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ABSTRACT

This study investigates the behavior of a thermo-responsive bio-based hydrogel. A block
copolymer composed of a quaternized poly(2-(dimethylamino)ethylmethacrylate)
(PDMAEMA) cationic polyelectrolyte block and a thermo-responsive block of
poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA) was adsorbed on (2,2,6,6-
tetramethylpiperidine-1-oxyl radical) oxidized cellulose nanocrystals (TEMPO-oxidized
CNCs or TO-CNCs) to produce hydrogels. PDMEAMA-b-PDEGMA was synthesized by
atom-transfer radical polymerization and exhibited a lower critical solution temperature
between 26 and 28 °C. The extent and dynamics of the adsorption of PDMAEMA-b-
PDEGMA on TO-CNCs were determined by electromechanical and optical techniques,
namely quartz crystal microbalance with dissipation and surface plasmon resonance
spectroscopy. Electrostatic adsorption was identified on TO-CNCs with the quaternized block
copolymer. Small-angle neutron scattering experiments were performed to investigate the
polymer behavior on the TO-CNC surfaces. Depending on the temperature, block copolymer
induces the aggregation of nanocrystals after adsorption by connecting CNCs bundles with
block copolymer chains. A reversible liquid-to-gel transition, triggered by temperature, was
clearly detected by rheological measurements for the copolymer-CNC mixtures at the optimal
copolymer to CNC ratio the viscosity increased by four orders of magnitude at low shear
rates, due to change in temperatures. These stimuli-responsive functionalities in bio-based
hydrogels pave the way for the design of smart CNC-based materials for application in

injectable biomedical systems.



Introduction

With the goal to get out of fossil based economy, academic and industrial research has
focused on the design of a new generation of materials that are more “bio” (bio-based, bio-
compatible, bio-degradable) and “smart” (functional, stimuli-responsive). Nanocelluloses
extracted from various cellulose sources have been considered one promising solution. Two
major types of nanocellulose exist: cellulose nanofibrils (CNFs) and cellulose nanocrystals
(CNCs) '. Their differences stem from the isolation methods, dimensions and physical
properties. CNFs are flexible filaments of several micrometers long and CNF suspensions
present a gel-like behavior at low concentrations due to entangled networks. Oppositely,
CNCs are rigid rod-like particles with all dimensions in the nanometer range that form gels
only at high concentrations or with additives such as salt, acids, polymers or through surface
functionalization with crosslinkable groups S Owing to their physical/mechanical properties
and high aspect ratio, CNCs, which are generally obtained through acid hydrolysis of
cellulose have been suggested for several applications, including environmentally friendly

16-18

nanocomposites > °, biomedical applications *'°, coatings and printable electronics , and

hydrogels and aerogels >*".

An important class of functional materials is responsive polymers which are capable of
exhibiting changes that can be triggered by external stimuli (pH, temperature, light, redox
activity, etc.) 2. The addition of stimuli-responsive functionalities on particle surface can
be used to control the release of chemicals from the surface or interactions with other
compounds **, which is promising for biomedical applications, responsive surfaces, and
sensors, to name just a few. More specifically, CNC surface modification with thermo-
responsive polymers has been shown to significantly enhance the potential applications of
CNC systems “*?’. Many approaches to nanocellulose chemical modification have been

reported, both covalent and non-covalent **. For covalent modification, new properties can be



imparted to CNCs by the modification of hydroxyl groups on their surface. Polymer “grafting
onto” and “grafting from” strategies have both been investigated to modify CNCs with

22935 Most of this grafting use complex strategies or toxic

responsive polymer chains
compounds which strongly limits upscaling and consequently, their use in biomedical
applications. The non-covalent surface modification approach is based on adsorption by ionic,
non-ionic, or electrostatic interactions of ions, molecules, or polymers on the surface of
CNCs. Only a few studies have investigated the adsorption of stimuli-responsive polymers or
monomers on CNCs ***’. In some cases, block copolymers have been synthesized with one
block being a polyelectrolyte and the other consisting of a thermo-responsive polymer. The
polyelectrolyte block will be adsorbed onto surfaces with the opposite charge and the thermo-

33,38-40

responsive properties of the other block will be maintained at the surface . In a recent

study by Larsson et al. **

, three block copolymers, containing a thermo-responsive block
based on poly(di(ethylene glycol) methyl ether methacrylate) (PDEGMA with a lower critical
solution temperature (LCST) tuned between 26 and 28 °C) and a quaternized poly(2-
(dimethylamino)ethylmethacrylate) (PDMAEMA) polyelectrolyte block, were synthesized by
atom-transfer radical polymerization (ATRP) and then adsorbed onto cellulose nanofibrils in
an aqueous suspension. Adsorption at room temperature was investigated by dynamic light

scattering (DLS) and quartz crystal microbalance with dissipation monitoring (QCM-d), but

no studies on the rheology of such suspensions are available.

The rheological behavior of aqueous CNC suspensions has been studied in detail *'~*. Shear
flow, when applied to nanocrystal suspensions, modifies the liquid microstructure and
orientation of the rod-like particles. Above a critical mass concentration, CNC suspensions
are shear-thinning, i.e., when the shear rate is increased, the viscosity decreases. Some studies
give an explanation on what is happening to the microstructure of CNC suspensions in such

cases 41’45.



The expected rheological behavior of systems containing CNCs and thermo-responsive
polymers is a reversible liquid form below the LCST (with Newtonian behavior) to a hard
hydrogel above the LCST (with a viscosity higher than 100 Pa‘s at 1 s'). This reversible
behavior has been investigated in recent scientific studies on drug release *°, stabilization of

emulsions *', gel-entanglement structures >, and bio-reversible hydrogels 2.

In this study, a block copolymer with a PDEGMA thermo-responsive block and a cationic
PDMAEMA polyelectrolyte block was synthesized. Based on electrostatic interactions this
block polymer could be adsorbed onto TO-CNCs in water suspensions (schematic shown in
Figure 1). The final system is a thermo-responsive material achieved in aqueous conditions
without the need for covalent grafting on the CNC surface. Small-angle neutron scattering
(SANS) experiments were performed to understand the block copolymer behavior in the
suspension and on the surface of CNCs (mushroom conformation, collapsed chain, etc.). This
technique is non-destructive and gives access to the nanoparticle shape, radius of gyration,
and specific surface area. Finally, the rheological behavior of the bio-based system was

analyzed to understand gel reversibility, which is tuned by the external temperature.
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Figure 1. General schematic of diblock adsorption on TEMPO oxidized cellulose
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Materials and Methods

Materials

A colloidal suspension of ~12 wt.% commercial cellulose nanocrystals was purchased from
the UMaine Development Center (University of Maine, USA). The suspension was produced
from wood pulp by sulfuric-acid hydrolysis and was never freeze-dried. The suspension
concnentration was measured using a moisture analyzer (Ohaus® MB-35, Sigma Aldrich,
USA). For TEMPO oxidation, the following chemicals were purchased from Sigma Aldrich —
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 2564-83-2), sodium hypochlorite (NaClO, 12
wt.%, 7681-52-9), and sodium bromide (NaBr, 7647-15-6). In addition, ethyl o-
bromoisobutyrate (EBiB) (98%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)
(97%), copper(I)chloride (99%), and copper(Il)chloride (97%) were also procured from
Sigma Aldrich. lodomethane (P99%) was purchased from Riedel-de Haén. Di(ethylene
glycol)methyl ether methacrylate (DEGMA) (95%, Aldrich) and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (98%, Aldrich) were activated by passing through a column with
neutral and basic aluminum oxides, respectively. Diethyl ether (P99.8%), acetone (100%),
dichloromethane (DCM) (P99.8%), tetrahydrofuran (THF) (99.7%), and n-heptane (99.8%)

were purchased from VWR. Distilled water was used for all experiments.

Carboxylation of cellulose nanocrystals by TEMPO oxidation

CNCs were subjected to TEMPO oxidation using a previously reported procedure >*. The
CNCs (11 g) were dispersed in 730 mL of distilled water; the resultant suspension was
exposed to an ultrasonic dispersive energy of 5 kJ per gram of dry CNCs using a 250-W
sonication probe (Sonifier S-250A, Branson, USA) at 50% of the maximum energy. TEMPO
(323 mg, 2.07 mmol) and NaBr (3.564 mg, 34.61 mmol) were dissolved in 250 mL of

distilled water by magnetic stirring; subsequently, this solution was slowly added to the CNC



suspension. Later, 66 g (0.12 M) of a NaClO suspension was added dropwise to the CNC
suspension to start the oxidation reaction. The mixture was stirred for 3 h at room
temperature. The pH of the suspension was maintained between 10 and 10.5 by the addition
of 0.5 M sodium hydroxide during the reaction, which was later quenched by the addition of
ethanol (40 mL); at the end, the color of the suspension turned from yellow to white. The
obtained CNCs were washed with 0.5 M HCI to decrease the pH of the suspension to 1-2.
The suspension was then centrifuged at least three times (10,000 rpm, 30 min). After the last
centrifugation step, the oxidized CNCs were dispersed again in a minimal volume of distilled
water to recover all the CNCs. This suspension was then dialyzed against distilled water for at
least one week until a neutral pH was obtained (membrane molecular weight cutoff = 68
kDa). The obtained TEMPO-oxidized CNCs (TO-CNCs) were stored in a fridge at constant

pH to allow the CNCs to exist in their carboxylate form.
Size characterization of CNCs and TEMPO-oxidized CNCs

Transmission Electron Microscopy (TEM): Drops of about 0.001 %wt of CNC suspension
were deposited onto glow-discharged carbon-coated TEM grids. After 2 minutes, the excess
liquid was absorbed with filter paper, and prior to drying, a drop of Urany-Less (Delta
Microscopies, France) was deposited onto the specimen. Then, after 2 minutes, the excess
solution was adsorbed with filter paper and the grid was dried at room temperature. The
sample was observed using a Philips CM200 (FEI, USA) microscope operating at 200 kV and

the most representative images among at least 10 views were selected.

Atomic force microscopy (AFM): Individual nanoparticles of the colloidal suspension were
imaged using AFM (Dimension icon®, Bruker, USA). All samples were previously diluted to
10 %wt and a drop of 0.2 mL was deposited onto freshly cleaved mica plate. Samples are
dried overnight under room conditions. Those samples were characterized in tapping mode
using a silica coated cantilever (OTESPA® 300 kHz - 42 N/m, Bruker, USA). Scans of 10x10
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um? and 3.3x3.3 um? were performed to analyze dimensions of CNCs. At least 4 images per
samples were obtained. In order to measure length and height dimensions of CNCs, about 200
measurements were performed by using the software ImageJ® to obtain a representative

average.

Synthesis of PDMAEMA-b-PDEGMA block copolymers by ATRP

We followed a previously reported method * for synthesizing a PDMAEMA macro-initiator
and a chain extender with PDEGMA using EBiB as the ATRP initiator together with
HMTETA as the ligand and Cu(I)Cl as the halide (initiator:ligand:halide in a 1:2:1 ratio). The
synthesis of the macro-initiator, PDMAEMA, was carried out in a 100-mL round-bottomed
flask, by first mixing acetone (45 g, target 50 wt.% of monomer), HMTETA (2.08 mL, 7.63
mmol), and EBiB (560.1 pL, 3.82 mmol) by magnetic stirring. The flask was put in an ice
bath and DMAEMA (45 g, 286.24 mmol) was added, followed by sealing with a rubber
septum, vacuuming for 5 min, and argon filling for 5 min. Before the reaction was activated,
Cu(I)Cl (37.8 mg, 3.81 mmol) was added under argon flow to the flask followed by two more
vacuum/argon cycles and then immersed in a pre-heated oil bath at 50 °C. The reaction was
left to continue for ~1 h with none or low inhibition, targeting 30% conversion (as measured
by 'H-nuclear magnetic resonance (NMR)). The reaction was quenched by the addition of 150
mg Cu(II)ClI followed by a cycle of vacuuming and argon to ensure living end-groups. The
reaction mixture was passed through a column of neutral aluminum oxide to remove all the
copper compounds, followed by two precipitation cycles in cold heptane. The final polymer
was left to dry under vacuum overnight and analyzed by '"H-NMR and dimethylformamide
(DMF) - size-exclusion chromatography (SEC). Chain extension was carried out according to
a previously reported method *°, targeting a DEGMA monomer conversion of around 25%
and to achieve a degree of polymerization (DP) of 400 in the PDEGMA block. Typical

experiments were carried out by adding PDMAEMA as the macro-initiator (840 mg, 0.134



mmol) in a 50-mL round-bottomed flask, followed by the addition of acetone (40.35 g, target
50 wt.% of the DEGMA monomer). The flask was then immersed in an ice bath. HMTETA
(72.87 puL, 0.268 mmol) and DEGMA (40.35 g, 214.4 mmol for reaction DP 1600) were
added under argon flow, followed by sealing with a rubber septum and a vacuum/argon cycle.
Similar to the macro-initiator synthesis, the chain extension reaction was activated by the
addition of Cu(I)CI (13.26 mg, 0.134 mmol) and run at 50 °C in an oil bath after two
vacuum/argon cycles. The resulting polymer was terminated by letting in air and purified by
precipitating twice with cold heptane. The final block copolymer was analyzed by '"H-NMR
and DMF-SEC. Typical experiments for quaternization of the block copolymer, PDMAEMA-
b-PDEGMA, were performed in a beaker according to a previously reported method ¥ The
use of iodomethane yields a three times excess stoichiometric amount to DMAEMA units (ca
DP25). lodomethane was pre-dissolved in 15 mL of THF and added dropwise to a beaker
with PDMAEMA-H-PDEGMA (2 g) in THF (25 mL) and left overnight to react under
vigorous stirring and precipitated in cold heptane; this mixture was then re-dissolved in water
and precipitated in cold acetone, followed by final isolation via freeze-drying. In this study,

the block copolymer will also be called diblock (DB).

Characterization of the PDMAEMA-b-PDEGMA block copolymer

'H-NMR spectra were recorded at room temperature on a Bruker Avance 400 MHz
spectrometer, using CDCl; and D,O as the solvents. 'H-NMR was used to analyze both the
polymerization kinetics and monomer conversion to polymer and to estimate the degree of
quaternization of DMAEMA units in the block copolymer. SEC was performed using DMF
(0.2 mL min") as the mobile phase at 50 °C on a TOSOH EcoSEC HLC-8320GPC system
equipped with an EcoSEC RI detector and three columns (PSS PFG 5 Im; Microguard, 100 A,
and 300 A) (MW resolving range: 300—100,000 Da) from PSS GmbH. The molecular weight

(M, and My) and the polymolecularity index (Pn) were calculated using a conventional



calibration method with linear poly(methyl methacrylate) (PMMA) as the standard.
Corrections for flow-rate fluctuations were made using toluene as an internal standard. PSS

WinGPC Unity software version 7.2 was used to process the obtained data.

Polyelectrolyte titration (PET) was carried out to measure the charge density of the block
copolymers using a 716 DMS Titrino from Metrohm (Switzerland). Potassium polyvinyl
sulfate (KPVS) was used as the titrant and orthotoluidine blue (OTB) was used as the
indicator. The color change was recorded with a fotoelektrischer Messkopf 2000 from BASF
and the amount of KPVS needed to reach the equilibrium point was calculated according to

the method developed by Horn™.

PDMAEMA-b-PDEGMA adsorption onto TEMPO-oxidized CNCs in suspension

Adsorption of the PDMAEMA-b-PDEGMA block copolymer onto TO-CNCs in suspension
was carried out at 15 °C, a temperature below the LCST of the block copolymer (24 °C). The
freeze-dried block co-polymer was directly added to the suspension of CNCs at different

weight percent concentrations and dispersed by stirring with a magnetic stir bar over 4 h.

Adsorption experiments using quartz crystals microbalance with dissipation

(QCM-d)

Cellulose model surfaces were prepared on quartz crystal sensors coated with gold (QSX
301), supplied by Biolin Scientific AB (Sweden) to determine the amount of copolymer
adsorbed onto CNCs using QCM-d. QCM-d sensors were first washed with a piranha
cleaning solution (H,O, mixed with H,SO4 at a 1:3 ratio) for 20 min, rinsed with distilled
water, and dried with N,. Next, the sensor was spin-coated with a 0.1 mM suspension of
polyethyleneimine (PEL Sigma Aldrich, 750 000 g-mol™) at 4000 rpm for 30 s (SPIN150i
Tabletop, spin coating POLOS, The Netherlands) and rinsed with deionized water to remove

any unbound polymer from the surface. Finally, the colloidal suspension of TO-CNCs (1
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wt.%) was spin-coated on top of the PEI layer and rinsed using the same protocol. The films
were heat treated at 80 °C in the oven overnight to ensure stability in aqueous media. The

surface coverage of CNCs after spin coating was evaluated by AFM measurements °.

The interaction between TO-CNC films and the block copolymer was then measured using
QCM-d (E1 model, Biolin Scientific Holding AB, Gothenburg, Sweden). The CNC-coated
sensors were mounted in the QCM-d chamber and exposed to a flow of MilliQ water to create
a stable baseline before block copolymer injection (2 h). All the experiments were conducted
at a constant temperature of 18 °C. The block copolymer was injected at a flow rate of 17
mL/h at a concentration of 1 mM (based on polymer molecular weight). After reaching a

plateau in adsorption, rinsing was carried out with a flow of MilliQ water.

The principles of QCM-d have been described previously by Rodahl et al. °’. Changes in the
sensor’s resonance frequency are related to the mass adsorbed or desorbed to the sensor. The
QTools software (version 3.0.15, Biolin) was used for analysis of the frequency and
dissipation data (for overtones 3, 5, 7, 9, 11, and 13). The estimated adsorbed copolymer
amount (Am) was calculated using the Sauerbrey equation (Equation 2) ** with an

assumption that the adsorbed copolymer film is rigid.

(2) Am = —Cg
n

Where, C is a constant related to the density and thickness of the quartz crystal sensor and it
has a value of 17.7 ng-cmfz-HZ*1 for a 5 MHz sensors (provided by the manufacturer), Af'is
the change in frequency, and n is the overtone number. In this study, the third overtone was

used for calculating Am.

The Sauerbrey model is generally assumed to be valid if the dissipation change is less than 10

59,60

times the change in frequency change , if the coating is uniform and continuous on the

sensor and if the coated mass is small compared to the mass of the sensor >>. Furthermore,
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many studies have shown that there is only a small difference between the Sauerbrey and

more advanced viscoelastic models, such as the Voigt model *'~%.

Adsorption experiments using multi-parametric surface plasmon resonance

spectroscopy (MP-SPR)

Cellulose model surfaces were prepared on MP-SPR gold sensors coated with SiO, (SPR102-
Si03), supplied by BioNavis (Finland) to determine the amount of block copolymer adsorbed
onto CNCs using MP-SPR. MP-SPR sensors were first washed using a piranha cleaning
solution as described above for QCM-d sensors. Next, the sensor was spin-coated with a 2
wt.% suspension of TO-CNCs at 4000 rpm for 30 s (G3P Spincoat, Specialty Coating
Systems Inc. Indianapolis, USA). The films were heat treated at 80 °C in the oven overnight
to ensure stability in aqueous media. Sensors were then rinsed with deionized water to remove
any unbound CNCs from the surface and heat-treated again at 80 °C for 2 h. The full surface

coverage of MP-SPR sensors was verified by AFM.

Block copolymer adsorption onto TO-CNCs was monitored in real time using MP-SPR (Navi
200, BioNavis, Ylojarvi, Finland) and “full-angular scan” curves (40°-77°) were collected.
TEMPO CNCs films were swollen under a constant MilliQ water flow of 100 pL-min ™" at 18
°C for 1 h for equilibration (more details can be found in the work of Reid et al **) followed

by block copolymer injection at 100 uL-min" at a concentration of 0.5 mM.

Detailed information on the MP-SPR optical and flow systems are presented in the study by
Liang et al. ®. The MP-SPR instrument measures changes in the refractive index near the
sensor surface as follows: a laser beam is reflected off the back surface of the sensor through a
prism. Above a given angle (angle of total internal reflection) an evanescent wave is “leaked”
into the sensor’s metal generating surface plasmons. At the angle where the laser beam energy

and momentum match those of the plasmons a sharp dip in the reflected laser intensity is
12



measured (called the SPR “peak”). When changes occur at the sensor surface, such as
adsorption/desorption or film swelling, the SPR peak angular position shifts °. The
instrument used in this work has two lasers with wavelengths of 785 and 670 nm (hence
“multiparametric) with a spot size of 500 x 500 pm?, however, due to significant copolymer

adsorption, only the 785 nm laser data was within the measureable angular range.

Equation 3 was used to determine the thickness (d) of the adsorbed layer in nanometers from

MP-SPR .

B sl 2 R

X —_—
2 m(ng —no)

Here, ASPR,uq. 1s the change in SPR peak angle during adsorption, /; is the characteristic
evanescent electromagnetic-field decay length, which is estimated to be 0.37 times the
wavelength (785 nm), m is the sensor sensitivity factor (81.015°), and ny and n, are the
refractive indices of the bulk solution (1.334) and adsorbed substance, respectively. n, was
estimated to be 1.46 for the block copolymer (based on POEGMA) %% Later, the amount of

adsorbed polymer per unit area was calculated using Equation 4 ©.

(€)) Am=dXp
Here, d is the thickness of the adsorbed layer and p is the packing density of the adsorbed

170

copolymer. According to the results of Feng et al. ~, the value of p was taken to be 1.12

-3
gem .

Small-angle neutron scattering: Polymer behavior after adsorption

In order to investigate polymer behavior on the surfaces of CNCs after block copolymer
adsorption, SANS experiments were performed. The concentrations of the different
suspensions were as follows: 1 wt.% for TO-CNCs, 1 wt.% for the block copolymer, and 1
wt.% of the block copolymer adsorbed on 1 wt.% TO-CNCs. As SANS is sensitive to isotopic

composition, all the samples were dialyzed against DO in order to obtain the best contrast
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possible and to minimize incoherent scattering due to hydrogen. SANS experiments were
carried out using a PA20 spectrometer at le Laboratoire Léon Brillouin (CEA, Saclay,
France). A large range of the scattering vector, O, between 0.0024 and 0.044 A~ was probed
using three different neutron wavelength/sample-detector distances (5 A/18 m, 5 A/8 m, and 5
A/1.5 m). The samples were studied at 20 °C and 40 °C, i.e., below and above the polymer
LCST, respectively. The samples were loaded in quartz cells (Hellma) with a path length of 2
mm. The averaged spectra were corrected for the solvent (D,0O), cell, and incoherent
scattering (cell with 1 mm of H,0), as well as the background noise ’' and spectra 1(Q) =

f(Q) on an absolute scale. The data were fitted using the SasView® 4.0.1 modeling software.

Rheological experiments on the thermo-reversible hydrogels

The rheological behavior of hydrogels under shear stress was studied using a rotational
rheometer (Physica MCR 301 and MCR 302, Anton Paar, Austria). To investigate the
temperature effect and reversibility of these systems, tests were carried out below the LCST
(15 °C) and above the LCST (40 °C). Start-up shearing tests were performed with a cone-
plate configuration (diameter of 50 mm and angle of 1°). The atmosphere around the sample

was saturated with water to avoid evaporation during measurement.

To control the initial state of each sample, a constant shear rate was applied (10 s~ for 30 s).
The transient response under shear was recorded until steady conditions were obtained.
Steady-shear viscosity versus shear-rate curves were generated for each sample in the shear
rate range of 0.01 to 1000 s™'. The time required to reach steady conditions decreased with an

increase in the shear rate.
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Results and Discussion

Hydrogel material characterization

TEMPO oxidation of cellulose nanocrystals

Figure 2. TEM images of a) CNCs and b) TO-CNCs.

After extraction from wood pulp with sulfuric acid, CNCs exhibit a rod-like shape, as shown
in Figure 2a. Size measurements on TEM images show an average length of 150 + 30 nm and
a cross-section of 10 + 5 nm. These values are comparable with those reported previously %
Oxidizing the CNCs through TEMPO-mediated oxidation did not change their size or
appearance (Figure 2b). The sulfate half-ester content on CNCs was 200 umol- g'1 and the
carboxylate content after oxidation was found to be 1450 pmol-g™ which corresponds to a
degree of oxidation of 0.25 mol/mol of anhydroglucose unit, determined by conductometric

titration (see Supporting Information - Figure S1).

Synthesis of the PDMAEMA-b-PDEGMA block copolymer by ATRP

The PDMAEMA-b-PDEGMA block copolymer was successfully synthesized using Cu(I)-
mediated ATRP. It results in a relatively narrow macro-initiator followed by a successful
chain-extension reaction, as can be judged by the SEC results in Table 1. The charge density
is only present on block of PDMAEMA. The molecular weight of the responsive block is
much higher than the polyelectrolyte block in order to favor stimuli-responsive properties. As
previously described by Vuoriluoto et al. >* and Larsson et al. *°, the anchoring first block of

15



PDMAEMA contains tertiary amine groups which are quaternized (permanent cationic

charges) by methylation.

Table 1. Data corresponding to the polymerization of the PDMAEMA-b-PDEGMA block

copolymer

Sample M.,” [g/mol] M,’ (Py) [g/mol] Charge density [meq/g]*
PDMAEMA macro-initiator 3 700 7 060 (1.20) 3.065
PDMAEMA-b-PDEGMA 39 000 119700 (1.21) 0.340

@ Calculated from 'H-NMR conversion 30% of PDMAEMA and 25% of DEGMA block. ° From analysis in DMF-SEC. °

Measured by PET

Adsorption of PDMAEMA-b-PDEGMA to TO-CNC Films

Figure 3 presents the adsorption results for the PDMAEMA-b-PDEGMA block copolymer
and TO-CNC films measured by QCM-d (Figure 3a) and MP-SPR (Figure 3b). These
experiments probe the copolymer-CNC interactions in two-dimensions and will later be
compared to adsorption in suspension (i.e., in three-dimensions). Strong copolymer
adsorption was measured by both techniques and is attributed to electrostatic attraction
between anionic CNCs and the cationic block of the copolymer (PDMAEMA). The fast
adsorption (that reaches a plateau within minutes) and no removal of copolymer upon rinsing
is typical behavior for adsorption driven by electrostatic interactions . Based on previous
work with grafting and adsorption of polyethylene glycol (PEG) and PEG-based polymers

onto CNCs, no adsorption to cellulose is expected from the PDEGMA block "*°.
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Figure 3. Adsorption of PDMAEMA-b-PDEGMA copolymer onto TO-CNC films. a) QCM-
d results where the adsorption was measured at 15°C, pH 5.5, flow rate at 300 uL/min and
copolymer concentration of 1 mM. The block copolymer was injected at 100 seconds (pH =
5.4) and the rising with MilliQ water started at 600 seconds. Af; (left axis) and ADs (right
axis) are the shift in frequency and dissipation for overtone 3, respectively. b) MP-SPR results
where adsorption was carried out at 18°C, pH 6, flow rate of 100 uL/min, and copolymer
concentration of 0.5 mM. The block copolymer was injected at 6 min and the rising with

MilliQ water started at 105 min.

Table 2 summarizes the adsorbed amounts of the block copolymer on TO-CNC films from
QCM-d and MP-SPR measurements; the values are very similar at 30 and 23 mg'm 2,
respectively. This large adsorbed mass is due to the high surface charge density of
carboxylated TO-CNCs (at pH 5.5) and the high molecular weight of the block copolymer.
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The small discrepancy between techniques can be attributed to the mass of water coupled to
the copolymer, which is detected by QCM-d but not by SPR. The strong adsorption of
PDMAEMA-b-PDEGMA to cellulose and the adsorbed amounts agree with previous studies
showing similar block copolymer adsorption to CNF films ** and TEMPO-oxidized CNF
films **7**. In the MP-SPR results of Vuoriluoto **, the amount of block copolymer (Ds3-
EGMA 37) adsorbed on TEMPO CNF were 6.1 mg-m™ which is lower than the present
20 mg-m™ for D2o-EGMA ;0. After spin coating on sensors, CNC exhibit a higher film density
than CNF, which corresponds to a higher amount of negative charge and also to a higher

amount of block copolymer adsorbed on CNC coated sensor.

Table 2. Block copolymer adsorption to films - 2D experiments: QCM-d results present
frequency and dissipation changes and adsorbed mass, Am, (Equation 2) from PDMAEMA-
b-PDEGMA adsorption to TO-CNC films. MP-SPR results show the layer thickness, d,
(Equation 3) and adsorbed mass (Equation 4) from PDMAEMA-b-PDEGMA adsorption to

TO-CNC films.

QCM-d MP-SPR
Surface Af5/3 AD; Am d Am
(H2) (109 (mgm? | (m) (mg'm?)
TO-CNCs -175.8 6.9 30.0+0.1 20.5 23.0+04

Structural investigation by SANS

SANS measurements were performed to obtain structural information on both the individual
components, namely TEMPO-oxidized CNCs and PDMAEMA-b-PDEGMA block
copolymer, and on a sample composed of a mixture of TO-CNCs and block copolymers with

a 1:1 TO-CNC:DB mass ratio.
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Figure 4. SANS curves for a) TO-CNCs at 20°C, b) PDMAEMA-b-PDEGMA block
copolymer (DB) below and above the LCST and c¢) TO-CNCs (black dot), TO-CNCs mixed
with block copolymer system under (blue open circle) and above the LCST (red dot). I(Q)
was normalized by the suspension concentration. Slope fitting curves are indicated on each
graph. The concentrations of the different suspensions/solutions were as follows: 1 wt.% for
TEMPO CNCs, 1 wt.% for the block copolymer, and 1 wt.% of the block copolymer adsorbed

on 1 wt.% TEMPO CNCs

Figure 4a shows the SANS spectrum of a 1 wt.% TO-CNCs suspension in D,0. In the low
Q-region, the intensity decays as Q ', which is the characteristic decay of rod-shaped objects.
In the high-Q region, a Q* decay is observed, which reflects a sharp and smooth interface
between the particles and the solvent. These features, which are the same as those reported for
as-prepared (i.e. non-oxidized) CNCs ', show that the TEMPO oxidation does not
significantly affect the morphology of TO-CNCs, which consist of rod-like objects with a
smooth surface. A quantitative analysis was further performed by fitting the TO-CNC
spectrum in Figure 1 using the form factor of parallelepipedic particles. Such an analysis
could be carried out due to the dilute conditions used, which allowed us to consider the
sample as being composed of non-interacting particles and therefore to neglect the influence
of the structure factor. As shown in Supporting Information Figure S2, a good fit of the
data could be obtained, giving average dimensions of 150 nm % 19 nm x 4 nm. The accuracy
on the length value is low, due to the lack of data in the very low-Q-range, but these
dimensions are in good agreement with previously reported values. Furthermore, a good
agreement with dimensions extracted from a statistical analysis of the TEM images is also
obtained.

Figure 4b shows the SANS spectra of 1 wt.% DB solutions at 20 °C and 40 °C, i.e., below
and above the polymer’s LCST, respectively. Below the LCST, the DB signal in the probed

Q-range corresponds to a low-Q plateau followed by a Q decay, showing that the absence of

20



aggregates and that DB chains obey Gaussian statistics. The spectrum could be fitted using
the Debye function that characterizes polymer chains in theta solvent "® and the radius of
gyration of the DB extracted from this analysis is about 4.8 nm. This value is fairly consistent
with what is expected from ~40000 g/mol polymers.

The dimensions extracted from the SANS measurements for both the TO-CNC and the DB
were used to estimate the DB to CNC ratio that corresponds to full coverage of the CNC
surface by DB chains. In this estimation, surface saturation is defined as the point where all
the available CNC surface is covered with non-overlapping adsorbed DB coils with the tighter
possible packing, which corresponds to 90% of the CNC surface in the case of a hexagonal
packing. Using the aforementioned dimensions for TO-CNCs and of Rg~4.8 nm for the DB
coils, it can be estimated that the surface saturation of a TO-CNC is reached when about 80
DB chains are adsorbed. This value corresponds to a TO-CNC/DB mass ratio of 3.

As expected, a different SANS spectrum is obtained for the block copolymer solution when
the temperature is increased above the LCST. The intensity decays as Q * in the low Q-region,
which can be attributed to the formation of dense and large-size aggregates formed by the
association of collapsed chains in these bad solvent conditions. In the intermediate Q-region
the intensity decay is somehow similar to the form factor of polydisperse spheres but no
attempts to precisely fit these data with a model was performed. The Q™ decay in the high Q-
region indicates the rough character of these rather well-defined globules.

Figure 4¢ shows the SANS result for a system based on TO-CNCs and block copolymers in a
1/1 mass ratio, below and above the LCST of the DB. Below the LCST, the Q* dependence
and the very significant increase in the scattering intensity (when compared to TO-CNCs) in
the low Q-region is not compatible with rod-shaped particles anymore but rather corresponds
to the presence of CNC bundles, possibly connected by DB chains. The high slope in the high
Q-region (between Q~ and Q) is not compatible with the adsorption of polymer chains that

should give a Q? decay for adsorbed swollen coils (mushroom regime) or Q' decay for
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adsorbed extended polymer chains (brush regime). SANS data therefore show that the sample
is not composed of individual CNCs decorated by adsorbed DB chains on their surface but
rather prove that the polymer induces the aggregation of CNCs. This result is in line with
dynamic light scattering data yielding high hydrodynamic diameters values (data not shown)
and is possibly a result of the large excess of DB chains in this samples when compared to the
estimated saturation. Heating such a sample at a temperature higher than the LCST has strong
consequences on the SANS spectrum that exhibits a close to Q™ decay on a very extended Q-

range, showing the formation of dense aggregates at all probed length scales.
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Rheological behavior of the hydrogels

Rheological behavior of TO-CNCs and block copolymers
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Figure 6. Flow curves of a) TO- CNCs at 1.6, 4 and 7.2 w.t% at 20°C and b) diblock at 2 and

5 wt.% below (15°C) and above (40°C) its LCST.

Figure 6 shows the flow curves of different raw materials used in this study. The rheological
behavior of TO-CNCs (Figure 6a) is analyzed at different concentrations. The rheological
behavior of dilute suspensions is similar to that of a Newtonian fluid. When the concentration
increases, this behavior shifts to that of a shear-thinning fluid and a three-slope behavior

appears at higher shear rates. This behavior is characteristic of a chiral nematic phase for non-
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oxidized CNCs **"_ Figure 6b shows the rheological behavior of the block copolymer at
different concentrations and temperatures (above and below the LCST of the thermo-
responsive polymer). The PDEGMA block is thermo-responsive as described earlier *°.
Whatever the concentration is (up to 5 wt.%), the viscosity is never greater than 0.2 Pas at a
shear rate of 0.1 s '. Further, there was no clear difference in its viscosity at the LCST. The
constant behavior between these two temperatures is probably because the polymer does not
exhibit any entanglement at this concentration when the LCST is reached. Below the LCST,
the block copolymer exists in the form of a random coil and does not resist shear. Above the

LCST, it precipitates. Nevertheless, in the absence of anchorage, the collapsed globules of the

diblock flow under the action of a shear rate.

Influence of TO-CNCs on the rheological behavior of the block copolymer solution

The rheological behavior of TO-CNCs/DB mixtures was first investigated at a constant block
copolymer concentration of 3 wt.% and varying TO-CNCs:block copolymer mass ratios,
namely 2:1 (Figure 7a), 1:1 (Figure 7b), and 0.5:1 (Figure 7¢). As shown by QCM-D and
MP-SPR data, DB chains strongly adsorb onto TO-CNCs but according to the surface
saturation estimated from a geometrical approach and using SANS data, each of these ratios
corresponds to bulk samples where the DB is in excess, i.e. a fraction of the DB chains is
adsorbed on the CNCs and another fraction consists of free chains in solution. At low shear
rates (< 0.1 s'), the viscosity of both individual TO-CNCs (Figure 6a) suspensions and
individual block copolymers solutions (Figure 6b) is low and below 1 Pa's, whatever the
concentration value in the range probed. However, in the case of mixtures of the two species
for TO-CNC:DB mass ratios equal to 2:1 and 1:1, viscosity values as high as 100 Pa-s were
measured (Figure 7a and 7b). For these two samples, when the shear rate is increased, a
shear-thinning behavior can be observed with a viscosity decrease down to 0.1 Pa's for a
shear rate of 100 s™. In both these cases, a significant synergistic effect is thus observed

below the LCST. However, increasing the temperature above the LCST has little effect on the
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viscosity, showing that under these conditions the system does not exhibit any temperature-
sensitive behavior despite the presence of the thermosensitive DB. These results are consistent
with samples being composed of polymer-mediated aggregated CNCs, as revealed by SANS
for the TO-CNC:DB 1:1 sample. It can be assumed that within these mixed bundles most of
the block copolymer chains are involved in the creation of bonds with and between the CNCs,
which suppresses their thermosensitive character. High shear rates presumably induce a
weakening of interactions between aggregates or a reduction of their size, which results in low
viscosity values since, as the shear rate increases, the system would more and more behaves

as a mixture of individualized particles.
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Figure 7. Flow curves under (ring) and upper (dot) the LCST of a 3 wt.% diblock solution
with a) 6 wt.% TO-CNCs (ratio 2:1), b) 3 wt.% TO-CNCs (ratio 1:1) and c) 1.5 wt.% TO-

CNCs (ratio 0.5:1).

The rheological behavior shown in Figure 7¢ for a TO-CNC:DB 0.5:1 mass ratio is
completely different. Indeed, below the LCST, for this more limited amount of TO-CNC in
the sample, there was no clear synergistic effect and the sample exhibits a low viscosity
similar to the one obtained for a pure TO-CNCs suspension. Nonetheless, when the
temperature is increased above the LCST of the DB, a considerable thermal transition is
observed with an increase in the viscosity by more than three decades at a low shear rate (0.1
to 400 Pa's at 0.1 s™). At higher shear rates (>10 s '), the viscosity drastically decreased to
reach low values below 0.01 Pa‘s above 300 s™. It can be assumed that at this lower TO-CNC
content the size of the CNC aggregates is smaller than for higher TO-CNC:DB ratio and that
the system tends to comprise individual CNCs particles with adsorbed block copolymer
chains. Block copolymer chains in excess are not involved in connecting CNCs and these
chains retain their thermo-responsive behavior. As a consequence, the sample behaves below
the LCST like a polymer-decorated TO-CNC suspension, with a viscosity slightly higher than
a pure TO-CNC sample. Above the LCST the thermo-responsive block collapses and
becomes hydrophobic, which leads to CNC aggregation and cross-linking, resulting in a high
increase in viscosity. Such a situation is reminiscent of the case of thermo-responsive

polymer-grafted CNCs reported by Hemraz et al. and Azzam et al. 20753

Influence of the TO-CNC and block copolymer ratio on the rheological behavior of the
hydrogels

In the second part of the rheology study, the final concentration of the suspension was fixed at
5 wt.% and the influence of the ratio between TO-CNCs and block copolymer on the

rheological behavior of the hydrogels was evaluated (Figure 8). As suggested by the QCM-D
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results (Figure 3a) and MP-SPR measurements (Figure 3b), the block copolymer exhibits a
high tendency to adsorb irreversibly on TO-CNCs. Four ratios TO-CNCs:DB were selected:

2:1,1:1,1:2, 1:4.
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Figure 8. Flow curves (ring) and upper (dot) the LCST for final system concentration of

5 wt% with different ratio of TO-CNCs for diblock of a) 2:1, b) 1:1, ¢) 1:2 and d) 1:4.

For the first two ratio values, as shown in Figures 8a and 8b, the rheological behavior of the
mixed suspension below the LCST exhibits a significant synergistic effect when compared to
pure DB solutions or pure TO-CNC suspensions. However, in both cases, increasing the
temperature above the LCST had no significant effect on the rheological behavior, i.e. both
systems are not thermo-responsive. The viscosity is lower than the viscosity measured in
Figures 7a and 7b (10 against 200 Pa‘s) due to a suspension concentration divided by two for

the present samples, which influences the rheological behavior of the hydrogel.
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In Figure 8¢ the TO-CNCs:DB 1:2 (in a consistent manner with the ratio 0.5:1 on Figure 7c¢),
the amount of block copolymer with respect to the TO-CNCs increases and seems to create a
thermo-responsive system. Below the LCST, the flow curve indicates a similar viscosity on
the all shear rate range than TO-CNCs:DB 2:1 (Figures 8a) and 1:1 (Figure 8b). Besides,
above the LCST, the viscosity increases at a low shear rate (<1 s'). The block copolymer
amount is sufficient to allow the existence of CNCs as individual particles with some
adsorbed chains and its thermal responsivity in the suspension. At higher shear rates (>3 s '),
the system’s structure is broken due to shear. At shear rates greater than 100 s, the viscosity
reduces to below 0.01 Pa-s because of the expulsion of aggregates out of the suspension by

centrifugation (visual observation after rheological experiments).

The system with TO-CNCs:DB 1:4 (Figure 8d) exhibits a very promising thermo-responsive
result when the block copolymer is present in a large amount as compared to TO-CNCs.
Below the LCST, no clear synergistic effect is visible and the system exhibits low viscosities
(<0.1 Pa-s). However, above the LCST, the system displays an impressive thermo-responsive
behavior. At a shear rate of 0.1 s, the viscosity increases by about 760 times when the LCST
is reached (340 Pas). Up to 30 s ', the viscosity follows a plateau trend. It overcomes the
resistance of adsorbed systems to flow, probably due to the network of the thermo-responsive
polymer cross-linked by TO-CNCs. Subsequently, after a critical shear rate of 30 s, the

network is broken and a sharp decrease can be observed in the viscosity.

Figure 9 attempts to illustrate these two system behaviors.
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Figure 9. Scheme of the two characteristic behavior identified in this work. (1) TO-
CNCs >> Diblock: polymer-mediated aggregated CNCs without thermo-responsive behavior.
(2) TO-CNCs << Diblock: individualized particles with polymer chains in excess which allow

a thermo-responsive behavior.

Due to the strong adsorption between the TO-CNCs and block copolymer, it is possible to
create a thermo-responsive hydrogel with dilute suspensions of nanocrystals. Below the
LCST, the system is a “liquid” and above the LCST, it becomes a “gel.” While the ratio is
very important, the maximum viscosity can also be tuned by increasing the final
concentration. Viscosities greater than 3000 Pa-s (at 0.1 s™') could be obtained at a particular

ratio of the TO-CNCs and block copolymer, but a phase separation was observed.

31



Conclusions

In this study, we examined the thermo-responsive behavior of a hydrogel based on cellulose
nanocrystals and a thermo-responsive polymer. A quaternized block copolymer of
PDMAEMA-b-PDEGMA was adsorbed on TEMPO-oxidized CNCs. QCM-d and MP-SPR
measurements indicated fast and irreversible electrostatic adsorption of the block copolymer
onto highly anionic TEMPO-oxidized CNC films. Highlighted by SANS measurements,
PDMAEMA-b-PDEGMA block copolymers become more hydrophobic and turn into well-
defined globules through association of collapse chains upon heating. Adsorbed on the TO-
CNC surfaces, block copolymers chains connect CNC bundles and induce the aggregation of
TO-CNCs to create dense aggregates when the critical temperature (LCST) is reached. A
synergistic effect between the TEMPO-oxidized CNCs and the block copolymer was shown
by rheological flow-curve experiments. But, only a high amount of the block copolymer (four
times the TO-CNCs mass) in the suspension leads to an appreciable thermo-reversible
behavior above the LCST of the polymer when individualized particles CNCs-polymers
appear. There occurs a transition from a “liquid” state below the LCST to a “gel” state above
the LCST. When the LCST is reached, the polymer on the CNC surfaces attracts its
neighboring nanoparticles. Later, non-adsorbed polymers connect with these particle
aggregates and form a hydrogel. This promising thermo-responsive functionality on bio-based
particles paves the way for the design of injectable hydrogels for surgery or anesthetic

medicine.
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Figure S1: Conductometric and pH titration for TEMPO oxidized CNC
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