 7 ms, and diffusion time of 0.16 s, 64 points, recycle
delay of 2 s, a minimum of 16 scans and acquired at 20 °C, achieving
maximum signal attenuation of 98 %. The decay of signal intensity as a
function of gradient strength was fitted to the Stejskal-Tanner equation

Is = Ig_oexp [ — (y6G)*D (A - g) ] 3

where I is the signal intensity at a gradient strength of zero, G is
the gradient strength, D is the self-diffusion coefficient, § is the gradient
pulse duration, and A is the diffusion time. NOESY NMR was recorded
using Bruker’s ‘noesygpphpp’ pulse sequence, using mixing times of
0.5-2 s, 64 points and recycle delay of 2 s. All solution-state NMR ex-
periments were performed on a Bruker Avance NEO spectrometer,
equipped with an iProbe, operating at 'H frequency of 500.23 MHz.

2.4.11. Atomic force microscopy (AFM)

Atomic Force Microscopy characterization was performed in
ambient environment using a Multi-mode VIII microscope with Nano-
scope V controller operating under PeakForce control. ScanAsyst-Air-HR
cantilevers were utilised of nominal tip radius and spring constant of 2
nm and 0.4 N m™! respectively. Samples of F127-TOCNC and TOCNC
were deposited to separate cleaved mica sheets at a concentration of
0.0005 wt% and dried for 2 h prior to AFM investigation.

2.4.12. Quartz crystal microgravimetry with dissipation monitoring (QCM-
D)

Quartz crystal microgravimetry with dissipation monitoring was
used to monitor the interactions between F127 and TOCNC. Silica-
covered AT-cut QCM-D sensors with fundamental resonance frequency
fo ~ 5 MHz (Biolin Scientific, Gothenburg, Sweden) were used. The
sensor surface was cleaned via UV/ozone treatment followed by
adsorption of a thin anchoring layer of branched polyethylene imine
(PEID) (Sigma Aldrich). After this, TOCNCs were allowed to adsorb from
3 g I'! aqueous suspension for 25 min, followed by rinsing with water,
resulting in a formation of a stable TOCNC layer with a dry an areal mass
of ~10.6 mg m™2.

QCM-D measurements were conducted with an E4 Analyzer instru-
ment (Biolin Scientific, Gotherburg, Sweden). In the QCM-D technique,
the mass adsorbed on the sensor surface is directly proportional to the
detected changes of its resonance frequency (Af), while the viscoelastic
properties of the adsorbing layer correlate with the change in dissipation
of energy (AD). The dissipation factor D of the oscillating adsorbing
layer can be found using the equation
D= Ediss ( 4)

277:Estored

where Egiss is the energy dissipated during an oscillation cycle, and
Egtored the total energy stored in the oscillator. When the AD value for the
adsorbed layer is relatively low, < 1-107°, the layer can be considered to
be elastic, and it is acceptable to estimate the adsorbed dry mass using
the Sauerbrey equation (Sauerbrey, 1959)
CAf

Am = ——, (5)
n
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where C is the sensitivity constant of the device (17.7 ng Hz™! cm™

for a 5 MHz crystal) and n is the overtone number.

Prior to adsorption measurements, the TOCNC film was allowed to
stabilize in pure water. After the stabilization of the baseline, adsorption
of F127 from 100 mg "' concentration onto the TOCNC surface was
monitored for ~1 h, after which the surface was again rinsed with pure
water for ~30 mins. A temperature of 23 °C and a flow rate of 0.1 ml
min~! were maintained throughout the measurements. The data pre-
sented were acquired using the fifth overtone (25 MHz, fy = 5 MHz, n =
5). Two parallel measurements were recorded. AFM images were ob-
tained using Anasys afm + instrument (Anasys Instruments Inc., Santa
Barbara, CA, USA), to determine the morphology of the QCM-D samples.
The images were scanned in tapping mode in air at 25 °C using ACTA
silicon cantilevers with a spring constant of 37 N m! (Applied Nano-
structures Inc., Mountain View, CA, USA). No image processing except
flattening was carried out.

3. Results and discussion

3.1. FTIR analysis of functional groups present on the cellulose
nanocrystals

The presence of functional groups on, and adsorbed polymer to, the
CNCs was investigated using Fourier Transform Infrared Spectroscopy
(FTIR) (Fig. 1). SCNCs showed typical stretching vibrations located at
~3320 em ™! (O—H), ~2900 ecm ™' (C—H) and ~ 1031 ecm ™' (C—0)
(Onyianta et al., 2022). The appearance of an absorbance band located
at ~1607 cm™, related to the presence of carboxylate groups, is evi-
dence that the TEMPO-oxidation of the CNCs was successful (Kim et al.,
2019; Onyianta et al., 2023). The presence of Pluronic F127 displayed a
doublet band located at ~2968 and ~ 2900 cm ™! related to asymmetric
and symmetric aliphatic C—H stretching, respectively, pertaining to the
methyl groups of PEO and PPO blocks (Cohen-Erner et al., 2021; Shaker
et al., 2020). The bands located at ~1470 ¢cm ! and ~ 1360 cm ™! are
related to CHy wagging between PEO and PPO blocks (Suhail et al.,
2022). For F127-adsorbed TOCNC, a band located at ~2968 cm™! was
present, which is related to the methyl groups of the block copolymer.
The band located at ~2900 cm ™! is related to the methyl groups of the
PPO blocks and is overlapped by the 2900 cm ™! band corresponding to

SCNC

F127-TOCNC

Transmittance (a.u.)

2968¢-H Vas

methyl groups PEO-PPO
(PPO)

1 1 1 1 1 C'O'q ghieas 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™")

Fig. 1. Typical Fourier Transform Infrared (FTIR) spectra of sulfated cellulose
nanocrystals (SCNC), TEMPO-oxidised cellulose nanocrystals (TOCNC), plur-
onic F127 (F127), and TOCNC with adsorbed F127 (F127-TOCNC). Dotted lines
are guides for the eyes only.
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the C—H stretching vibrations of cellulose. For F127-TOCNC, the F127
bands were also present at ~1470 cm ™! and ~ 1360 cm ™}, related to the
CH; symmetric and asymmetric wagging. The band located at ~1104
em™! in F127-TOCNC is related to the C-O-C stretching vibration be-
tween PEO and PPO blocks (Cohen-Erner et al., 2021; Nagalakshmaiah
et al., 2016). This shows that F127 was at least adsorbed onto the surface
of TOCNC, though it is not conclusive from this evidence alone which
blocks of the copolymer are most proximal to the cellulose chains.

3.2. Surface charge and dimensions of the cellulose nanocrystals

The morphologies and dimensions of the CNC and F127-TOCNC
samples were determined using TEM. Representative electron micro-
graphs of the samples are shown in Fig. 2. The mean widths of SCNCs,
TOCNCs and F127-TOCNCs are reported in Table 1. Overall, no signif-
icant statistical difference was observed between the widths of different
CNC samples. Fig. 2a shows a few spherical structures that could be the
result of an accumulation of F127 solution upon casting. Smaller mi-
celles in the order of 10 nm could not be observed in TEM micrographs
probably due to the fact that the concentration of F127 used in this study
was below the critical micellization concentration. This is in line with
the usual micelle formation mechanism of nonionic Pluronic F127 block
copolymers. For 127, at low concentrations and temperatures — that is,
below the critical micellization concentration and temperature — both
PPO and PEO are present in aqueous solutions as individual chains
(unimers) with a radius of 2 nm. Above the critical micellization tem-
perature and concentration, the self-assembly of F127 micelles in
aqueous solution occurs due to the hydrophobic character of PPO
chains, which associate to form a dense core whereas PEO blocks stretch
out to form a hydrophilic corona. This transition is gradual, and for this
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Table 1

Surface charge, zeta potential, and widths of sulfated CNCs (SCNC), TEMPO-
oxidised CNCs (TOCNC), Pluronic F127 poloxamer (F127), F127 modified
TOCNC (F127-TOCNC).

Sample Surface charge Zeta potential Width (nm)
mmol/kgcenc (mV)

SCNC 448.7 + 8.3 -31.2+3.5 84+1.8

TOCNC 550.0 £+ 22.0 —47.6 +£7.1 10.5 £3.1

F127 - -72+13 -

F127-TOCNC - —19.5+5.8 9.5+23

reason micelles and unimers can coexist (Branca & D’Angelo, 2019;
Ojha et al., 2020; Suman et al., 2021). Suman et al. (2021) mention that
the driving force for micellization of F127 itself is entropic in nature: the
water molecules around the hydrophobic PPO blocks have a local high
order. An increase in temperature results in increased interactions be-
tween hydrophobic blocks, ‘squeezing’ the highly ordered water mole-
cules out of the core formed by the PPO blocks towards the hydrophilic
corona or in the bulk aqueous solution, resulting in a gain of entropy
(Suman et al., 2021).

The SCNCs in Fig. 2b exhibited a typical morphology, as did TOCNCs
in Fig. 2c. From the images shown in Figs. 2b,c,d, it is noted that the
presence of F127 did not alter the shape of the TOCNCs (cf. Fig. 2c&d).
As reported in the literature, the critical micellization temperature of
F127 is 27 °C at a concentration of 1 wt% (Kumar et al., 2023). This
temperature decreases with an increasing F127 concentration which
leads to micelle formation at a higher solids content. For F127-TOCNC,
free micelles were not observed at the concentration of 0.001 wt% used
for casting.

200 sigl

Fig. 2. Typical Transmission Electron Microscope (TEM) images of F127 (a), SCNC (b), TOCNC (c), F127-TOCNC (d).
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It is also possible that the surface charges imparted by TOCNC pre-
vented their formation, as has previously been suggested: the mecha-
nism, in this case, was deemed to be driven by changes in the surface
tension of the aqueous medium and solution viscosity, which affected
the micellization behaviour (Kumar et al., 2023; Mata et al., 2004). If the
anchor-buoy-anchor mechanism holds true, this could be advantageous
to keep F127 in its unimer conformation and favour anchoring to
TOCNC surfaces. With that, a bulk effect of F127 micelles mixed with
CNCs could be prevented, whereby they would not actually adsorb to the
surface. Moreover, the fact that the size and shape of CNCs was not
significantly altered suggests that even though adsorption could have
occurred, the unimer chains of F127 could be surrounding TOCNC,
where the size difference would be too small to be captured by TEM.

The surface charges (Conductometric titration; Fig. S1) and zeta
potentials of the samples are also reported in Table 1. Following TEMPO
oxidation, the surface charge of the TOCNCs increased in comparison to
SCNCs due to the introduction of negatively charged carboxylate groups
at the C6 position of the cellulose chain/rings. These values are in line
with the literature for oxidised CNCs: typical values for TEMPO-oxidised
CNCs range from 200 to 3500 mmol kga%qc (Foster et al., 2018). Com-
parable values (480 mmol kg&}qc) were reported by Vanderfleet et al.
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(2019) for TEMPO-oxidised SCNCs.

The surface charge of the samples was further characterized using
zeta potential measurements (Table 1). These data demonstrated that
SCNC samples have lower charge potential (~ —31 mV) in comparison
to TOCNC (~ —48 mV), which is in line with conductometric titration
results. Nonionic block copolymer F127 exhibited a charge potential of
—7.2 mV, in accordance with previous literature values (Tarhanli &
Senses, 2023). For F127-TOCNC samples, the charge potential was lower
than that of TOCNC. This indicated that when F127 was adsorbed to the
surface of TOCNCs it masks some of the surface charges on the sites
where it is anchored, even in an aqueous medium. FTIR results
demonstrated (Fig. 1) that F127 is present at the surface of the CNCs, so
this masking is likely to have been an issue.

Fig. 3 shows the SAXS patterns for F127 and CNC samples. All curves
appear similar. The upturn of the data from a flat to a steady gradient at
a high to a lower Q occurs in the same position, suggesting the objects
causing the scattering are of a similar size (Table S1). The low Q region
has a slope of ~ — 2 for SCNC, suggesting a platelet-like shape, whereas
TOCNC and F127-TOCNC samples exhibited a slope of ~ — 1.7, sug-
gesting a shape between a rod and a platelet. It also further demonstrates
that the adsorption of F127 does not have a major effect on the shape of

1000
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Fig. 3. Typical Small Angle X-ray Scattering (SAXS) curves for sulfated CNCs (SCNC), TEMPO-oxidised CNCs (TOCNC), Pluronic F127 poloxamer (F127) and F127
modified TOCNC (F127-TOCNC). The black lines correspond to the rectangular prism model fitting (fitting data are reported in Supplementary Informa-

tion, Table S1).
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the TOCNC:s. In all, the SAXS data are consistent with TEM results with
the samples being roughly the same size at first approximation. F127 at
1 wt% did not scatter in the entire Q range. F127 in solution only forms
micelles above their critical micellization concentration (CMC) and
critical micellization temperature (CMT). As the concentration in-
creases, the micelles are formed at lower temperatures and so the CMT
decreases. The samples were analysed at 23 °C, and at a concentration of
1 wt%, well below the CMT and CMC of F127. In addition, F127 unimers
in aqueous solution have an approximate size of 9-12 nm (Russo et al.,
2024), whereas micelles can have a hydrodynamic diameter of ~15 nm
(Kushan & Senses, 2021), which can, if present, be easily detected using
SAXS. The lack of any peaks in the SAXS data confirms that no micelles
were formed.

3.3. 'H-13C cP/MAS NMR

Solid-state NMR was performed to both confirm the adsorption of
F127 onto TOCNC, and the nature of the interaction. Fig. 4a shows the
H — 3¢ CP/MAS NMR spectra of SCNC, TOCNC, F127 and F127-
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TOCNC. Both SCNC and TOCNC exhibit peaks corresponding to C1
(105 ppm), C4 (80-90 ppm), C2, C3 and C5 (70-80 ppm) and C6 (60-70
ppm) carbons of the anhydroglucose rings of cellulose (see Fig. 4 and
inset). TOCNCs exhibited a peak at 175 ppm corresponding to the C6
from COO" groups introduced by TEMPO oxidation. This peak is also
present for F127-TOCNC. From the TOCNC C6 peak, the degree of
oxidation was calculated to be 11.38 %. In theory, about half the pri-
mary hydroxy groups of CNCs are accessible to oxidation — the other half
are thought to be hidden inside the crystalline core of CNCs and, as such,
~20 % of the total anhydroglucose units can be oxidised (Fraschini
et al.,, 2017). Noting that some of the C6 carbons in sulfated CNCs
possess SO>~ groups (Batta-Mpouma et al., 2023) and that TEMPO
oxidation appears not to displace them, the degree of modification found
herein is in line with literature findings.

The methyl group of the PPO block was assigned to the '3C singlet at
ca. 18 ppm., whereas the alkyl chains of the PEO blocks assigned to the
multiplet at ca. 70-80 ppm on the neat F127 spectrum (Fig. 4b). An
overlap between the peaks corresponding to alkyl chains of PEO blocks
and the C2, C3 and C5 carbons of TOCNCs can be observed. However,

a)
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Cellulose - Repeated unit .
F127-TOCNC InV ,
\c2,¢3,¢5
C1
C6 from COO | \ JI\J) wCG

TOCNC TEMPO f \
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Fig. 4. 1H-13C CP/MAS NMR spectra of sulfated cellulose nanocrystals (SCNC), TEMPO-oxidised cellulose nanocrystals (TOCNC), F127-modified TOCNC (F127-
TOCNC), and Pluronic F127 poloxamer (F127), with carbon peak assignment of cellulose and F127.
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the peak assigned to the methyl group of the PPO blocks (18 ppm) can be
seen in the F127-TOCNC spectrum, evidencing that adsorption to the
TOCNC occurred. The degree of modification was calculated from the
peak located at 18 ppm; a value of 9.12 % (+ 0.4 %) was determined. To
resolve whether the adsorption was persistent, freeze-dried F127-
TOCNC samples were solubilised in ddH»O, stirred for 24 h, spun down
(11,000 xg, 5 min), the supernatant was removed and the resultant
pellet freeze-dried overnight. Analogous 'H—13C CP/MAS experiments
were performed (Fig. S2). This time, the degree of substitution was 7.61
% (£ 0.3 %), showing that adsorption is persistent and that only a small
percentage of F127 is desorbed from the surface upon washing. It is
important to note that washing the unadsorbed F127 provides infor-
mation on how much block copolymer is desorbed, but it does not
confirm which blocks are more proximal.

The self-diffusion coefficients of TOCNC, F127, and F127-TOCNC
were calculated to quantify the persistence of the adsorption through
solubilisation (Fig. 5). At first it is noted that F127 diffuses much faster
than TOCNC or F127-TOCNC, with D = 1.36 E~!° m?/s. Comparable
values were found by Ojha et al. (2020) for up to 20 wt% of F127 in
aqueous solution, where F127 existed in the form of isotropic micelles in
solution, which precedes the ordered phase. In our study, however, no
micelle formation was observed due to the concentration and mixing
temperature used, which are both well below the critical micellization
concentration and temperatures (CMT = 27 °C at 1 wt%). Still, these
data confirm that F127 unimers are able to move freely and are not
bound by any micelles. This, in turn, should favour the adsorption of
F127 to TOCNC as a unimer. It should also make PPO and PEO equally
accessible for adsorption to better understand which blocks are closer to
TOCNC. The coefficients of diffusion of TOCNC (D = 3.91E"'3 m?/s) and
F127-TOCNC (D = 4.18E '3 m?/s) are much slower than neat F1 27, and
similar to each other, which indicates that F127 is securely adsorbed and
seemingly not desorbed after solubilisation.

Arumughan et al. (2021) recently reviewed the adsorption of ionic
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and nonionic polymers on cellulose. The authors pointed out that the
large number of hydroxy groups on the surface of both cellulose and
nonionic copolymers — such as xyloglucans — has led to claims that the
driving force for this adsorption is enthalpic. In addition to that, Hanus
and Mazeau (2006) also cite molecular dynamic simulations that
demonstrated that the adsorption is predominantly governed by polar
components such as hydrogen bonding. These models, however, did not
explicitly consider water in their simulations. In the presence of water,
Arumughan et al. (2021) suggest that hydrogen bonds between nonionic
polymers can be substituted by hydrogen bonds with water instead. Reid
et al. (2017) first reported that hydrogen bonding between PEG and
cellulose does not occur in the wet state. They state that the hydroxy
groups on cellulose are not acidic enough to form hydrogen bonds with
PEG in the presence of water. Adsorption, in that case, is more likely
driven by an entropically favoured release of water from hydrated sur-
faces — as is the case for many other cellulose nanomaterials (Etale et al.,
2023; Solhi et al., 2023), and has been demonstrated and modelled for
cellulose-graphene interfaces in the presence of water (Alqus et al.,
2015).

To further elucidate the adsorption of F127 to TOCNC, a ‘H—!'H
NOESY NMR was carried out on F127-TOCNC (Alqus et al., 2015; Kong
et al., 2023); see Fig. 6. This form of spectroscopy provides information
about the spatial proximity of protons (up to ca. 3.5 A). This is useful to
determine the relative configuration of molecules or, in this case, to seek
information on whether PEO or PPO blocks are more proximal to the
TOCNC surface. It is important to note that it does not measure
adsorption, quantitatively or qualitatively, nor does it provide any in-
formation about the nature of the interactions (i.e., hydrogen, covalent
bonding).

An NOE crosspeak was observed between the CH3 groups of PPO and
the 'H of TOCNC at both short (0.5 s) and intermediate (1.0 s) mixing
times (crosspeak at ca. 1.04 ppm/3.34 ppm, Fig. 6 red arrow). This
suggests that the methyl group is spatially closer to TOCNC than the
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Fig. 5. 'H NMR spectrum of F127-TOCNC, with 'H peak assignment of the CHs and C,H, regions of F127 and of TOCNC. Inlay showing an intensity attenuation
curve as a function of gradient strength during DOSY NMR, with quantified self-diffusion coefficients (m?/s) of Pluronic F127 poloxamer (F127), TEMPO-oxidised

CNCs (TOCNC) and F127 adsorbed TOCNCs (F127-TOCNC).
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alkyl chains that comprise the PEO blocks.

AFM results further confirm the formation of a thin layer of block
copolymer on the surface of TOCNCs. F127-TOCNCs showed a tight,
narrow region of raised adhesion around their periphery (Fig. S3).
TOCNCs however show a large extended region of adhesion around their
peripheries, which is most likely due to ambient hydration. The changes
in the hydrophilic/hydrophobic characteristics are further proof of the
successful functionalisation, which in turn is also evidence of the change
in the surface charge profile of the TOCNCs after F127 adsorption.

Although several reports suggest that the nature of adsorption could
be primarily driven by hydrogen bonding of PEO blocks to CNC surfaces
in an anchor-buoy-anchor manner, our results seem to suggest that the
simple formation of a rigid layer of block copolymer surrounding the
surface of the cellulose nanocrystals, where PPO blocks are more prox-
imal to the TOCNC surface, is more likely.

QCM-D data presented in Figs. 7 and S4 indicate slow and mainly
irreversible adsorption of F127 on TOCNC, resulting in a formation of a
thin and rigid layer of block copolymer around the nanocrystals. The Af

T : T
0 50 100
Time (min)

Fig. 7. Changes in resonance frequency (Af) and dissipation (AD) (overtone n
= 5) as a function of time for adsorption of 100 mg/l F127 and subsequent
rinsing with water on TOCNC.

value for a polymer layer formed during one-hour period of adsorption
and subsequent rinsing with water was —3.6 &+ 1.6 Hz, corresponding to
640 + 280 ng m 2 of polymer on the surface (calculated using the
Sauerbrey equation, Eq. (5)). As expected, the adsorbed and very thin
polymer layer does not affect the morphology of the of TOCNC film
(Fig. S5).

Kushan and Senses (2021) studied the rheological properties of
F127/CNC gel composites and reported that the adsorption of PPO
blocks onto CNCs might be favoured only when the temperature is
increased above the critical micellization temperature. They argued
that, up to a CNC concentration of 3 wt%, the adsorption of PPO blocks
is favourable with increasing temperature. In the present study, how-
ever, all the conditions were carefully selected to remain below the
critical micellization temperature and a defined concentration of F127
(CMT = 27 °C at 1 wt%). Still, all the evidence suggests that adsorption
of F127 onto cellulose surfaces seems to be preceded by PPO blocks even
at low temperatures, and not by a bridging mechanism of PEO to CNC as
suggested in earlier reports (Li et al., 2012; Nagalakshmaiah et al.,
2016). Our findings corroborate those of Reid et al. (2017), even though
their work focused on the adsorption of PEG copolymers. Holappa et al.
(2013) studied the adsorption of hydrophobically end-capped PEG on
cellulose and silica below the critical association concentration — that is,
the point at which the premicellar aggregates are formed (Szutkowski
et al., 2018). Hydrophilic silica attracts PEG by polar interactions be-
tween the oxygen groups of PEG and OH groups on the silica surface
(Holappa et al., 2013). Adsorption of PEG onto cellulose was, however,
found to be low, due to the amphiphilic nature of cellulose and due to its
inherent lack of affinity with PEG. It is also important to highlight that,
despite our TOCNC having an abundance of hydroxy groups theoreti-
cally available for PEO-TOCNC interactions to occur, PPO blocks are still
spatially closer to the TOCNC surface. This further proves that adsorp-
tion is likely to occur. However, this adsorption is more likely to occur
simply due to the formation of a layer of F127 on the surface of TOCNC.

3.4. Thermal analysis

The thermal stability of the samples was evaluated by thermogra-
vimetric analysis (TGA). Fig. 8a presents these data as mass loss of the
samples as a function of an increase in temperature. Overall, little
variation was seen for the onset of thermal degradation of SCNC,
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Fig. 8. Thermal Gravimetric Analysis (TGA) (a) and Differential Thermal Gravimetry (DTG) (b) thermograms of sulfated CNCs (SCNC), TEMPO-oxidised CNCs
(TOCNCQ), Pluronic F127 poloxamer (F127) and F127 modified TOCNC (F127-TOCNC).

TOCNC, and their F127-modified counterparts. F127 block copolymer,
on the other hand, showed a single mass loss event, with an onset
degradation temperature of ~390 °C related to the thermal depoly-
merization of PEO and PPO blocks (Dou et al., 2016). For CNC samples,
more events can be identified from the derivative of the mass loss in
Fig. 8b. SCNC exhibits a derivative peak at ~252 °C, which relates to the
early degradation of anhydroglucoronate units with sulfate half-ester
groups. The remaining unmodified units in SCNCs then degrade at
~296 °C. Similarly, TOCNC exhibits a degradation peak at ~244 °C
related to carboxylate anhydroglucoronate groups, and unmodified
glucose units then exhibited a degradation event at 312 °C (Fukuzumi
et al., 2010; Lavoine et al., 2016). F127-TOCNC exhibits two early
degradation events that could be related to unmodified cellulose chains,
that is, where the block copolymer did not fully adsorb. The main
degradation event, however, occurred at 403 °C which was 19 °C higher
than that of the neat block copolymer. This is indicative of aggregation
between F127 and TOCNC or a protective effect of F127 surrounding
TOCNC - as confirmed by AFM and QCM-D results — in which F127 is
densely packed around the CNCs. This phenomenon has been observed
for hydrophobically-capped polyethylene glycol block copolymers
adsorbed onto cellulose surfaces (Holappa et al., 2013). Nevertheless,
this could be advantageous for the use of F127-TOCNCs in polymer
composites requiring high processing temperatures or for the applica-
tion of F127 modified CNCs in sensors.

Differential scanning calorimetry (DSC) was performed to evaluate
the crystallization, enthalpy, and phase transitions of F127 and F127-
TOCNC. Fig. 9 shows the heat flow thermograms of the first heat run
for all samples. Notably, SCNC and TOCNC exhibit broad endothermic
peaks. Since CNCs do not exhibit any glass transition or melting point,
the enthalpy values obtained could be related to water evaporation
events during the first heating cycle (Rasri et al., 2023).

Pluronic triblock copolymers of the F127 kind undergo a phase
transition from its unimer to its micelle form, which can be identified
from the centre of the melting peak located at ~56 °C. At high con-
centrations, these poloxamers self-assemble into core-shell micelles and
exhibit liquid-crystalline phases (Cohen et al., 2020). Here, the intro-
duction of TOCNC to F127 caused a reduction in both the phase tran-
sition temperature and crystallinity of F127. When comparing neat F127
to F127-TOCNG, a significant reduction in enthalpy was observed - from
109.9 J g1 to 56.6 J g}, respectively. TOCNC leads to a reduction in
the energy needed for self-assembly formation due to the interaction of
PPO blocks with the CNCs. Additionally, the crystallinity of F127 was
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Fig. 9. Typical Differential Scanning Calorimetry (DSC) thermograms of
sulfated CNCs (SCNC), TEMPO-oxidised CNCs (TOCNC), Pluronic F127 polox-
amer (F127) and F127 modified TOCNC (F127-TOCNC).

significantly reduced when adsorbed onto the TOCNC surfaces. In the
case of nonionic block copolymers and their ability to self-assemble, it is
possible that the presence of F127-adsorbed CNC could have a hindering
effect in the self-assembly of F127, thus leading to lower crystallinity
when compared to neat F127 or F127 solutions. Since the properties of
pluronics are also highly dependent on temperature and concentration
to promote gelation, it is unlikely that a 1 wt% suspension would lead to
gel formation for being below the critical micelle concentration (CMC)
of F127. Still, these DSC data appear to capture this effect.

A transition temperature (as calculated from the DSC melting peak)
of ~56 °C was observed for neat F127 — well above the temperature in
which the mixing carried out (4 °C). This should, according to Tarhanli
and Senses (2023), favour adsorption of PEO blocks. That, however, did
not occur. In this sense, the observations made by Reid et al. (2017) on
PEG adsorption to cellulose surfaces seem to support our findings: no
evidence of hydrogen bonding through NMR was found even for F127,
though intimate adsorption seems to occur. This leads us to believe that
PPO blocks, being closer to the TOCNC surface, did not form an anchor-
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buoy-anchor type of bridge, but instead seem to be surrounding the
surface of TOCNC intimately, driving PEO brushes further away from
them, forming a rigid layer of block copolymer around the TOCNCs.

3.5. Rheological properties

The viscosities of the samples (Fig. 10) were evaluated using 10 wt%
suspensions. All samples exhibit shear thinning behaviour with an in-
crease in the shear rate, which is typical for both CNC and F127 aqueous
solutions at 10-20 wt% concentrations (Gicquel et al., 2019; Jiang et al.,
2019; Shriky et al., 2020). F127 formed a gel at 25 °C and at a con-
centration of 10 wt%, which is in line with reports that this poloxamer
can gel when the concentration is above the CMC (Liu & Li, 2015; Russo
et al., 2024).

Overall, TEMPO oxidation did not effect the viscosity of SCNC
samples. F127 displayed the highest viscosity of all samples due to its
capacity to form an organized structure above its CMC (Suman et al.,
2021). When F127 was added to TOCNC, the intermicellar interactions
were disrupted by the presence of the nanocrystals, resulting in a weaker
gel with a lower viscosity. This disruption is also thought to be linked to
the adsorption of F127 onto CNC (Kushan & Senses, 2021). Still, the
viscosity increased in comparison to TOCNC, showing that F127 could
possibly aid the gelation of nanocrystal suspensions. As such, this is
further evidence that adsorption persists in aqueous media.

4. Conclusions

The surface oxidation of SCNCs using TEMPO was achieved, and the
subsequent adsorption of F127 to the surfaces of TOCNCs. F127 was
found to remain in a unimer form in aqueous suspensions. Our findings
suggest that adsorption occurs by the formation of a rigid layer of block
copolymer surrounding the TOCNC, where PPO blocks are more prox-
imal to TOCNC. In addition, PPO adsorption to TOCNC happened
regardless of the suspensions being above the Critical Micelle Temper-
ature (CMT). SS-NMR experiments, which were performed on freeze-
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dried samples, pointed to PPO blocks being more proximal to the
TOCNC surfaces. QCM-D and AFM evidenced the formation of a thin
layer of block copolymer surrounding the TOCNC, confirming the
adsorption. This adsorption has been shown to be persistent even after
subsequent solubilisation.

The findings of this work could be further explored in subsequent
experiments in the presence and in the absence of water to better un-
derstand how poloxamers interact with cellulose surfaces. In summary,
we emphasise the importance of understanding the complexity of cel-
lulose and water interactions, and to examine the effects of the nano-
particles’ medium on nonionic polymer adsorption behaviour,
particularly for the processing of composite gels. In addition to that, we
call for more experimental and theoretical studies to fully understand
the nature of adsorption of this class of block copolymers.
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