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Abstract 9 

Utilization of reversible non-covalent interactions is a versatile design strategy for 10 

the development of stimuli responsive soft materials. In this study, hydrophobic 11 

interactions were harnessed to assembly water-soluble macromolecules and 12 

nanoparticles into a transient hybrid network forming thermosensitive hydrogels 13 

with tunable rheological properties. Hybrid hydrogels were built of biopolymer 14 

derived components: cellulose nanocrystals (CNCs), nanoparticles of high aspect 15 

ratio, and hydroxypropyl methylcellulose (HPMC). To enable polymer/CNC 16 

assembly via hydrophobic interactions, the surface of highly hydrophilic CNCs was 17 

modified by binding octyl moieties (octyl-CNCs). The amphiphilicity of 18 

octyl-CNCs was confirmed by surface tension measurements. The molecular and 19 

particulate amphiphiles assemble into hybrid networks, which result in stiffer and 20 

stronger hydrogels compared to HPMC hydrogels and hydrogels reinforced with 21 

hydrophilic CNCs. Hybrid hydrogels retain the ability of HPMC hydrogels to flow 22 

under applied shear stress. However, significantly higher viscosity was achieved 23 

for HPMC/octyl-CNC compared with HPMC/CNCs hydrogels. The inherent 24 

thermal response of rheological properties of HPMC hydrogels was further 25 

amplified in combination with octyl-CNCs due to temperature-induced 26 

polymer/nanoparticle association via hydrophobic interactions. Saturation transfer 27 

difference (STD) NMR spectroscopy demonstrated the growth of network-bound 28 

water with an increase in temperature, which correlates with the increase of stiffness 29 

and viscosity of hydrogels upon heating. Rheological properties of these hybrid 30 

hydrogels are defined by the content of the soluble polymer and the CNCs, and it is 31 

shown that they can be finely adjusted for a required application. 32 
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 35 

Introduction 36 

Supramolecular assembly is growing into an established paradigm for the 37 

preparation of soft materials. The structural elements in supramolecular networks 38 

are held together due to physical cross-links driven by reversible non-covalent 39 

interactions such as hydrogen bonding, ionic or hydrophobic interactions, transition 40 

metal coordination, - stacking (Appel et al. 2012; Du et al. 2015; Sahoo et al. 41 

2018; Voorhaar et al. 2016). The reversible and transient nature of such 42 

crosslinking enables the fabrication of environmentally responsive, self-healing, 43 

moldable soft materials. These attributes are highly desirable in various applications 44 

and actively explored in biomedicine, e.g. injectable hydrogels for tissue 45 

regeneration and drug delivery (Sahoo et al. 2018), food and cosmetic industries 46 

where encapsulation of bioactive ingredients is required (Zakharova et al. 2016) or 47 

for structuring and rheological modification (Zheng and Loh 2016), and the oil 48 

industry (Cao et al. 2015), etc. 49 

 50 

Supramolecular networks can be built of low molecular weight substances (Du et 51 

al. 2015) or polymers (Voorhaar and Hoogenboom 2016). However, low molecular 52 

weight gelators tend to be complex molecules requiring challenging and costly 53 

synthesis. Moreover, the mechanical properties of (hydro)gels formed by small 54 

molecules are usually inferior compared to polymer-based counterparts. 55 

Polymer-based systems can utilize relatively simple chemical structures, with 56 

functional units randomly distributed along the macromolecule. They can also use 57 

more sophisticated macromolecular structures such as block co-polymers, polymers 58 

functionalized with complex motifs often inspired by biospecific interactions 59 

(Appel et al. 2012). 60 

 61 

Hydrophobic interactions have been previously used for the improvement of 62 

strength and toughness of polymer hydrogels (Mihajlovic et al. 2017; Tuncaboylu 63 

et al. 2011) or as associative rheology modifiers in aqueous systems (Chassenieux 64 

et al. 2011; Lundberg et al. 1991). This latter approach is based on using 65 

copolymers with associative domains as a single hydrophobic block (in ABA-type 66 
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block copolymers), two end hydrophobic blocks (BAB-type block copolymer) or 67 

many randomly distributed hydrophobic groups (Chassenieux et al. 2011). Such 68 

amphiphilic copolymers assemble into a variety of morphologies via reversible 69 

hydrophobic interactions. Moreover, molecular association involving amphiphilic 70 

polymers is sensitive to temperature. This temperature dependence is due to 71 

entropically driven release of ordered/bound water at elevated temperatures when 72 

hydrophobic domains assembly into the aggregates. Therefore, hydrogels based on 73 

amphiphilic polymers provide a platform for the fabrication of reversible 74 

self-healing, thermoresponsive hydrogels where their rheology can be tuned from 75 

injectable formulations to tough and strong hydrogels. 76 

 77 

Further alterations in mechanical properties of hydrogels and diversification of their 78 

functional properties can be achieved via the integration of nanoparticles into the 79 

hydrogel structure. Nanocomposite hydrogels is a thriving research field, and 80 

various nanoparticles have been explored as constituents of hybrid hydrogels. 81 

Reflecting the fact that hydrogels are aqueous systems, naturally most 82 

nanocomposite hydrogels have been developed with the use of hydrophilic 83 

nanoparticles such as clay minerals, nanocellulose, silica, graphene oxide (Alam et 84 

al. 2018; Schexnailder and Schmidt 2009). However, Baumann et al. (2010) 85 

reported an unexpected increase in stiffness of hydrogels based on a blend of 86 

hyaluronic acid and partially hydrophobic methylcellulose (MC) with the addition 87 

of hydrophobic nano- and microparticles made of poly (d,l-lactic-co-glycolic acid) 88 

(PLGA). The authors attributed such an effect to the hydrophobic interactions 89 

between MC and PLGA particles. Based on this observation, Appel et al. (2015) 90 

proposed the concept of making self-healing, thermoresponsive supramolecular and 91 

colloidal hydrogels via reversible association of soluble macromolecules and 92 

particles driven by hydrophobic interactions. To augment hydrophobic interactions, 93 

hydroxypropyl methylcellulose (HPMC) was modified using isocyanates with a 94 

long alkyl chain (hexyl, adamantyl and dodecyl). The most hydrophobic HPMC 95 

modified with dodecyl moieties allowed the formation of much stronger hydrogels 96 

in the presence of hydrophobic particles (polystyrene and PEG-b-PLA block 97 

copolymer). This confirmed that reversible networks can be built via transient 98 

hydrophobic interactions between amphiphilic polymers and nanoparticles. Such 99 
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hydrogels retained shear-thinning properties and quickly restored the network after 100 

shear deformation. 101 

 102 

The current study further explores this concept using nanoparticles of high aspect 103 

ratio, cellulose nanocrystals (CNCs). To enable the formation of supramolecular 104 

and colloidal networks due to hydrophobic interactions, the surface of the CNCs is 105 

modified by binding hydrophobic octyl moieties (octyl-CNCs). HPMC was used as 106 

a soluble polymer with amphiphilic properties. Surface activity and thermal 107 

response of octyl-CNCs was confirmed by surface tension measurements. These 108 

all-cellulose supramolecular and colloidal systems are shear-thinning, temperature 109 

sensitive hydrogels of higher stiffness and strength compared to materials made 110 

with HPMC alone, and those containing only hydrophilic CNCs. 111 

 112 

Materials and methods 113 

Materials 114 

Sodium metaperiodate, octylamine, hydroxypropyl methylcellulose (HPMC) with 115 

a molecular weight of approximately 86 kDa and viscosity of - 2,600-5,600 cP (2 116 

wt% solution in water) were purchased from Sigma-Aldrich (Loughborough, UK) 117 

and used without further purification. Cellulose nanocrystals (CNCs) in sodium 118 

form were supplied as an 11.3 wt.% aqueous slurry by Maine University Process 119 

Development Centre (USA, Orono, ME). According to the manufacturer, the sulfur 120 

content of the CNCs was 0.9wt% sulfur per gram of dry CNCs. 121 

 122 

Octyl-CNCs were synthesized according to the procedure described elsewhere 123 

(Nigmatullin et al. 2018). In short, the synthesis was made on a scale of 2.5 g CNCs. 124 

CNCs were oxidized by 0.9 g of KIO4 for 24 hours. After, purification oxidized 125 

CNCs were reacted with 2.5 g of octylamine for 3 hours at 45 C and for a further 126 

21 hours at room temperature after adding NaBH3CN. Octyl-CNCs were purified 127 

using centrifugation and finally dialyzed against deionized water. The suspension 128 

of purified octyl-CNCs was concentrated by allowing water evaporation through 129 

the dialysis membrane. Purified octyl-CNCs were kept as never-dried material as a 130 

concentrated gel. 131 

 132 

 133 
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Surface tension measurements 134 

An advanced surface tensiometer from Krüss (Germany, model Krüss K100) was 135 

used for the measurements of surface tension. For the determination of the surface 136 

tension of CMC, a standard measuring probe (PL01) for the Wilhelmy plate method 137 

was used. Measurements at different CNC concentrations were performed by 138 

automatic serial dilutions using two micro dispensers (DS0810). The initial 139 

concentration of the octyl-CNC suspension was 7000 mg/L. 200 measurements 140 

were conducted, and the final concentration of octyl-CNCs was 10 mg/L. The CMC 141 

value was obtained using semi-log plot of surface tension against concentration. 142 

The influence of temperature on surface tension was studied in measurements using 143 

a rod-shaped probe (PL03) for the Wilhelmy method and a measuring vessel with 144 

capacity of 5 ml. HPMC solutions or octyl-CNC suspensions were heated to 80 °C. 145 

An aliquot of the hot solution was transferred into the measuring vessel and 146 

continuous measurements of surface tension were conducted for 20 minutes while 147 

the solution cooled down naturally. The instrument acquired surface tension values 148 

together with the corresponding temperature which was measured by an integrated 149 

temperature probe. 150 

 151 

Rheological measurements 152 

A Discovery HR-1 rotational rheometer (TA Instrument) equipped with a Peltier 153 

plate as a temperature controller was used for studying the rheology of the gels. A 154 

‘cone and plate’ geometry used for the measurements consisted of a stainless steel 155 

cone of 40 mm diameter and angle 4°, and the Peltier plate. Frequency sweeps were 156 

conducted in strain controlled mode at 1.5 % strain and within an angular frequency 157 

range from 0.4 to 100 rad.s-1. The thermal response of the hydrogels was studied in 158 

an oscillation mode between 20 and 70 °C with a temperature ramp of 5° per minute 159 

using 1.5 % strain and an angular frequency 6.34 rad/sec. Additionally, flow curves 160 

were obtained at 20, 30, 40, 50 and 60 °C in steady shear within a shear rate range 161 

of 0.01 to 100 sec−1. Amplitude sweeps were conducted at an angular frequency 162 

6.34 rad.s-1, with oscillation strain variation between 0.01 to 650 %. During the 163 

rheological experiments, the measuring system was covered with a humidity 164 

chamber to minimize water evaporation. 165 

 166 

 167 



6 

NMR spectroscopy 168 

HPMC solution and mixtures of HPMC/CNC 50/50 and HPMC/Octyl-CNC 50/50 169 

with total solid content of 1 wt.% were prepared in D2O (99.9 % 2H) by overnight 170 

mixing of the corresponding amounts of the solid materials using a rotary mixer. 171 

Solution state NMR experiments were performed on a Bruker Avance I 172 

spectrometer equipped with a 5 mm probe, operating at a 1H frequency of 499.69 173 

MHz. Around 700 µL of sample were pipetted into a 5 mm NMR tube at room 174 

temperature. Variable temperature (VT) experiments were performed at 30, 40, 55 175 

and 70 °C with 20 minutes thermal stabilization before acquisition. Representative 176 

spectra obtained at 30 C are shown in Figure S1 of Electronic Supplementary 177 

Material.  178 

 179 

To monitor the interactions of water (HDO) with hydrogel components upon 180 

heating, Saturation Transfer Difference (STD) NMR experiments (Mayer and 181 

Meyer 1999) were performed by selective 1H saturation of the NMR-invisible core 182 

of cellulose network (0 ppm) (Calabrese et al. 2018). Cascades of 49 ms 183 

Gaussian-shaped pulses at a field strength of 50 Hz were employed, with a delay of 184 

4 µs between successive pulses. The on- and off-resonance frequencies were set to 185 

0 and 50 ppm, respectively, and a recycle delay of 6 s (including the saturation time) 186 

was used. The STD spectra were obtained by subtracting the on- from the 187 

off-resonance spectrum (Isat and I0, respectively). To determine the STD response 188 

(STD) of the HDO peak (which is indicative of the fraction of bound HDO), its 189 

signal intensity in the difference spectrum (ISTD) was integrated relative to the signal 190 

intensity in the off-resonance spectrum (I0), and then by using the equation 191 

 192 

   𝜂𝑆𝑇𝐷 =
𝐼0−𝐼𝑠𝑎𝑡

𝐼0
 ×  100 =

𝐼𝑆𝑇𝐷

𝐼0
 ×  100  (1) 193 

 194 

Different saturation times (tsat; 0.5, 0.75, 1, 1.5, 2, 3, 4, 5 and 6 s) were used to 195 

obtain the STD build-up curve (STD(tsat) vs tsat (Figure S2 of Electronic 196 

Supplementary Material) which was then fitted to the monoexponential equation 197 

 198 

𝑆𝑇𝐷(𝑡𝑠𝑎𝑡) =  𝑆𝑇𝐷𝑚𝑎𝑥(1 − 𝑒(−𝑘𝑠𝑎𝑡∗𝑡𝑠𝑎𝑡))  (2) 199 

 200 
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to derive the parameters STDmax and ksat, which represent the asymptotic maximum 201 

of the build-up curve and the rate constant of the STD build-up, respectively. The 202 

initial slope of the STD build-up curve (STD0) was calculated as the product of 203 

STDmax and ksat, as shown in the equation 204 

 205 

𝑆𝑇𝐷0 =
𝜕𝑆𝑇𝐷(𝑡𝑠𝑎𝑡)

𝜕𝑡𝑠𝑎𝑡
|

𝑡𝑠𝑎𝑡→0
=  𝑆𝑇𝐷𝑚𝑎𝑥 ∗  𝑘𝑠𝑎𝑡  (3) 206 

 207 

The spectra were analyzed using TopSpin 3.5 software. 208 

 209 

Results and discussions 210 

Surface activity of gel components 211 

It is generally recognized that nanocellulose (fibrils, nanocrystals) are amphiphilic 212 

nanoparticles due to exposure of less polar groups on some part of the crystals 213 

(Kalashnikova et al. 2012; Mazeau 2011). As a result, various forms of 214 

nanocellulose are efficient in the formation of Pickering emulsions (Kalashnikova 215 

et al. 2012). It appears that nanocellulose of lower surface charge are more 216 

amphiphilic since the efficiency in stabilizing emulsions improves for 217 

nanocellulose of low charge. In this work, commercially available CNCs were used. 218 

These were produced by hydrolysis in concentrated sulfuric acid and, as a result, 219 

they are highly charged (about 230 mmol −SO3
− per kg of CNCs). Surface tension 220 

measurements for CNCs suspensions with concentrations up to 8 g/L deviated from 221 

the surface tension of pure water within the error of measurement (data not shown). 222 

Thus, unmodified CNCs have very low surface activity. In contrast, hydrophobized 223 

octyl-CNCs significantly reduced surface tension (Figure 1) confirming the surface 224 

activity of hydrophobized materials through the attachment of octyl groups. The 225 

minimal value of surface tension attainable in octyl-CNC suspension was ~51 226 

mN/m. As can be seen from Figure 1, there is a strong and linear dependence of 227 

surface tension on concentration for octyl-CNC suspensions with concentration up 228 

to approximately 2500 mg/L. This is typical for amphiphiles with 229 

concentration-dependent segments at low concentrations, and a region of constant 230 

surface tension at high concentrations. The onset of a steady-state value of surface 231 

tension is thought to be attributed to a critical micellar concentration (CMC) or 232 

more generally a critical aggregation concentration (CAC) when morphology of 233 

aggregates is not well defined. At this concentration, amphiphiles self-assemble  234 
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 235 

Figure 1: Dependence of surface tension of octyl-CNC suspensions (, ) and 236 

HPMC solution () on concentration () and temperature (, ). HPMC and 237 

octyl-CNC concentration in the temperature dependence study was 500 mg/l. Solid 238 

lines are linear fittings of a plateau region and linearly dependent region proceeding 239 

the plateau. Critical aggregation concentration (CAC) determined as an intersection 240 

between these fitted lines. 241 

 242 

into micellar or aggregated structures in the bulk of the solution (Chakraborty et al. 243 

2011). The CAC for octyl-CNCs was found to be around 2500 mg/L. 244 

 245 

Temperature induced association of amphiphiles can be probed by surface tension 246 

measurements. To exclude the interference from temperature effects on the size and 247 

structure of the dynamic micelles, the dependence of temperature on surface tension 248 

of octyl-CNC was studied using suspensions with a concentration of 500 mg/L, 249 

which is well below the CAC of octyl-CNCs. Only a small decrease in surface 250 

tension was observed with an increase of temperature to 40 °C (Figure 1). After this 251 

point, further temperature increases caused a gradual increase in the surface tension. 252 

Thus, the state of the octyl-CNCs in the suspension is sensitive to temperature. This 253 

indicates that the association of octyl-CNCs in the bulk of the suspension intensifies 254 

at temperatures above 40 °C. This association is thought to cause a decrease in the 255 

amount of amphiphilic particles at the air/liquid interface leading to a corresponding 256 
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increase in surface tension. The decrease in surface tension observed at 257 

temperatures above approximately 57 °C is likely to be due to a combination of two 258 

factors: i) a decrease in the surface tension with temperature characteristic for pure 259 

liquids; ii) the dissociation of micelles in the systems with higher thermal energy. 260 

To some extent a similar temperature response was observed for the solution of 261 

HPMC of the same concentration. HPMC causes a larger decrease in surface 262 

tension than octyl-CNC at the same concentration. Therefore, HPMC is 263 

characterized by a higher surface activity. Similar to octyl-CNC, there was an 264 

increase in the surface tension of HPMC between 35 and 57 C which is evidence 265 

of the molecular association in the HPMC solution within this temperature range. 266 

Interestingly, unlike octyl-CNC suspensions, HPMC solutions underwent a sudden 267 

increase in surface tension when temperature approached 65 C. At this 268 

temperature, extensive association of HPMC macromolecules led to a phase 269 

separation, which was noticeable visually as the turbidity of the solution increased 270 

dramatically. Thus, from surface tension measurements the temperature-sensitive 271 

behavior was observed for both HPMC and octyl-CNCs. It is worth summarizing 272 

that the association of these amphiphiles starts at relatively low temperatures 273 

(around 40 C) and progresses gradually with an increase in temperature to 60 C. 274 

 275 

Gelation induced by reinforcing with nanoparticles 276 

Rheology and reversible sol-gel transition for aqueous solutions of HPMC have 277 

been studied in detail (Haque et al. 1993; Joshi 2011; Silva et al. 2008). In line with 278 

the results of previous studies, the 4 wt% solution of HPMC used in this study 279 

showed a liquid-like behavior in oscillatory measurements at room temperature; in 280 

the low frequency zone G’’ was higher than G’ (Figure 2) and there was a sharper 281 

growth of G’ (G’1.17) compared to G’’ (G’’0.78). The curves intersected (G’ = 282 

G’’) at an angular frequency of ~40 rad-1. Such a response is characteristic for an 283 

entangled polymer solution. However, HPMC solutions with half this concentration 284 

(2 wt%) were transformed to a system with G’ dominant compared to G’’, with the 285 

addition of an equal amount of CNC (total solid content 4 wt%). With a significant 286 

frequency dependence of both G’ (G’0.37) and G’’ (G’’0.44) HPMC solutions 287 

reinforced with CNCs can be defined as a weak gel. Similar effects of CNCs on the 288 

rheological properties of methylcellulose (MC), another water soluble 289 

thermoresponsive cellulose ether, has been previously reported (Hynninen et al. 290 
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(a) 291 

 292 

(b) 293 

 294 

Figure 2: a) Comparison of mechanical spectra of HPMC hydrogel and hybrid 295 

hydrogels containing equal amounts of CNCs or octyl-CNC; b) the influence of 296 

frequency on G’ for HPMC hydrogels and hybrid hydrogels of different 297 

compositions. Total solid concentration 4wt.%, numbers in compositions represent 298 

the mass ratio between HPMC and nanoparticles. Strain amplitude 1.5%.  299 

 300 

2018; McKee et al. 2014). Using isothermal titration calorimetry, it has been shown 301 

that the enthalpy of mixing of MC and CNCs is highly negative, confirming an 302 
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affinity between MC and nanocellulose particles most likely due to hydrogen 303 

bonding and van der Waals interactions. This mechanism of formation of a hybrid 304 

polymer/nanoparticle network is expected to dominate at low temperatures for the 305 

systems with HPMC, since the hydrophilic components of these water-soluble 306 

polymers are similar. 307 

 308 

As can be seen from Figure 2, further increase of hydrogel stiffness was observed 309 

when CNCs were replaced by hydrophobized octyl-CNCs. In hydrogels with 310 

octyl-CNCs instead of CNCs, both G’ and G’’ were less frequency dependent with 311 

G’0.28 and G’’0.37. Additionally, differences between G’ and G’’ increases in 312 

hydrogels with octyl-CNCs compared with hydrogels reinforced with CNCs. For 313 

example, at angular frequency of 1 Hz, G’ was two times higher than G’’ (tan   314 

0.5) in hydrogels with octyl-CNCs but 1.4 (tan   0.7) times larger in the hydrogel 315 

with CNC. These observations indicate that the hybrid network formed by HPMC 316 

and octyl-CNCs is stronger which could be a result of an increased number of 317 

transient physical cross-links or/and an increased strength of interaction between 318 

the bridging soluble polymer and nanoparticles. This strongly suggests that 319 

association between hydrophobic domains of octyl-CNCs and HPMC modulates 320 

the stiffening of the hydrogels reinforced with particles according to the approach 321 

proposed by Appel et al. (2015). 322 

 323 

Rheological properties of the hybrid supramolecular colloidal hydrogel are 324 

expected to depend on the polymer/nanoparticle ratio and the total solids 325 

concentration, which would allow formulating hydrogels with different rheological 326 

properties. In Figure 2b, frequency dependencies of G’ as an indicator of hydrogel 327 

stiffness and strength are presented for several compositions. All hydrogels had the 328 

same solid content of 4 wt.%. The increase of octyl-CNC/HPMC ratio resulted in 329 

the enhancement of hydrogel stiffness accompanied with a lesser dependence on 330 

frequency (decrease in power low index (n) G’n). Further evidence for the 331 

formation of a stronger network are obtained in large amplitude oscillatory shear 332 

(LAOS) experiments. Four types of G’ and G’’ response in LAOS experiments have 333 

been identified (Hyun et al. 2002): type I, strain thinning when both moduli 334 

decrease with the increase of strain; type II, strain hardening (increase of both 335 

modulus at larger strains); type III, weak strain overshoot (G’ decreases with the 336 
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increase of strain while G’’ increases in a certain range of shear followed by a 337 

decrease); type IV, strong strain overshoot (both moduli exhibit an increase in a 338 

certain strain range followed by a decrease). Figure S3a in Supplementary Material 339 

demonstrates that at 20 C strain thinning (type I) was a characteristic of all 340 

hydrogels, except the HPMC/Octyl-CNC 25/75 hydrogel. The latter showed a 341 

segment of rising G’’ followed by a decrease at larger strains. Such a response falls 342 

into type III; namely a weak strain overshoot. G’’ indicates the energy dissipation 343 

due to a reorganization of the material’s structure. The increase in G’’ for the 344 

HPMC/Octyl-CNC 25/75 hybrid hydrogel implies that an additional energy is 345 

required for the distortion of the network structure which is in opposition to the 346 

flow. Thus, the hybrid network is the strongest among the studied compositions. 347 

When the network of HPMC/Octyl-CNC 25/75 hydrogel became fragmented by 348 

large deformations, a decrease in G’’ is observed due to alignment of polymer 349 

chains and nanoparticles. 350 

 351 

In addition to oscillatory measurements, the hydrogels were characterized in steady 352 

shear viscometry (Figure 3, Figure S4 Supplementary Material). As shown in 353 

Figure 3, all hydrogels demonstrated shear-thinning behavior reflecting the 354 

transient state of physical crosslinks. Generally, the Carreau model was a good fit 355 

to the experimental data acquired at 20 °C. This model is defined by the equation 356 

 357 

𝜂�̇�−𝜂∞

𝜂0−𝜂∞
=

1

1+(𝐾�̇�)1−𝑛                                                             358 

 359 

where 0 and  are the zero-shear rate viscosity and an infinite shear rate viscosity, 360 

respectively, and K and n are fitting parameters. Figure 3 presents the fitted curves 361 

and corresponding values of the zero-shear rate viscosity for the hydrogels of 362 

several compositions. In line with the results of oscillatory measurements the 363 

zero-shear viscosity increased with an increasing content of octyl-CNCs in the 364 

hybrid hydrogels. The increase, of two order of magnitude or more, was observed 365 

for hybrid HPMC/Octyl-CNC 25/75 hydrogels compared with the pure HPMC 366 

hydrogels. A growing number of active junctions between HPMC molecules and 367 

octyl-CNCs with an increase of the nanoparticle content is thought to form more 368 

mechanically robust networks. This leads to higher values of shear viscosity.  369 
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 370 

Figure 3: Typical flow curves for HPMC hydrogel and hybrid hydrogels with 371 

CNCs or octyl-CNCs of different compositions. The total solids concentration was 372 

4 wt.%. The numbers given in the compositions represent the mass ratio between 373 

the HPMC and the CNCs. Solid lines are the Carreau model (R2 > 0.9 for all 374 

compositions). Zero-shear viscosity is obtained from the fitted curves.  375 

 376 

However, physical crosslinks are disturbed by the flow leading to their dissociation 377 

and consequently a drop in the viscosity with an increase in the shear rate. 378 

 379 

Thermal response of hybrid hydrogels 380 

It is well known that hydrophobic interactions are entropically driven, although that 381 

depends on the size of the solute. They are highly sensitive to temperature change, 382 

and as such should contribute to the variations in hydrogel properties with 383 

temperature. Thermal response of HPMC is well documented (Haque et al. 1993; 384 

Joshi 2011; Silva et al. 2008). In a temperature range between 50 and 70 °C two 385 

stages in the transformation of HPMC solutions have been identified: i) clustering 386 

of hydrophobic domains which is accompanied with the decrease in G’; ii) phase 387 

separation with the formation of interconnected polymer-rich regions and 388 

polymer-depleted regions. The system transforms into a gel state during the second 389 

stage, which manifests itself by sharp increase in G’ during oscillatory rheometry. 390 

The change of G’ with temperature obtained for the 4 wt.% HPMC solution (Figure 391 

4) complies with these observations; G’ gradually decreased with an increase in  392 
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 393 

Figure 4: Variation of storage modulus as a function of temperature for HPMC and 394 

hybrid hydrogels containing CNCs or octyl-CNCs. Total solids concentration was 395 

4wt.%. The numbers shown in the compositions represent the mass ratio between 396 

HPMC and the CNCs. Angular frequency was 6.28 rad sec-1 and the strain 397 

amplitude was set at 1.5%.  398 

 399 

temperature from 20 to 60 °C. Above 60 °C, an abrupt decrease in G’ was observed 400 

followed by sharp G’ increase when the temperature exceeded 65 °C. However, 401 

only a minor decrease in G’ was observed for hybrid hydrogels with hydrophilic 402 

CNCs in the temperature range between 20 and 50 °C. At the same time, G’ was 403 

found to increase even at low temperatures when hydrogel contained octyl-CNCs. 404 

These observations further confirm the participation of nanoparticles in the 405 

formation of a hybrid network structure. 406 

 407 

The association of octyl-CNCs is likely to occur even at low temperatures, as was 408 

demonstrated for the thermal response of surface tension. This effect combined with 409 

hydrophobic interactions between octyl-CNCs and HPMC resulted in a continuous 410 

increase in G’ for the hybrid hydrogels containing octyl-CNCs. The most 411 

significant changes in the rheological properties occurred at temperatures greater 412 

than 55 °C. It appears that the onset of these changes is not affected by the type of 413 
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CNCs used; hydrophilic or hydrophobized CNCs. Over the whole temperature 414 

range, the association of HPMC and octyl-CNCs via hydrophobic interactions 415 

yielded hybrid hydrogels of higher stiffness compared to materials containing 416 

hydrophilic CNCs.  417 

 418 

LAOS experiments at 50 C, presented in Figure S3b of Supplementary Material, 419 

revealed type III response for HPMC/octyl-CNC hydrogels of 25/75 and 50/50 420 

compositions while HPMC solutions and hybrid hydrogels with hydrophilic CNCs 421 

or low content octyl-CNC (HPMC/octyl-CNCs 75/25) remained strain thinning at 422 

elevated temperature. Thus, temperature induced association of HPMC in the 423 

solutions on its own, or in combination with hydrophilic CNC does not form strong 424 

enough structures to be detectable with an increase in G’. In contrast to low 425 

temperature (Figure S3a, Supplementary Material) HPMC/octyl-CNCs 50/50 426 

showed an increase in G’’. Notably higher increase in G’’ for HPMC/octyl-CNCs 427 

25/75 composition and transformation of HPMC/octyl-CNCs 50/50 into type III 428 

signify the effect of temperature on the strength of the hybrid network. The higher 429 

network strength causes more energy dissipation in LAOS at a shear which induces 430 

network disruption. Interestingly, for hydrogels with a higher octyl-CNC content 431 

(HPMC/Octyl-CNC 25/75) smaller increases in stiffness were observed at higher 432 

temperatures (Figure 4). It is probable that when the hydrogels contain a large 433 

fraction of octyl-CNCs the temperature induced self-association becomes dominant 434 

and a smaller number of physical crosslinks with HPMC are formed. This results 435 

in a less pronounced stiffening of the hydrogels with an increase of temperature. 436 

Thus, to obtain optimal properties of the hydrogels, the content of the soluble 437 

polymer and CNCs must be balanced depending on the temperature and hydrogel 438 

properties required for a specific application. 439 

 440 

Flow curves also were obtained for the hydrogels at temperatures in the range 20 to 441 

60 °C and are presented in Supplementary Material (Figure S4). Hybrid hydrogels 442 

exhibited a narrow shear thickening region at low shear rates, especially at elevated 443 

temperatures. (Note: the increase in viscosity is not obvious on all the curves due 444 

to the use of a log scale). Such a response to shear has been previously observed for 445 

some polyelectrolytes and the mechanism of this type of shear-thickening is not 446 

clear (Benchabane & Bekkour 2008). These data cannot be fitted using the Carreau  447 
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 448 

Figure 5: The influence of temperature on hydrogel viscosity at a shear rate of 449 

0.015 sec-1. Total solids concentration was 4wt.%. The numbers in the compositions 450 

represent the mass ratio between HPMC and CNCs. 451 

 452 

model. Therefore, in order compare the temperature effect on the viscosity of 453 

hydrogels, Figure 5 presents results for viscosities taken from the flow curves in the 454 

region of small shear; namely 0.015 sec-1. Similar to changes in G’, the viscosity at 455 

this shear rate responded to temperature in a complex manner. A clear decrease in 456 

viscosity was observed for the HPMC hydrogel and hybrid hydrogel containing 457 

CNCs for temperatures up to 40 °C. This is thought to be a result of a commonly 458 

seen decrease in a fluids’ viscosity with an increase in temperature. Relatively small 459 

reinforcement with hydrophilic CNCs cannot compete with this effect within the 460 

low temperature range; viscosity starts increasing only when the association with 461 

HPMC becomes significant at temperatures greater than 50 °C. However, when 462 

hydrophobic octyl-CNCs are used, there was only a very small initial decrease in 463 

viscosity for HPMC/octyl-CNC 50/50, while a steady increase in viscosity was 464 

observed for HPMC/octyl-CNC 25/75. 465 

 466 

Further insights into hydrogel structuring and thermal response were obtained from 467 

Saturation Transfer Difference (STD) NMR spectroscopy experiments by assessing 468 

binding of water to the hydrogel network (Calabrese et al. 2018). The analysis of 469 

the STD initial slope (STD0) of the residual water peak HDO (see Experimental 470 
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section) reports on the fraction of bound HDO (Figure 6). The gradual increase of 471 

the HDO STD0 from 30 to 55 C for mixtures of HPMC with both types of CNCs 472 

suggests an increased fraction of water bound by network upon heating (Figure 6), 473 

which qualitatively correlates with the increase in storage modulus (G’) and 474 

viscosity (Figure 4 and 5, respectively). For the HPMC solution, however, the value 475 

of STD0 of HDO decreases slightly from 30 to 55 C, which might be associated 476 

with either a partial desolvation of macromolecules and/or less efficient spin 477 

diffusion at higher temperatures. It should be noted that the significant increase of 478 

the HDO STD0 observed from 55 to 70 C is due to the HPMC sample undergoing 479 

a sol-to-gel transition at around 65 C (crossing of G’ and G’’, Figure S5 of 480 

Supplementary Material). Therefore, the increased fraction of network-bound water 481 

in the HPMC/CNCs and HPMC/Octyl-CNCs mixtures might be an important 482 

parameter to consider when explaining the growth of G’ and viscosity upon heating. 483 

In that sense, it is relevant to note that the temperature dependence of HDO STD0 484 

is higher for HPMC/CNC than HPMC/Octyl-CNC hybrid hydrogels, or in other 485 

words, the fraction of network-bound water showed a higher increase for 486 

HPMC/CNC upon heating up to 70 C (Figure 6). Moreover, HDO STD0 was 487 

consistently lower for hydrogels incorporating hydrophobized octyl-CNCs 488 

compared with HPMC/CNC hydrogel. This decrease to a certain degree is likely to 489 

be defined by smaller area of hydrophilic surface for octyl-CNCs. However, 490 

association of hydrophobic domains in HPMC/octyl-CNC and subsequent water 491 

exclusion might also contribute to the decrease of bound water in HPMC/CNC 492 

systems. It is possible that HDO STD0 decrease observed with the increase of 493 

temperature from 55 to 70 C augmented this contribution due to extensive 494 

association of hydrophobic domains. Thus, the differences in the behavior of the 495 

HDO STD0 between both hybrid hydrogels upon heating might result from a 496 

reduced water accessible surface area in the HPMC/Octyl-CNC network due to 497 

increased aggregation promoted by octyl-CNC hydrophobic interactions. This 498 

agrees with the much higher elastic behavior (G’) of HPMC/Octyl-CNC within the 499 

whole temperature range (Figure 4). 500 
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 501 

Figure 6: Bar chart showing the evolution of the STD0 of the residual water peak 502 

(HDO) in HPMC solution, HPMC/CNC 50/50 and HPMC/Octyl-CNC 50/50 with 503 

total solid content 1 wt.% as a function of temperature, irradiating at 0 ppm 504 

(corresponding to the NMR invisible “core” of cellulose). 505 

 506 

Conclusions 507 

CNCs - high aspect ratio nanoparticles - were hydrophobized by surface binding of 508 

octylamine. Octyl-CNCs exhibited a typical amphiphilic behavior, decreasing 509 

surface tension in the aqueous suspensions. An increase in temperature of 510 

octyl-CNC suspensions induces growth in surface tension which indicates the 511 

intensification of self-assembly of octyl-CNCs in bulk of the suspension. Such 512 

properties of hydrophobized CNCs are prerequisite for recently conceptualized 513 

self-assembly of hybrid hydrogels via hydrophobic interactions between 514 

amphiphilic polymer and particles.  515 

 516 

Both hydrophilic CNCs and octyl-CNCs reinforce HPMC solutions transforming 517 

them in self-supporting hydrogels with the elastic modulus dominating the loss 518 

modulus in oscillatory rheology. This implies that both types of CNCs were 519 

incorporated into the hybrid networks. However, hydrogels with octyl-CNCs are 520 

stronger, stiffer and more viscous compared with hydrogels containing hydrophilic 521 

CNCs. Thus, assembly of the water-soluble polymer and hydrophobized 522 

nanoparticles driven by hydrophobic interactions results in the formation of more 523 

robust hybrid network. The strength of network formed via association of 524 
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hydrophobic domains is further augmented at elevated temperatures as evidenced 525 

by a significant enhancement of rheological properties in both oscillatory rheology 526 

and steady shear viscometry. Rheological properties depend on the polymer/CNC 527 

ratio and temperature; compositions with the superior rheological properties 528 

observed at lower temperature might show inferior properties at higher 529 

temperatures. This was observed for compositions HPMC/octyl-CNC 25/75 and 530 

HPMC/octyl-CNC 50/50. Thus, polymer/octyl-CNC ratio must be balanced 531 

depending on the temperature and rheological properties required for a specific 532 

application. NMR spectroscopy revealed higher fraction of bound water in hybrid 533 

hydrogels compared with HPMC. The amount of network-bound water grows with 534 

the increase in temperature in parallel with the increase of hydrogel stiffness, 535 

strength and viscosity. This work expands the foundation for design of self-healing 536 

stimuli-responsive hybrid hydrogels with different rheological properties using 537 

assembly of amphiphilic polymers and nanoparticles driven by hydrophobic 538 

interactions. 539 
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