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Abstract 9 

Locust bean/xanthan gum (LBG/XG) synergistic networks have previously been well studied, 10 

with evidence that junction zones between the two polymers result in hydrophobic domains. 11 

Here we report on the effect of both hydrophilic and hydrophobic cellulose nanocrystals (CNCs) 12 

on the rheological properties of the individual gums, the gum networks, and emulsion gels 13 

consisting of the gum network and corn oil. We also take advantage of differences in the 14 

autofluorescent spectra for each of the components to map their distribution within the gel and 15 

emulsion gel systems. Whilst both types of CNC confer thermal stability to the systems, 16 

hydrophilic CNCs induce minor changes in rheological properties of synergistic gels and prove 17 

to be detrimental to the stability of the emulsion gels. In contrast, hydrophobic CNCs associate 18 

with the LBG/XG network, affecting the rheological response. Their inclusion in the emulsion 19 

gel system results in smaller, more homogeneously distributed oil droplets with a resultant 20 

increase in the storage modulus by an order of magnitude compared to the CNC-free and 21 

hydrophilic CNC systems. We conclude that hydrophobic CNCs play a critical role in stabilising 22 

LBG/XG network gels and emulsions. 23 

Key words: Locust bean gum, xanthan gum, cellulose nanocrystal, hydrophobicity, rheology, 24 

fluorescent spectroscopy 25 

Abbreviations: CNCs, cellulose nanocrystals; LBG, locust bean gum; XG, xanthan gum; 26 
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1. Introduction 29 

Water-soluble polymers are essential for numerous applications in a wide range of industrial 30 

sectors such as food, cosmetics and personal care, agriculture, medicine, etc. The applications of 31 

these polymers are based on their ability to modify the rheological properties of water-based 32 

systems, induce gelation, stabilize complex mixtures, emulsify water immiscible fluids, and 33 

many other functional properties. Carbohydrate polymers have enormous potential in such 34 

applications not only because of their functional properties but also due to renewability of their 35 

sources, low cost, and sustainability. They are materials of choice in many food, pharmaceutical 36 

and cosmetic products, and their potential applications continue to grow. 37 

Carbohydrate polymers are very versatile, which enables extensive options in the selection of 38 

the materials to match specific functional properties. Their properties can be further altered by 39 

combining different polysaccharides or mixing them with other hydrocolloids such as proteins 40 

(Norton & Frith, 2001; Tolstoguzov, 2006). Among such mixed systems, mixtures of 41 

carbohydrate polymers showing a non-additive enhancement of properties are of special interest. 42 

Mixtures of xanthan gum (XG), a microbial exopolysaccharide, with various galactomannans, 43 

such as locust bean gum (LBG), are amongst the most studied examples that exhibit synergistic 44 

interactions (Acar & Kurt, 2020; Casas & García-Ochoa, 1999; Copetti, Grassi, Lapasin, & Pricl, 45 

1997; Goycoolea, Richardson, Morris, & Gidley, 1995; Grisel, Aguni, Renou, & Malhiac, 2015; 46 

Jo, Bak, & Yoo, 2018). A combination of XG, which forms weak gels, and non-gelling 47 

galactomannans results in a significant increase in viscosity at low polymer concentrations and 48 

the formation of strong thermo-reversible gels at moderate polymer concentrations. Whilst the 49 

exact mechanism of the synergistic effect in these systems is still debated, it is commonly 50 

accepted that the synergy is driven by heterotypic intermolecular interactions. Somewhat 51 

counterintuitively for these highly hydrophilic polymers, there is evidence that hydrophobic 52 

effects contribute to these interactions and network properties. For example, the retention of a 53 

hydrophobic probe (ethyl decanoate) in the liquid phase of the LBG/XG system was higher than 54 

expected from the retentions of individual gum solutions. The enhancement of the hydrophobe 55 

retention was attributed to an increase in local hydrophobicity due to interactions of XG side 56 

chains with smooth (unsubstituted) segments of LBG (Grisel et al., 2015). Additionally, NMR 57 

studies demonstrated motional restrictions of the XG pyruvate group in the presence of LBG 58 

(Takemasa & Nishinari, 2016), which confirms involvement of this hydrophobic moiety at the 59 

terminal end of XG side chains in the intermolecular interactions between XG and LBG. This 60 

implies that the structural and rheological properties of LBG/XG mixtures can be further 61 
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modified with moderately hydrophobic additives. Thus, ternary systems of LBG, XG and small 62 

amounts of hydrophobized cellulose derivatives (methyl cellulose (Rinaudo & Moroni, 2009), 63 

hydroxypropyl methyl cellulose (Jo & Yoo, 2018)) form gels with enhanced viscosity and 64 

strength. However, studies on the impact of hydrophobic effects on the functional properties of 65 

synergistic LBG/XG gels are limited. 66 

Polymer/(nano)particle interactions are also widely used for changing the structural and 67 

rheological properties of polymer solutions and gels (Chen et al., 2018; Schexnailder & Schmidt, 68 

2009). The impact of silica nanoparticles on the rheology of LBG, or XG, led to the conclusion 69 

that hydrogen bonding results in the adsorption of these biopolymers to silica (Kennedy, Kent, 70 

& Brown, 2015). However, silica nanoparticles have a low aspect ratio. As a result, the effect of 71 

silica nanoparticles on the solution properties was only noticeable at high filler contents. 1 wt.% 72 

of silica induced a two-fold increase in the zero-shear viscosity of the LBG solution. However, 73 

the system transformed to a gel with 10 wt.% of silica nanoparticles. For the gelled LBG/XG 74 

mixture, the rheological properties did not change upon addition of 1 wt.% silica, whilst 10 wt.% 75 

caused significant enhancement in the gel viscoelasticity. Interestingly, despite this 76 

enhancement, the authors assumed that, in these particle-mediated gel networks, silica 77 

nanoparticles might mitigate the synergy between XG and LBG. Gelation of LBG solutions was 78 

also achieved at a significantly lower nanoparticle concentration (3 wt.%) in the case of cellulose 79 

nanocrystals (CNCs), which are high aspect ratio rod-type nanoparticles, confirming that LBG 80 

also adsorbs onto CNCs (Hu, Cranston, Ng, & Pelton, 2014). 81 

CNCs, and other cellulose nanomaterials, offer a good nanoparticle alternative for designing 82 

hybrid soft materials based on particle-mediated gel networks using components from 83 

renewable, sustainable sources. Mild hydrophobization of CNCs results in amphiphilic particles 84 

of good colloidal stability in aqueous media (Nigmatullin et al., 2020). This hydrophobic 85 

modification enables assembly with other hydrophobes, or amphiphiles (Pourmoazzen et al., 86 

2020) including polysaccharides resulting in structural, rheological and functional changes 87 

(Nigmatullin et al., 2019; Nigmatullin et al., 2018). CNCs have also attracted interest in emulsion 88 

stabilization due to their ability to assemble at the oil-water interface. The synergistic effect in 89 

emulsion stabilization was observed when CNCs were combined with soluble amphiphilic 90 

cellulose derivatives, such as hydroxyethyl cellulose (HEC) or methyl cellulose (MC) (Hu, 91 

Patten, Pelton, & Cranston, 2015). HEC and MC are adsorbing polymers towards CNCs, and 92 

both CNCs and soluble polymers were observed to colocalize at the oil-water interface. This 93 

decreased the oil droplet size and improved emulsion stability compared to emulsions stabilized 94 
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by CNCs, or the polymer, alone. When polymer solutions forming the emulsion continuous 95 

phase reach suitable concentrations, the oil droplets become entrapped within a gel matrix. Such 96 

soft materials are called emulsion gels or emulsion-filled gels (Farjami & Madadlou, 2019). 97 

Synergistic LBG/XG mixtures form gels at low concentrations. However, galactomannans and 98 

XG are not efficient emulsifying agents. Therefore, they are used in combinations with other 99 

emulsifiers, such as proteins and surfactants, for the formation of emulsion gels (Owens, Griffin, 100 

Khouryieh, & Williams, 2018; Patel, Rodriguez, Lesaffer, & Dewettinck, 2014; Yang et al., 101 

2019). 102 

Herein we hypothesize that hydrophobic effects can drive formation of a ternary particle-103 

mediated network consisting of a synergistic LBG/XG mixture and hydrophobized CNCs. Given 104 

the strong possibility of efficient emulsion stabilisation by hydrophobized CNCs, we further 105 

hypothesize that such hybrid ternary gels would enable the formation of emulsion filled gels. To 106 

prove these hypotheses we use hydrophobic CNCs prepared by surface modification via 107 

octylamine coupling (Nigmatullin et al., 2020). The effect of hydrophilic and hydrophobic CNCs 108 

on the rheological and structural properties of solutions and gels was studied for solutions of 109 

single polysaccharide and synergistic LBG/XG gels at different polymer and CNC 110 

concentrations. Ternary hybrid gels were used for the formation of emulsion gels, with corn oil 111 

as the dispersed phase. Morphological and rheological properties of the emulsion gels were 112 

studied at two different polymer concentrations and oil phase contents and compared with 113 

emulsion gels formed by synergistic LBG/XG without CNCs. 114 

 115 

2. Materials and methods 116 

2.1.  Materials 117 

Cellulose nanocrystals in sodium form were supplied as an 11.3 wt.% aqueous slurry by Maine 118 

University Process Development Centre (USA, Orono, ME). Hydrophobization of the CNC 119 

surface was conducted via coupling of octylamine with aldehyde groups of oxidised CNCs 120 

according to a previously described procedure (Nigmatullin et al., 2019). Detailed 121 

characterisation of both parent and hydrophobized CNCs has been conducted previously 122 

(Nigmatullin et al., 2020). These hydrophilic and hydrophobized CNCs were used as never-dried 123 

materials with concentrations of 11.3 and 5.4 wt.% respectively. Both types of CNCs were gel-124 

like materials at these concentrations. XG from Xanthomonas campestris and LBG from 125 

Ceratonia siliqua seeds (MW approximately 310 kD) were purchased from Sigma–Aldrich 126 
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(Loughborough, UK). Prior preparation of an LBG stock solution was purified by preparation of 127 

0.5 wt.% solutions in deionised water (80 C, 30 min). This solution was centrifuged (10000 128 

rpm, 15 min) and the clear supernatant was lyophilised. Similar treatment of XG did not result 129 

in the formation of a precipitate after centrifugation. Therefore, XG was used without further 130 

purification. Corn oil was purchased from a local grocery shop. 131 

 132 

2.2. Solution and sample preparations 133 

A 1:1 mass ratio LBG/XG mixture was used as most publications involving characterization of 134 

this binary system reported the strongest synergistic effect at this ratio in both dilute (Copetti et 135 

al., 1997) and concentrated solutions (Jo et al., 2018). All formulations were prepared using 136 

individual 1.4 wt.% stock solutions of LBG and XG. Both stock solutions were prepared by 137 

dissolving the required amounts of LBG and XG in deionised water (Millipore, 80 C, 40 min). 138 

To produce the LBG/XG and hybrid gels the required equal amounts of gum stock solutions 139 

were mixed with the required amounts of CNC gels and deionised water (total mass 6 g, magnetic 140 

stirring, 80 C, 30 min). For emulsion gels, the required amount of XG stock solution, which had 141 

a lower viscosity than the LBG stock solution, was diluted with the required amount of deionised 142 

water and, in the case of hybrid systems, mixed with the required amounts of CNC gels. This 143 

mixture was homogenised (Branson sonifier, 3 mm tip, 10 % power, 70 C, 30 s) before the 144 

required amount of corn oil was added and emulsified (10 % power, 1 min, 70 C). Finally, the 145 

required amount of LBG stock solution was added to the emulsion. The final formulations were 146 

quickly mixed with a spatula and sonicated (10 % power, 70 C, 1 min). Gels and emulsion gels, 147 

after cooling, were stored overnight at room temperature and characterised after 24 h. Sample 148 

codes for the emulsion gels and their corresponding compositions are summarised in Table 1. 149 

All formulations were prepared in triplicate. 150 

 151 

2.3. Rheological measurements 152 

A Discovery HR-1 rotational rheometer (TA Instrument) with a Peltier plate as a temperature 153 

controller was used for the rheological measurements with a cone and plate configuration 154 

(stainless-steel cone geometry, diameter: 40 mm, angle: 4º). All samples were loaded at 70 C. 155 

Immediately after the loading, a temperature ramp was conducted by cooling to 25 C (cooling 156 
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rate: 5 °C min-1, strain: 1.5 %, angular frequency: 6.28 rad s-1). After reaching 25 C, an 157 

isothermal oscillatory step was performed (30 min, strain: 1.5 %, angular frequency: 6.28 rad s-158 

1). This step was required to ensure that material properties were stabilised. In all materials, the 159 

storage and loss modulus did not change after 15 minutes. This was followed by frequency 160 

sweeps conducted in strain-controlled mode (strain: 1.5 %, angular frequency range: 0.4 to 100 161 

rad s-1). Finally, steady-state shear viscosity was measured (shear rate range: 0.01 to 100 s−1). 162 

During the rheological experiments, the measuring system was covered with a humidity chamber 163 

to minimize water evaporation. One rheological measurement was conducted for each sample in 164 

triplicate and results were reported as average values. 165 

Table 1. Emulsion gel sample codes and corresponding composition 166 

Sample code 
LBG/XG conc. 

[wt.%] 
CNC type 

CNC conc. 

[wt.%] 

Corn oil conc. 

[wt.%] 

0.4X20 0.4 None 0.0 20 

0.4X40 0.4 None 0.0 40 

0.6X20 0.6 None 0.0 20 

0.4CNC20 0.4 Hydrophilic 1.0 20 

0.6CNC20 0.6 Hydrophilic 1.0 20 

0.4C8CNC20 0.4 Hydrophobic 1.0 20 

0.4C8CNC40 0.4 Hydrophobic 1.0 40 

0.6C8CNC20 0.6 Hydrophobic 1.0 20 

0.6C8CNC40 0.6 Hydrophobic 1.0 40 

2.4. Multi-channel confocal laser scanning spectroscopy (MCLSS) 167 

Spectral images were acquired using a Zeiss LSM 880 confocal microscope (405 nm diode laser, 168 

5.0 % power, Plan-Apochromat 10×/0.45 M27 objective, MBS-405 filter, 32 channels: λ = 411-169 

695 nm). 3D z-stacks were flattened to 2D images using the orthogonal projection tool in ZEN 170 

2.6 (blue edition) (Carl Zeiss AG, Oberkochen, Germany) (Figure S1). Spectral analysis was 171 

performed using the unmixing tool. Three images were acquired for each condition. 172 

3. Results and Discussion 173 

3.1. Influence of CNCs on the rheology of single gum solutions. 174 

The industrial importance of XG and LBG has meant that the rheology of these polysaccharides 175 

in aqueous solutions have been studied extensively (Sittikijyothin, Torres, & Gonçalves, 2005; 176 
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Song, Kim, & Chang, 2006). LBG is considered as a semi-flexible polymer attaining a coiled 177 

conformation in solution. As a result, LBG solutions exhibit rheological properties that are 178 

typical for entangled polymer solutions. XG in solution, on the other hand, is mainly modelled 179 

as semi-rigid rods with a tendency to self-associate. Due to such structural attributes, XG 180 

aqueous solutions behave as weak gels. The typical rheological behaviour of 0.5 wt.% LBG 181 

solutions (Figure 1a) is characterised by a strong frequency dependence of the shear elastic 182 

modulus, G, (G1.7) and a weaker frequency dependence of the shear loss modulus, G, 183 

(G0.90). These dependences approximate the terminal responses for disordered random coils 184 

in aqueous solutions where G2 and G. It is noted that G is larger than G at angular 185 

frequencies below 70 rad s-1. Thus, LBG solutions behave as viscoelastic fluids at low 186 

frequencies and as solid-like materials at frequencies higher than 70 rad s-1. In contrast, the XG 187 

solution responds to an oscillatory deformation as a solid like material with G dominant over 188 

G even at low frequencies (Figure 1b). At the same time, both moduli are frequency dependent: 189 

G0.2 and G0.3. These indicate that XG formed a weak gel at 1.0 wt.%. 190 

 191 

Figure 1. Comparison of mechanical spectra of (a) 0.5 wt.% LBG solution (black diamonds) and (b) 1.0 wt.% XG 192 

solution (black squares) with additional solutions containing 1.0 wt.% of hydrophilic (blue triangles) or 193 

hydrophobized (red inverted triangles) CNCs. G: filled symbols, G: open symbols. Temperature: 25 C, strain 194 

amplitude: 1.5%. (Note: Error bars are smaller than the symbols). 195 

Both hydrophilic and hydrophobized CNCs induce notable changes in the viscoelastic properties 196 

of LBG solutions (Figure 1a). Mixtures do not exhibit a crossover point (G = G) with G being 197 

larger than G over the entire angular frequency range (0.4 to 100 rad s-1). Thus, the addition of 198 

CNCs to the LBG solution transformed it into a gel-like material. This is more pronounced for 199 

the hydrophilic CNCs, which individually do not form a gel at 1 wt.%, compared to the 200 

hydrophobized CNCs, which do (Figure S2). The G of the two gels containing LBG at 6.34 rad 201 
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s-1 were equivalent to an 8 wt.% hydrophilic CNC gel and a 1.5 wt.% hydrophobized CNC gel 202 

respectively (Nigmatullin et al., 2019). Previously Hu, Cranston, Ng, & Pelton (2014) 203 

demonstrated that LBG adheres to the surface of CNCs. This implies that the CNCs are involved 204 

in the formation of a hybrid network with the dissolved LBG. Although only slight differences 205 

were observed in G and G values for the LBG solution containing the same quantities of 206 

hydrophilic and hydrophobized CNCs, these materials responded differently to oscillatory shear 207 

deformation. At low frequencies (up to 15 rad s-1) the LBG/octyl-CNC gel is characterised by a 208 

lower dependence on frequency (G0.1) compared to hydrogels containing hydrophilic CNCs 209 

(G0.2). This implies a more rigid gel structure in the presence of hydrophobized octyl-CNCs. 210 

However, in an atypical manner, the G of the LBG/octyl-CNC gel progressively decreased with 211 

an increase in the angular frequency above 30 rad s-1 and became lower than that of LBG gels 212 

with hydrophilic CNCs. It appears that the gel structure involving hydrophobized CNCs is more 213 

susceptible to higher shear rates, which are realised at higher frequencies. This observation was 214 

also confirmed in steady shear experiments (Figure S3). The Newtonian plateau viscosity of the 215 

LBG/octyl-CNC gel was higher than that of the hydrophilic CNC gel. However, the octyl-CNC 216 

modified gel viscosity in the shear-thinning region became lower than that of the hydrophilic 217 

CNC gel. We theorise that hydrophobization of the CNCs decreases their interaction with LBG 218 

compared to the hydrophilic CNCs, resulting in the observed differences. 219 

In contrast to the LBG solution, the presence of both types of CNCs at 1 wt.% in the XG solution 220 

had minimal effect on the rheological properties (Figure 1b). Hydrophilic CNCs slightly 221 

increased G whilst the addition of hydrophobized CNCs resulted in a slight decrease of the gel’s 222 

elastic response. This occurred despite XG containing hydrophobic acetyl and pyruvate moieties, 223 

which could potentially be involved in association with the hydrophobic domains of octyl-CNCs. 224 

The minor changes in rheology of XG with the addition of CNCs suggested that interactions 225 

between XG and both CNCs were poor. This could be due to electrostatic repulsion between the 226 

anionic XG and negative surface charge of the CNCs (Nigmatullin et al., 2020). For the octyl-227 

CNCs, their self-association due to the hydrophobic effect might also limit their inclusion in a 228 

continuous hybrid network. 229 

The effect of CNCs on the rheology of single gum solutions observed in our study is in agreement 230 

with the results for the same polysaccharides with silica nanoparticles (Kennedy et al., 2015). 1 231 

wt.% of silica nanoparticles did not have effect on rheology of XG solutions while inducing an 232 

increase in viscosity and viscoelastic moduli of LBG solutions. However, changes in the 233 

rheological properties of LBG are much more pronounced in CNC mixtures compared to those 234 
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with silica particles. At the same nanoparticle content, the viscosity at the Newtonian plateau 235 

increased almost 600 times in the presence of CNCs (Figure S3) while only a two-fold increase 236 

was observed when LBG was mixed with silica particles (Kennedy et al., 2015). Even 10 wt.% 237 

of silica nanoparticles did not have such an impact on the LBG rheological properties as 1 wt.% 238 

of CNCs. 239 

3.2. CNCs in synergistic LBG/XG gels. 240 

The LBG/XG polymer network is one of the most extensively studied binary mixtures with 241 

known synergistic effects (Casas & García-Ochoa, 1999; Copetti et al., 1997; Goycoolea et al., 242 

1995). It is well-established that LBX/XG aqueous solutions form firm thermo-reversible gels 243 

while, as discussed in the previous section, single gums form weak gels, or viscous solutions. In 244 

this study, solutions with equal content of each polysaccharide formed self-supporting invertible 245 

gels at a total polymer concentration as low as 0.2 wt.% (Figure S4). The thermal response of 246 

such hydrogels at two polymer concentrations is demonstrated in Figures 2a and 2b. LBG/XG 247 

solutions exhibit two distinctive regions: at lower temperatures, the elastic response dominates 248 

over viscous flow (G > G), while at higher temperatures G is higher than G. This is typical 249 

for gel-sol transitions. The temperature at which the LBG/XG gel ‘melts’ (G = G) is dependent 250 

on the total polymer concentration and shifts to higher temperatures as the concentration 251 

increases (45 C at 0.2 wt.%; 50C at 0.5 wt.%). Formation of strong gels in LBG/XG was 252 

demonstrated by frequency sweeps (Figure S5), which confirmed weak dependence of G on the 253 

angular frequency. The power low index (Gn) was below 0.06 for all samples and 254 

dependencies of G and G on frequency were almost parallel. Although the exact mechanism of 255 

the synergistic effect in LBG/XG network remains a subject of debate, the prevailing view is that 256 

the strong gels are due to the formation of cooperative (heterotypic) junction zones (Goycoolea 257 

et al., 1995; Grisel et al., 2015). It is hypothesised that smooth (unsubstituted) segments of the 258 

LBG macromolecules interact with the side chains of XG molecules. There is specific evidence 259 

that the pyruvate group at the terminal end of the xanthan side chain is involved in this interaction 260 

(Takemasa & Nishinari, 2016). 261 
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 262 

Figure 2. (a) and (b) Temperature dependence of viscoelastic moduli. Angular frequency 6.28 rad s-1, strain 263 

amplitude 1.5 %. G’ closed symbols, G” open symbols. (c) and (d) Comparison between the steady shear viscosity 264 

(closed symbols, left and bottom axes) and the complex viscosity (open symbols, right and top axes). Temperature 265 

25 °C. Pure LBG/XG gels (black circles); gels plus hydrophilic CNCs (blue triangles); gels plus hydrophobized 266 

CNCs (red inverted triangles). Total gum concentration: 0.2 wt.% (a) and (c); 0.5 wt.% (b) and (d). CNC 267 

concentration 1 wt.%. Curves in (c) and (d) are the averages of three measurements, error bars are smaller than 268 

symbols.  269 

The introduction of both hydrophilic and hydrophobized CNCs into the LBG/XG synergistic gel 270 

led to significant changes of the viscoelastic properties, with a greater increase in the elastic 271 

modulus observed for hydrophobized CNCs. For hydrogels with a total gum concentration 0.2 272 

wt.% (Figure 2a), G increased five and twelve times in the presence of hydrophilic and 273 

hydrophobized CNCs respectively. This trend was still observed at a higher total gum 274 

concentration of 0.5 wt.% (Figure 2b), although the relative increase was reduced to 2.2 and 6.7 275 

times respectively. Interestingly, unlike the native LBG/XG gels, the hybrid hydrogels continued 276 

to behave as solid-like materials (G > G) at higher temperatures. 277 

Newtonian flow regions at low shear rates (Figure 2c,d) observed similar increases. Zero-shear 278 

viscosities increased for the hybrid hydrogels, more than doubling in the presence of 279 
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hydrophobized CNCs compared with hydrophilic CNCs. It has previously been observed that a 280 

volatile hydrophobic probe is better retained by the LBG/XG matrix than the individual gums. 281 

Grisel et al. (2015) suggested that this occurred due to an increase in local hydrophobicity 282 

because of the interaction between LBG and XG. This hypothesis suggests that the formation of 283 

stronger hydrogels with hydrophobized CNCs is due to an integration of the hydrophobized 284 

CNCs into the LBG/XG network driven by hydrophobic effects. MCLSS was used to confirm 285 

this. Intensity maps of the LBG/XG spectrum and corresponding CNC spectrum reveal that the 286 

hydrophilic CNCs (Figure 3a,b) are uniformly present across the observed sample volume, whilst 287 

the gum distribution is heterogeneous at the investigated concentration. In contrast, the 288 

hydrophobized CNCs (Figure 3c,d) preferentially interact with the hydrophobic domains present 289 

in the LBG/XG network, resulting in their distribution matching that of the gum network.  290 

It is also apparent that the self-association of hydrophobized CNCs also contributes to the 291 

robustness of the hybrid networks. The addition of 0.5 wt.% octyl-CNC did not increase the 292 

viscosity over that of the unmodified gel (Figure S7), unlike the 1.0 wt.% addition. Rather, the 293 

viscosity in the shear thinning region decreased compared to that of the pure LBG/XG gel. It is 294 

probable that, at higher polymer/CNC ratios, the hydrophobized CNCs are coated with the 295 

soluble polysaccharides and are well separated from each other, decreasing their interaction and, 296 

thus, the viscosity. 297 

 298 

Figure 3. Representative MCLSS images of (a, b) LBG/XG gum with hydrophilic CNCs and (c, d) LBG/XG gum 299 

with hydrophobized CNCs. (a, c) are frontal (X,Y) projections of the gels whilst (b, d) are transverse (X,Z) 300 

projections of the same samples (Figure S1). Sample maps are intensity maps of the corresponding spectrum. 301 

Spectra available in SI (Figure S6). All scale bars represent 200 μm. 302 
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A notable feature of the flow curves (Figure 2c,d) for the LBG/XG gel and hybrid hydrogel with 303 

hydrophilic CNCs was a modest shear thickening that preceded the shear thinning region. Figure 304 

S8 represents the flow curves in a semi-logarithmic plot for better visualisation of pattern 305 

differences. The shear thickening at small shear rates has been observed in various polymer 306 

solutions including polysaccharide solutions (Kjøniksen, Hiorth, & Nyström, 2005). It is 307 

probable that re-arrangement of gum molecules within a specific range of relatively small shear 308 

rates led to the formation of a larger number of intermolecular heterotypic junction zones. Such 309 

shear-induced intermolecular association has previously been postulated to explain shear-310 

induced viscosity increases (Kjøniksen et al., 2005; Matia-Merino, Goh, & Singh, 2012). Since 311 

similar shear thickening also occurs in the presence of hydrophilic CNCs, it appears that these 312 

CNCs do not interfere with the interaction between the gums. However, hydrophobized CNCs 313 

compete for binding sites and prevent the formation of additional junction zones under the shear. 314 

As a result, hybrid hydrogels with hydrophobized CNCs did not exhibit a shear-thickening region 315 

(Figure 2c,d). Some insights into structuring of complex fluids can be obtained from applying 316 

the Cox-Merz rule (Equation 1), which states that the apparent viscosity () and the magnitude 317 

of the complex viscosity (*) generated from steady shear and oscillatory shear experiments 318 

superimpose at a given shear rate (�̇�) and frequency (𝜔): 319 

|𝜂∗(𝜔)| ≈ 𝜂(�̇�)   (1) 320 

where 𝜔 = �̇�. As can be seen from Figure 2c and d, LBG/XG gels followed the Cox-Merz rule. 321 

However, both types of hybrid gels deviated from Cox-Merz rule with complex viscosities being 322 

notably higher than the viscosities obtained in steady shear flow. This is characteristic of 323 

structured fluids. Oscillatory deformations performed at small amplitude do not affect the 324 

transient hydrogel structure, whilst larger deformations in steady flow cause structural 325 

distortions. Therefore, viscosities obtained from steady flow are lower than the complex 326 

viscosity. However, these structured fluids responded differently to shearing. Hybrid hydrogels 327 

with hydrophobized CNCs had higher viscosities in the region of Newtonian flow but dropped 328 

below the viscosities of hybrid hydrogels with non-modified CNCs in the shear-thinning region. 329 

Thus, rheological experiments imply that the network structures are different for hybrid 330 

hydrogels in the presence of nonmodified and hydrophobized CNCs. 331 

3.3. Effect of CNCs on emulsion gels based on synergistic LBG/XG gel. 332 

Emulsion gels are gelled systems containing dispersed droplets of an immiscible fluid 333 

(Dickinson, 2012; Lu, Mao, Hou, Miao, & Gao, 2019). Polysaccharides are used in emulsion 334 
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gels mainly as gelation agents. However, due to their low interfacial activity, additives of 335 

emulsifying agents are usually required for polysaccharide-based emulsion gels. Stable, self-336 

supporting emulsion gels were obtained using CNC-free LBG/XG gels with total gum 337 

concentrations as low as 0.4 wt.% as well as with hybrid gels containing either hydrophilic, or 338 

hydrophobic, CNCs (Figure S9). The microstructure of these gels was probed using MCLSS and 339 

the distribution of the oil droplet volumes determined (Figure 4 and Table S1). It is apparent 340 

from the box plots (Figure 4a) that increasing the concentration of hydrophobic domains, either 341 

by increasing the LBG/XG concentration or via the introduction of hydrophobized CNCs, results 342 

in a decrease in the absolute droplet volumes. For example, the median droplet volume value 343 

decreases from 1405 to 904 μm3 as the LBG/XG concentration increases from 0.4 to 0.6 wt.% 344 

and decreases to 241 μm3 upon introduction of hydrophobic CNCs. By fixing the population 345 

category ranges, in this case the values determined for the 0.6X20 sample, it is possible to 346 

compare the population distribution between individual samples (Figure 4b) and sample 347 

categories (Figure 4c and 4d). Whilst an increase in the gum concentration decreases the absolute 348 

droplet volume, no significant change is observed in the population distribution (Figure 4c). In 349 

contrast, the addition of hydrophobized CNCs both decreases the absolute droplet volume and 350 

significantly increases the number of droplets that fall into the small population category (Figure 351 

4d). The addition of hydrophilic CNCs, with minimal hydrophobic domains, makes no 352 

significant difference. 353 
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 354 

Figure 4. (a) Box plots comparing distribution of oil droplet volume between emulsion gel samples. Droplet 355 

volumes are divided into four categories: small (blue boxes), medium (red boxes), large (green boxes), and outliers 356 

(black diamonds). The 0.4X20 sample has a second medium category (orange box). Aggregates < 3 μm3 are ignored 357 

for analysis. n = 300. (b) Oil droplet volume population distributions for each sample. Volume limits for each 358 

category defined by 0.6X20 sample. For all categories N = 3. Average oil droplet volume population distribution 359 

for (c) gum concentration (N = 3) and (d) gel modification (N = 2). Aggregate categories: small, 3 ≥ X < 1443 μm3 360 

(blue bars); medium, 1443 ≥ X < 6840 μm3 (red bars with light spot scattering), large 6840 ≥ X < 156623 μm3 (green 361 

bars with medium spot scattering), and outliers X ≥ 156623 μm3 (yellow bars with heavy spot scattering). † p < 0.05 362 

compared with unmodified samples in the respective size category. ‡ p < 0.05 compared with CNC samples in the 363 

respective size category. Error: ± SE. 364 

From the MCLSS data, it is apparent that corn oil autofluoresces under excitation at 405 nm 365 

(Figure 5, Figure S6 and Figure S10). This is most likely due to the ester groups present in the 366 

glycerol backbone, the carboxyl form of which have been previously associated with fluorescent 367 

n,π* transitions involving free electron pairs in oxygen groups (Johns, Lewandowska, Green, & 368 

Eichhorn, 2020; Li, Li, An, Chen, & Xiao, 2019; Xu et al., 2019). Spectral maps of the samples 369 

(Figure 5 and S8) reveal that both hydrophilic and hydrophobized CNCs concentrate at the oil 370 

droplets as evidenced by an increase in the CNC map intensity in the same locations as an 371 
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increase in the corn oil map intensity. Due to the technique used to generate the 2D map from 372 

the 3D data it is not apparent from the frontal projection images (Figure 5a) as to whether the 373 

CNCs are present in the aqueous, or oil, phases. However, the transverse maps (Figure 5b) 374 

suggest that the hydrophilic CNCs are in the aqueous phase, given their presence throughout the 375 

image, whilst the hydrophobized CNCs are confined to the oil phase. It is also worth noting that 376 

the gums appear to interact with the oil phase, as evidenced by the corresponding increase in 377 

intensity, in both the CNC-free and hydrophilic CNC samples (Figure 5ai,ii and Figure S10a-d), 378 

which is expected due to the presence of hydrophobic domains within their structure. However, 379 

no clear increase in the gum intensity is observed in the hydrophobized CNC samples (Figure 380 

5aiii and Figure S10e-g). This suggests that either no preferential interaction occurs between the 381 

oil and gums, which is unlikely given that the hydrophobized CNCs associated with the gums in 382 

the gel state (Figure 3c,d), or the majority of the oil droplets are at a scale below that detectable 383 

at the magnification used resulting in an apparent homogenous distribution. This second theory 384 

is supported by the increased oil intensity across the map in the hydrophobized CNC samples 385 

(Figure 5aiii and Figure S10e-g) and by the apparent decrease in the total detected volume of oil 386 

in the droplet volume analysis (Figure S11). 387 

To further understand the effect of the presence of the different CNCs on the properties of the 388 

emulsion gels, the thermal response of the viscoelastic properties was investigated. In line with 389 

rheology of LBG/XG base and hybrid gels, the elastic modulus dominated over loss modulus for 390 

the emulsion gels across the temperature range (Figure 6a). The viscoelastic moduli of the CNC-391 

free emulsion gels decreased at ~50 C, as previously observed for the gel systems (Figure 2a,b), 392 

reflecting the aqueous continuous phase transition from a gel to a viscous solution. However, in 393 

the presence of both types of CNC, minimal variation was observed between 25-70 C, despite 394 

changes being observed in the gel samples. This suggests that the interaction between the CNCs 395 

and the oil phase results in thermal stabilisation of the system, which could be due to localised 396 

increases in the CNC concentration around the oil phase resulting in stable gel phases. Similar 397 

behaviour was observed for CNC-free and hydrophobized CNC emulsion gels containing 40 398 

wt.% of oil (Figure S12). However, phase separation was observed for the hybrid gel with 399 

hydrophilic CNCs, suggesting that these CNCs have a detrimental effect on the formation of 400 

emulsion gels. Further evidence for this is observed in the increase in the maximum oil volume 401 

in the large droplet category compared to the unmodified system (Figure 4a) and the slight, 402 

although not significant, decrease in the droplet distribution small population category (Figure 403 

4c). 404 
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 405 

Figure 5. (a) Representative MCLSS frontal projection images of (i) 0.4X20, (ii) 0.4CNC20 and (iii) 0.4C8CNC20 406 

samples. All scale bars represent 200 μm. (b) Representative sections of MCLSS transverse projection spectrum 407 

maps of 0.4CNC20 and 0.4C8CNC20 samples in (a), maps from top to bottom: LBG/XG, CNC, corn oil, combined. 408 

Sample maps are intensity maps of the corresponding spectrum. Spectra and larger images available in SI (Figure 409 

S6, Figure S10). Scale bar represents 100 μm. 410 

 411 

Figure 6. (a) Temperature dependence of viscoelastic moduli for emulsion gels. Angular frequency 6.28 rad s-1, 412 

strain amplitude 1.5 %. (b) Frequency sweeps for emulsion gels. Temperature 25 C, strain amplitude 1.5 %. 413 

Samples: 0.4X20 (black circles), 0.4CNC20 (blue hexagons), 0.4C8CNC20 (red pentagons). G’ (solid symbols), G” 414 

(open symbols). Curves in (b) are the average of three measurements (Note: the error bars are smaller than the 415 

symbols). 416 
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Frequency sweeps confirmed the solid-like behaviour of the emulsion gels with G higher than 417 

G over the used frequency range (Figure 6b). The introduction of CNCs increased the storage 418 

moduli, with hydrophobized CNCs having a greater effect. This is typical for emulsion gels; 419 

stronger gelled continuous phases generally yield stronger emulsion gels (Dickinson, 2012; 420 

Geremias-Andrade, Souki, Moraes, & Pinho, 2016). However, whilst all the gels observed a 421 

greater increase in G” compared to G’ with increasing angular frequency, the addition of 422 

hydrophilic CNCs made the emulsion gel less resilient, as evidenced by a higher initial tan(δ) 423 

and a greater increase in its value over the angular frequency range (Figure S13), whilst the 424 

addition of hydrophobized CNCs increased the resilience compared to the CNC-free system.  425 

It is important to consider that the rheology of a continuous phase is not the only factor that 426 

defines properties of emulsion gels. Emulsion gels can essentially be considered as composite 427 

materials. Therefore, the interaction of the dispersed phase with the continuous phase, the 428 

dispersed phase droplet size, and their spatial distribution will also influence the mechanical 429 

properties of the emulsion gels. The mechanical properties of the droplets depend on their size 430 

due to the Laplace pressure arising from surface tension (Dickinson, 2012). The storage modulus 431 

of liquid droplet is defined using the equation 432 

𝐺′ = 2𝛾/𝑟  (2) 433 

where  is the interfacial tension and r is the radius of a droplet. The median droplet radius across 434 

all samples investigated is 5.5 m. Then, using the value of interfacial tension of corn oil as 25 435 

mN m-1(Ogino & Onishi, 1981) with the assumption that the CNCs and gums do not impact the 436 

oil-water interfacial tension, the average corn oil droplet storage modulus is expected to be ~10 437 

kPa. This will increase as the droplet size decreases – the median observed droplet for the 438 

0.4C8CNC20 sample is 3.9 m. For comparison, the equivalent G of the LBG/XG gel samples 439 

are between 10-200 Pa (Figure 2). Thus, the oil phase is around an order of magnitude stiffer 440 

than the gelled aqueous matrices used in this study and may contribute to the stiffness of the 441 

emulsion gels. Comparison of the storage modulus of the emulsion gels (GE) to the storage 442 

modulus of the corresponding gel matrix (GM) (Figure 7) reveals significant differences 443 

dependent on the choice of CNC addition. For the pure LBG/XG polymer network, addition of 444 

the oil phase increases G approx. 1.7 times for both 20 and 40 wt.% oil. This suggests that, 445 

whilst there is some interaction between the two phases, the oil droplets are effectively an 446 

inactive filler in terms of rheological properties with minimal reinforcing effect. However, the 447 

addition of hydrophilic CNCs completely removes any interactive effect between the two phases 448 
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with no observable difference between GE and GM. Given that the oil droplet distribution is not 449 

significantly different from the system with no CNCs present (Figure 4, Figure 5, Table S1, 450 

Figure S10, Figure S11), we theorise that the presence of CNCs at the interface between the two 451 

phases inhibits any interactive effect between the oil phase and the hydrophobic junctions in the 452 

LBG/XG polymer network, resulting in poor stabilisation of the oil droplets. This confirms that 453 

hydrophilic CNCs are not suitable additives for emulsion gel systems without the addition of 454 

surfactants. In contrast, the addition of hydrophobic CNCs significantly increases the storage 455 

modulus ratio compared to the other two samples, with further significant increases as the oil 456 

content is increased from 20 to 40 wt.%. We theorise that there is a two-fold effect here. Firstly, 457 

the presence of hydrophobic CNCs results in a significant decrease in the oil droplet size (Figure 458 

4, Table S1), which will increase the oil phase storage modulus (Equation 2). Secondly, the 459 

ability of the hydrophobic CNCs to interact with both the LBG/XG polymer network junction 460 

zones (Figure 3) and the oil phase (Figure 4) enables them to improve the interfacial interaction 461 

between the two phases. As the oil content is increased the total interface area also increases, 462 

enhancing the effect. 463 

 464 

Figure 7. Influence of oil content on the ratio between the storage modulus of the emulsion gel (GE) with respect 465 

to storage modulus of the corresponding gel matrix (GM). Oil content: 20 wt.% (no pattern), 40 wt.% (diagonal 466 

pattern). Total gum concentration: 0.4 wt.%, CNC concentration: 1.0 wt.%. Oscillation conditions: angular 467 

frequency 6.28 rad s-1, strain amplitude 1.5 %, temperature 25 C. Error: ± SE. * p < 0.05 between oil contents of 468 

20 and 40 wt.%, † p < 0.05 compared to unmodified system ‡ p < 0.05 compared to CNC modified system. 469 



 

19 
 

4. Conclusions 470 

The synergistic effect between LBG and XG is well known in the formation of gels. Here, we 471 

demonstrated that the addition of hydrophobized CNCs induced further enhancement in 472 

synergistic gel rheological properties. This effect of hydrophobized CNCs is superior compared 473 

with additives of hydrophilic CNCs despite the fact that rheological properties of individual gum 474 

solutions were not much different in the presence of both CNC types. Hydrophobized CNCs 475 

preferentially interacted with the hydrophobic junctions present in the LBG/XG network, 476 

resulting in a heterogeneous distribution, whilst the unmodified, hydrophilic CNCs were 477 

homogeneously distributed throughout the gel. As such, the hydrophobized CNCs elicited a 478 

greater change in the rheological response. Furthermore, hydrophobized CNCs had a positive 479 

impact on the structural and rheological properties of emulsions formed with corn oil. 480 

Hydrophilic CNCs appeared to be detrimental to the stability of the emulsion gels. It is theorised 481 

that their presence at the oil/water interface disrupted the interaction between the LBG/XG 482 

network and the oil, which resulted in poor performance. In contrast, the addition of 483 

hydrophobized CNCs resulted in significantly smaller oil droplets that were more homogenously 484 

distributed compared to emulsion gels without CNCs or with hydrophilic CNCs. This suggested 485 

that hydrophobized CNCs were able to mediate interactions between the two phases. This work 486 

demonstrates the potential of amphiphilic nanocellulose as structuring and reinforcing additives 487 

in complex polysaccharide systems. Such nanoparticles can be exploited in combination with 488 

various hydrocolloids for the designing water-based soft materials. 489 
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