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ABSTRACT  

We consider the variables relevant to adsorption of renewable nanoparticles and 

stabilization of multiphase systems, including particle’s hydrophilicity, electrostatic charge, 

axial aspect, and entanglement. Exploiting the complexation of two oppositely charged 

nanopolysaccharides, cellulose nanofibrils (CNF) and nanochitin (NCh), we prepared 

CNF/NCh aqueous suspensions and identified the conditions for charge balance (turbidity and 

electrophoretic mobility titration). By adjusting the composition of CNF/NCh complexes close 

to net neutrality, we produced sunflower oil-in-water Pickering emulsions with adjustable 
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droplet diameter and stability against creaming and oiling-off. The adsorption of CNF/NCh 

complexes at the oil/water interface occurred with simultaneous partitioning (accumulation) of 

CNF on the surface of the droplets in net negative or positive systems (below and above 

stochiometric charge balance relative to NCh). We further show that the morphology of the 

droplets and size distribution were preserved during storage for at least 6-months at ambient 

conditions. This long-term stability was held with a remarkable tolerance to changes in pH (e.g., 

3 ~  11) and ionic strength (e.g., 100 ~  500 mM). The mechanism explaining these 

observations relates to the adsorption of CNF in the complexes, counteracting the charge losses 

resulting from the deprotonation of NCh or charge screening. Overall, CNF/NCh complexes 

and the respective interfacial nanoparticle exchange greatly extend the conditions favoring 

highly stable, green Pickering emulsions that offer potential in applications relevant to 

foodstuff, pharmaceutical, and cosmetic formulations . 

KEYWORDS: nanochitin, cellulose nanofibrils, Pickering emulsions, interfacial adsorption, 

pH tolerance, salt resistance, food emulsions 

INTRODUCTION 

Emulsions belong to thermodynamically nonequilibrium systems,1 that might display 

long-term kinetic stability.2 In practice, molecular-based emulsifiers are utilized to reduce the 

interfacial tension between immiscible phases,3 preventing or delaying their separation.4 

Pioneering work by Ramsden5 and Pickering6 demonstrated emulsion stabilization using 

particles with dimensions in the colloidal size range, referred to as Pickering emulsions. 

Particles exhibiting similar wettability for water and oil phases (balanced contact angles) show 
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a strong tendency to achieve irreversible adsorption at interfaces.7 This produces an interfacial 

steric barrier, preventing droplet coalescence or breakage,8 which allows high colloidal 

stability.9 Upon preparation, Pickering emulsions often undergo limited coalescence.9-11 This 

occurs when oil/water interfaces are formed, displaying a much larger area compared to what 

can be potentially covered by the particles. As the formation of the droplets is halted, those that 

are (partially) unprotected start to coalesce, gradually reducing the total interface between 

water and oil phases. Moreover, stabilization of Pickering droplets is also able to be achieved 

via forming robust networks within the continuous phase involving particle bridging and 

entanglement,12,13 which can prevent or delay droplet movement. These unique attributes of 

Pickering stabilization are beneficial for green multiphase systems because Pickering emulsion 

can achieve sufficient stability without requiring molecular stabilizers that are often synthetic.14 

Hence, Pickering emulsion offer a versatile platform for developing and optimizing multiphase 

products, for instance, foodstuff, pharmaceutical, and cosmetic multiphase systems. 

The colloidal particles used so far for Pickering stabilization include those made from 

modified natural or synthetic polymers,15,16 as well as inorganic particles.17 However, the 

growing preference for label-friendly ingredients, particularly in foodstuff,18 has increased the 

demand for new choices,19 expanding the interest in other particle stabilizers, especially if 

derived from natural and renewable resources.14 Among the latter, plant-based particles are 

promising candidates,20,21 owing to their abundance, sustainability, biodegradability, and 

nontoxicity.22 For instance, cellulose nanocrystals (CNC) have been shown to form and 

stabilize different types of Pickering systems.23,24 Likewise, more flexible and longer cellulose 
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nanofibrils (CNF) have also been considered,25-27 particularly if used in their unmodified 

forms.28-31  

Compared with CNC, CNF is noted to have a reduced efficiency as Pickering stabilizer.32 

Some of the reasons for this observation include the larger dimensions (axial aspect) of CNF, 

together with its inherent tendency for entanglement,33 and strong hydrophilicity,34 all of which 

prevent CNF diffusion and adsorption at oil/water interfaces.35 For the same reasons, CNF is 

usually applied as a rheological modifier.36 Nevertheless, when used as an emulsifier, CNF 

stabilizes oil droplets with a loose coverage, leading to droplets with sizes in the micron 

range,28 which tend to cream and coalesce. Furthermore, it is possible for non-adsorbed or free 

cellulose nanofibrils dispersed in the continuous, aqueous phase to induce flocculation of oil 

droplets via depletion forces,37 thereby impairing emulsion droplet morphology and flow 

behavior. It thus follows that CNF adoption in Pickering stabilization can be further facilitated 

via increasing CNF affinity with the oil/water interface, for example, by hydrophobization or 

surface modifications.38 Unfortunately, such treatments reduce the sustainability prospects, 

especially considering food, cosmetic and green emulsions. In sum, it remains significantly 

challenging to endow CNF with the interfacial affinity required in stable, green Pickering 

emulsions.  

Physical adsorption, for instance, by electrostatic interaction, facilitates nanoparticle 

adsorption at interfaces.39 It has been demonstrated that food-grade Pickering emulsions can 

be stabilized by CNC electrostatically-modified with cationic surfactants;40 however, to the 

best of our knowledge, no attempts have been attempted for CNF. Beyond this concept, rather 
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than surfactants, and especially considering label-friendly products, particles or biopolymers 

bearing cationic charges can be combined with CNF. An option is the naturally-derived chitin, 

a cationic, insoluble polysaccharide bearing surface acetyl amine group groups.41,42 Among 

colloidal nanoparticles derived from chitin,43 fibril-like nanochitin (NCh) can be easily 

produced by mechanical disintegration under acidic condition. Moreover, the effectiveness of 

NCh in stabilizing the oil/water interfaces has been demonstrated given its interfacial 

wettability,44 leading to high droplet surface coverage.45,46 While NCh is a good Pickering 

stabilizer on its own,47-50 there is the possibility to tailor its interfacial adsorption if it is 

combined with other components, such as CNF.51-53 In fact, here we propose such systems to 

achieve enhanced stability, for example, to variations in pH and ionic strength.  

Herein, we enhance interfacial adsorption by in situ electrostatic complexation of CNF 

with cationic NCh. We hypothesize that the interfacial adsorption of such CNF/NCh complexes 

can be controllably tuned by using the mass/charge ratio of CNF to NCh, going from a 

dominant dispersed system in the aqueous phase to a strongly associated system, both 

providing stable Pickering multiphase systems. To our knowledge, this report is the first 

attempt to combining two naturally-derived nanopolysaccharides to facilitate their interfacial 

adsorption and tailorable Pickering stabilization. While NCh is sensitive to pH and salinity, for 

instance, the colloidal stability of NCh originates from the electrostatic repulsion, which can 

be reduced by deprotonation at high pH (loss of surface charge) and by charge screening at 

high salinity,54 the complexation of NCh with CNF is expected to create all-renewable 

stabilization of green Pickering emulsions with great environmental tolerance. In this study, 
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we offer an in-depth understanding of the interactions between NCh with CNF, as oppositely-

charged nanopolysaccharides, aiming at the design, optimization, and manufacture of all-

renewable Pickering emulsions.  

EXPERIMENTAL SECTION 

Materials. Raw, unpurified blue crabs were obtained from a supermarket in Helsinki, 

Finland. Meanwhile, wood pulp (bleached sulfite birch fibers) was supplied as a source to 

produce cellulose nanofibrils (CNF), following a previous report.55 The fibers were bleached, 

free of fines and supplied in a never-dried form. The fibers were subjected to microfluidization 

(M110P, Microfluidics Int. Co., MA) using six passes (1500 bar). Note: no fiber pretreatment, 

either chemical or enzymatic, was applied prior to microfluidization. The obtained CNF 

suspension was kept at 4 ℃ until use. The averaged lateral diameter of the CNF was appr. 28 

± 4 nm, with lengths being from submicrons (several hundreds of nanometers) to several 

microns (Figure S1a). Other chemicals, including HCl, acetic acid (100%), NaOH, NaCl, 

Calcofluor white stain solution, Nile red powder, styrene (St), and azobis(isobutyronitrile) 

(AIBN) were acquired from Sigma Aldrich (Helsinki, Finland). For the oil phase, the choice 

of sunflower oil considered our previous work and facilitated comparisons.23,45 The sunflower 

oil was obtained from a supermarket. All of the chemicals considered in our experiments were  

used without additional purification. The water (18.2 MΩ·cm) used to prepare the emulsions 

was obtained by filtration using a Millipore unit and herein referred to as water, unless indicated 

otherwise.  
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Nanochitin preparation. 𝛼-chitin from fresh crabs was purified according to a previous 

report.42 In brief, unpurified shells from fresh crabs were immersed in 24-h cycles in 1 M HCl  

and 1 M NaOH solutions to remove minerals (e.g., calcium) and proteins. At least three cycles 

were used. The processed shells were further decolorized using NaClO2 solution (0.5 wt%, pH 

5.0 with acetic acid) for at least 2 h at 70 °C. After decolorization, residues of purified chitin 

shells were thoroughly cleaned using running distilled water (hot and cold) to remove 

impurities. Finally, the obtain chitin, in forms of  flakes, were crushed into small pieces using 

a kitchen blender.  

In this study, the chitin nanoparticles that were obtained by mechanical disintegration are 

referred to as nanochitin (NCh). The procedure applied to produce NCh was slightly modified 

according to our recent report.56 In brief, small pieces of purified chitin were deacetylated with 

NaOH solution (33 wt%) at 90 °C. The total reaction time was set to 3.5 h based on our previous 

experience. The solid-to-liquid ratio was fixed at 0.04 g/mL. After deacetylation, partially-

deacetylated chitin was obtained, herein referred to as DE-chitin, which was fully cleaned by 

running hot and cold water until reaching pH of 7 or lower. Then an overnight dialysis was 

performed to further remove impurities from the obtained DE-chitin. The acetylation degree of 

DE-chitin was approximately 72.5%, similar to the value determined by conductivity titration 

in our earlier efforts.45 Before mechanical nanofibrillation, DE-chitin was dispersed in acidic 

water (0.2 wt% concentration) to achieve full protonation of the surface amine groups, which 

resulted in a “coarse” DE-chitin suspension. The pH (3.0) of the suspension was adjusted using 

acetic acid under continuous stirring. After re-dispersion, the coarse suspension of DE-chitin 
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was further homogenized at room temperature with the aim of generating finer fibrils. This was 

carried out with a with a homogenizer (T-25, Digital Homogenizer, IKA, Germany). The 

obatined fine DE-chitin suspension was further disintegrated into NCh via ultrasonication with 

a high-power tip sonicator (Sonifier 450, Branson Ultrasonics Co., USA) using a 50% power 

strength relative to the maximum power. The sonication duration in this experiment was set to 

40 min alternately using  5 s on and 2 s off. The obtained NCh suspension was kept in 4 °C 

fridge prior to analysis and use. The dimensional data of obtained NCh were 170 ± 30 nm in 

length and 12 ± 2 nm in width (Figure S1b).  

CNF/NCh complexes. CNF stock suspension (1.7 wt%) was diluted to 0.5 wt% using 

water.  NCh suspensions were prepared by diluting NCh stock suspension (0.6 wt%) to given 

concentrations with water at pH 3.0 (acetic acid). The suspensions composed of CNF/NCh 

complexes and produced under given conditions are listed in Table 1. Therein, the CNF/NCh 

complexes are named as “CN-x”, with x representing the respective conditions (10 different 

systems). The complexation of CNF with NCh was produced by mixing 0.5 wt% CNF 

suspension with that of NCh at the given concentration and using a volumetric ratio of 1:1 for 

a total of 10 ml. Subsequently, CNF/NCh suspension was vortexed and then sonicated for 5 

min at 25 °C using a bath sonicator (DT 52/H, Sonorex Digitec, Germany). For all obtained 

complex suspensions, the final pH was fixed at pH=3.0 by addition of acetic acid. A reference 

sample, 0.25 wt% CNF suspension, was obtained by dilution with water of the 0.5 wt% CNF 

suspension. The CNF/NCh complex suspensions were kept at room temperature until further 

analysis and use (digital photos for suspensions were taken after storing for at least 12 h). 
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Table 1. Composition and zeta potential of CNF/NCh complexes in suspensions prepared 
at the given condition1 

Code 𝐶𝐹−𝑁𝐶ℎ  (wt%) 𝐶𝐹−𝐶𝑁𝐹/𝑁𝐶ℎ  (wt%) Mass ratio 𝜁𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛  (mV) 𝜁𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛  (mV) 

CN-1 0 0.25 - -62 ± 2 -56 ± 1 

CN-2 0.0005 0.2505 500/1 -61 ±1 -51 ± 1 

CN-3 0.0025 0.2525 100/1 -25 ± 1 -32 ± 1 

CN-4 0.005 0.255 50/1 -21 ± 0.3 -24 ± 1 

CN-5 0.025 0.275 10/1 58 ± 1 29 ± 1 

CN-6 0.05 0.3 5/1 82 ± 2 44 ± 0.7 

CN-7 0.1 0.35 2.5/1 89 ± 2 49 ± 0.5 

CN-8 0.15 0.4 5/3 91 ± 0.6 50 ± 1 

CN-9 0.2 0.45 5/4 91 ± 1.5 52 ± 1 

CN-10 0.25 0.5 1/1 0.25 0.5 

1𝐶𝐹−𝑁𝐶ℎ
 are the concentrations of NCh in the final suspension. 𝐶𝐹−𝐶𝑁𝐹/𝑁𝐶ℎ

 stands for the total concentration of 

nanopolysaccharides in the final suspension. For all suspensions, the final concentration of CNF is 0.25 wt%.  

Complex colloidal stability. -potential. The -potential of CNF/NCh complexes formed 

in the respective suspensions was assessed by dynamic light scattering (ZS-90, Malvern 

Instruments, UK). In order to avoid multiple scattering effects, the samples were diluted using 

water before measurement. The averaged results were obtained by using freshly prepared 

samples (duplicate samples) with three runs for each sample. 

Turbidity. The turbidity of the CNF/NCh complex suspensions was measured with a UV-

vis spectrophotometer (UV-2550, SHIMADZU, Japan) operated at room temperature. The 

transmittance for all of the samples was measured at 600 nm. The samples were placed in an 

optical cell with 1-cm path length. The turbidity was calculated based on previous reports 

according to the below equation.40  

Turbidity = 2.3 × log
1

𝑇
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where 𝑇 stands for the transmittance of the sample. The results were averaged by measuring 

three freshly prepared samples that were prepared within 2h before testing. 

Morphology. The microstructure of CNF, NCh and CNF/NCh complexes was observed 

using normal transmission electron microscope (TEM, JEM-2800, JEOL, Japan) with a 120 

kV acceleration voltage. Briefly, the respective suspension was diluted to 0.005% using water, 

and then a drop of the sample was deposited on the TEM grid that was coated with carbon-

based formavar film. The sample was further negatively stained using an uranyl acetate 

solution before drying the grid at room temperature.  

CNF/NCh-stabilized Pickering emulsions. Pickering emulsions were produced with the 

respective CNF/NCh complexes, used as stabilizer (see Table 1) and the sunflower oil (10 to 

50 wt%) as the oil phase. Briefly, certain amount of oil phase was loaded into a plastic tube 

that was filled with the respective CNF/NCh suspension, and then emulsification of the two 

phases was by microtip sonication (Sonifier 450, Branson Ultrasonics Co., USA). The microtip 

was placed close to the top surface of the fluid. The input power was fixed at 40% strength of 

the maximum power of the sonicator (determined by heat balance, that is, the increase of 

temperature with reaction time) by alternating 5 s on and 2 s off, for total 60 s. In order to 

minimize overheating during ultrasonication, the plastic tube was placed in an ice-water 

throughout the emulsion preparation. A reference sample that was stabilized by 0.25 wt% NCh 

was also prepared following the same procedure. The visual appearance of the emulsions was 

accesses within 24 h after sample preparation. The long-term stability of the emulsions 

following long-term storage at room conditions was determined following any phase separation 
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and recorded with photos of the emulsions after at least 6-months, a standard time used to 

evaluate the stability of foodstuff emulsions.57  

Optical fluorescent microscopy was used to identify the oil phase and CNF/NCh 

complexes. For this purpose,  the sunflower oil was dyed with Nile red solution (1 mg/mL in 

ethanol). Prior to emulsification, the Nile red solution was directly loaded into sunflower oil at 

a ratio of 1/50, and the mixture was vigorously stirred at room temperature for at least 12h.  

For accessing the surface morphology and identifying the nanopolysaccharides adsorbed 

at the surface of the droplets, we prepared CNF/NCh-stabilized Pickering emulsions using 

styrene (St) as the dispersed phase. The oil phase was then polymerized (radical 

polymerization), forming polystyrene (PS) beads. Briefly, the aqueous phase was the same as 

that used in the respective sunflower oil emulsions (composed of the CNF/NCh complexes). 

Meanwhile the oil phase contained St and the initiator (AIBN) (AIBN-to-St ratio of  1/100 

w/w) . For emulsion preparation, 1 g of St/AIBN mixture was mixed with 9 g of the CNF/NCh 

complex suspension. The two phases were emulsified using the same procedure used for the 

sunflower oil emulsions. In order to minimize the influence of air trapped in the system, the 

obtained St-in-water emulsions were degassed for at least 10 min using nitrogen gas before the 

start of the polymerization at 65 °C. The polymerization of St into PS was let to occur for 24 h 

at 65 °C in the absence of stirring. 

Pickering emulsion stability. In order to evaluate Pickering emulsion stability against 

environmental stresses, fresh CNF/NCh-stabilized emulsions containing sunflower oil (10 

wt%) were subjected to different conditions of pH and salinity (ionic strength). The CNF/NCh 
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complex suspension used (CN-10 sample) corresponded to a total concentration of CNF/NCh 

of 0.5 wt%. The respective emulsion (at least 20 mL) was loaded into a container, following 

pH adjustment using HCl or NaOH solutions (pH 3 to 11). The salinity or ionic strength (0 to 

500 mM) was adjusted by NaCl addition. After vortexing, the emulsions were transferred into 

transparent glass vials for visual observation. Before analysis, the emulsions were held for 24 

h holding time at room temperature. 

Emulsions characterization. Droplet sizing. The mean droplet diameter of the emulsions 

and corresponding size distribution were measured by static light scattering (Mastersizer 2000, 

Malvern Instruments, UK). In order to avoid multiple scattering effects, the respective 

emulsions were diluted with water for analysis. The refractive indices of the aqueous phases 

and the sunflower oil used were assumed to be 1.33 and 1.47, respectively. The mean droplet 

size was calculated as the Sauter mean diameter (𝐷32 = ∑ 𝑛𝑖𝑑𝑖
3 / ∑ 𝑛𝑖𝑑𝑖

2) using the full size 

distribution range. Particularly, the span of the samples was reported based on the width of 

particle size distribution. To facilitate the comparison among samples, corresponding droplet 

size distributions were shifted vertically using sizing data from the same initial droplet volume. 

The measurements were conducted in triplicate using freshly prepared samples. 

Microscopy. The morphology of the emulsions after storage and at different environmental 

stresses was observed from images obtained by confocal laser scanning microscopy (Leica 

DMRXE, Leica, Germany) using an oil immersion objective lens (60×). The sample (100 μL) 

that was obtained from the top layer of the emulsion was dyed using Nile red solution (10 μL) 

before observation. The dyed sample was equilibrated for at least 10 min at room temperature 
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after gentle mixing using a pipette. Then, 6 μL of the stained sample was deposited on a clean 

microscope slide and a glass coverslip was used to cover the sample, under no load. After the 

sample was evenly spread, the coverslip was immediately fixed using transparent nail polish. 

This procedure was applied to minimize evaporation of water or solvent. The 

excitation/emission spectra for Nile red used in this study were 488/539 nm. 

The sunflower oil droplets and CNF/NCh complexes in the samples were simultaneously 

imaged with a fluorescent optical microscope (Zeiss Axio Observer, Zeiss, Germany) with an 

oil immersion objective lens (63×). Prior to emulsion preparation, the sunflower oil was dyed 

with Nile red solution, leading to red-stained samples. Before observation, 

nanopolysaccharides were dyed with Calcofluor white solution. The procedure used for 

preparing dual-stained samples was the same as that used for confocal imaging. The 

excitation/emission spectra for Calcofluor white used in this study was 365/435 nm, 

respectively. The fluorescence signals in the images (red and blue) were processed by ImageJ 

code (imagej.nih.gov), which was used to generate merged images.58 In some images, the red 

color was too strong, and became dominant over the other, resulting in a blurred merged image 

of the blue contour. Note: owing to the large sample volume deposited onto the glass slide 

needed for observation, overlapping of multiple droplets is unavoidable. This represents a 

challenge for interpretation (confounding with flocculation). To account for this effect, the 

morphology of the droplets was additionally accessed by using CLSM.  

To analyze the surface of the polymerized PS beads, scanning electron microscopy (SEM, 

Zeiss Sigma VP, German) was used with an accelerated voltage of 1 to 2 kV. Briefly, a drop 
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of the diluted emulsion (100-fold) was deposited onto the sample holder, following overnight 

drying at ambient temperature. Before SEM observation, the dried PS beads were sputter-

coated with platinum/palladium. 

RESULTS AND DISCUSSION 

CNF/NCh complexation. The addition of NCh to a CNF suspension under conditions 

away from net neutrality produced colloidally stable systems (Figures 1a and 1b), with no 

visible phase separation, flocculation or sedimentation. The measured turbidity of the 

suspensions (1.6) only increased slightly compared to that of the initial CNF suspension 

(Figure 1b). Thus, the colloidal stability of CNF (0.25 wt% suspension) was not significantly 

affected upon complexation with NCh, provided the charge of the system was net negative or 

positive. These results are mainly attributed to relatively strong inter-particle electrostatic 

repulsion in aqueous media, given the high surface charge of the respective complexes, as 

shown Figure 1b. -potential of the CN-1 system was ca. -60 mV, slightly lower than that of 

the neat CNF suspension (-62 mV) (Table 1) and high enough to ensure strong electrostatic 

stabilization. As expected, the increased NCh addition (CN-3 and CN-4), produced complexes 

with less negative  potential (-25 mV). Further addition of NCh, for example, in sample CN-

5, produced a shift in the sign of the net charge (the  potential shifted to positive), indicating 

that the transition point for charge compensation or balance occurs at a condition between those 

on CN-4 and CN-5 samples. We deliberately avoided such condition leading to complex charge 

neutrality, occurring in a very small window of NCh concentration (NCh suspensions at a 

concentration between 0.01 and 0.05 %, Table 1). Under these narrow conditions, phase 
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separation occurs, making the suspension less effective for the purpose of Pickering emulsion 

stabilization. Overall, the results indicate excellent colloidal stability of CNF/NCh complexes 

below or above net zero charge. The latter condition takes place in a narrow concentration 

range and implies that NCh can be conveniently added to tailor the net charge of the complexes 

following protocols such as those used in colloidal titration.  

The typical morphology of CNF/NCh complexes for CN-8, which are net positive, is 

shown in the TEM image (Figure 1c). Comparing such morphology with that of neat CNF or 

NCh (Figure S1), it is apparent that no significant aggregation occurred, which is in line with 

the turbidity measured in the aqueous suspension. It should be noted that while no visible flocs 

were observed in suspensions just below and above charge neutrality (NCh concentrations of 

0.01 to 0.05 wt%, Table 1), small visible aggregates could be identified after diluting the 

suspensions. This was the result of such complexes being subjected to weak electrostatic 

repulsion, favoring interparticle bridging and leading to CNF/NCh aggregates with dimensions 

in the micrometer scale. The latter significantly impaired identification of the complex 

microstructure. A similar aggregation phenomenon has been discussed in our previous report.40 

In sum, colloidally stable CNF/NCh complexes were easily formed below and above the 

conditions for net zero charge (from -62 to +75 mV) by nanoparticle titration and are discussed 

next for Pickering stabilization. 
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Figure 1. (a) Photograph and (b) plots of turbidity and −potential (mV) of CNF aqueous suspensions 

at given NCh addition levels (Table 1). The respective CNF/NCh complex suspension is shown on each 

sample at increased loading of NCh (CN-1 to CN-10, from left to right). (c) Transmission electron 

microscopy of sample CN-8. The scale bar corresponds to 500 nm.  

Pickering emulsions stabilized with CNF/NCh complexes. Formation and stabilization. 

Sunflower oil-in-water Pickering emulsions were emulsified using sunflower oil (10 wt%) and 

the respective CNF/NCh complex suspension. Table 1 refers to the initial CNF (0.5 wt%) and 

NCh (varying) concentrations. As shown in Figure 2a, the emulsion prepared with neat CNF 

was less stable than those produced with the complexes. Soon after preparation, oil coalescence 

and oiling-off occurred on top of the emulsion (see circled area in Figure 2a). By contrast, 

aqueous suspensions containing the CNF/NCh complexes resulted in stable emulsions (no 
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oiling-off nor creaming), even at very small addition level of NCh (CN-2 aqueous system with 

mass CNF/NCh ratio of 500/1, for example), indicating the excellent emulsifying ability of the 

complexes. Furthermore, the emulsions stabilized with neat NCh (0.25 wt%) displayed a 

homogeneous appearance (Figure S2), pointing to the high stabilization capability of NCh in 

Pickering emulsions.45, 52 

Figure 2b includes mean droplet diameter (D32) of the respective emulsions, which can be 

controlled via NCh titration. Here we use the net −potential of the CNF/NCh complexes as a 

parameter to compare the properties of the emulsions. When the emulsions were stabilized with 

CNF/NCh complexes with decreased net negative −potential (CN-2 to CN-5), the droplet size 

became larger compared to that of pure CNF. Particularly, the emulsions stabilized with CN-4 

and CN-5 showed considerably larger droplet size. Two main factors are likely responsible for 

this observation. Firstly, relatively large CNF/NCh complexes that formed at near neutral 

conditions limited their transport from the continuous, aqueous phase to the newly formed 

oil/water interfaces and afterwards their adsorption.25,59 As a result, the oil droplets initially 

formed during sonication would significantly coalesce soon after sonication, resulting in large 

droplets. It should be noted that while complexes with lower surface charges may promote the 

adsorption at the oil/water interfaces, a balance between limited transport and reduced inter-

particle electrostatic repulsion should be considered. Secondly, droplet coalescence during 

formation and storage occurred as a consequence of weak electrostatic repulsion between the 

droplets, given a reduced surface charge of droplets that were stabilized by less charged CN-4 

and CN-5 (Table 1). Under conditions of zero net charge, the droplets are expected to be 
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extremely large. While such samples were not prepared, the anticipated initial droplet size can 

be indicated to belong somewhere in the area indicated by the dotted line in Figure 2b. Using 

the CNF/NCh complexes with high net charge (CN-6 and beyond), the droplet size was 

significantly reduced. The complex with the highest (positive) charge tested (CN-10) produced 

emulsions with very small droplet size (3 m), much smaller than those produced from neat 

CNF. The results indicate the benefit of NCh in emulsifying complexes. Regardless of the 

droplet size, all the Pickering emulsions prepared were homogeneous and stable with no signs 

of phase separation (Figure 2a). This is partially attributed to the high viscosity and 

viscoelasticity of the emulsions (Figure S3), which prevented coalescence and restricted 

oiling-off during storage.  

 
Figure 2. (a) Photograph and (b) plots of mean droplet diameter (D32), and (c) corresponding size 

distributions of CNF/NCh-stabilized sunflower oil-in-water Pickering emulsions (10 wt% oil phase) 
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with given CNF/NCh ratios in the aqueous phase (CN-1 to CN-10, from left to right). The red dashed 

circle in (a) shows oiling-off. The net −potential values (mV) of the CNF/NCh complexes were used 

in the x axis of the mean droplet size (b) and as labels in the respective distributions (c). The dashed 

lines in the colored area in (b) is added as a guide to indicate a possible evolution in initial diameter of 

droplets of emulsion prepared with CNF/NCh complexes under close to neutral net charge (−potential 

= 0).  

Figure 2c illustrates the size distribution of emulsion droplets that were stabilized using 

the CNF/NCh complexes. The corresponding size distribution of droplets prepared at relatively 

large negative charge (CN-1 and CN-2) were multimodal (less uniform). By contrast, the 

droplet size distribution was monomodal in emulsions prepared with complexes loaded with 

NCh (less negatively charged or positively charged, samples CN-3 to CN-10). Noticeably, 

emulsions prepared with complexes with a net charge between -25 and +58 mV showed a wider 

size distribution (span of ~3), which indicate a higher polydispersity and lower stability. When 

using highly charged complexes (>89 mV), the droplet size showed a distribution with two 

apparent peaks, indicating the influence of two different mechanism for the formation of 

emulsion droplets with highly charged complexes. This result will be considered in the 

following section (Figure 3 and 4).  

We next evaluate the morphology of CNF/NCh-stabilized Pickering emulsions by 

confocal imaging (Figure S4). The droplet size exhibited a similar trend as previous findings 

(Figure 2b). Emulsions stabilized with CNF/NCh complexes at a relatively large −potential 

(CN-2 and CN-3) presented droplets that were well-dispersed and, compared to those produced 

with neat CNF, showed increased droplet diameter, which agreed with the data shown in 
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Figure 2b. Not surprisingly, for emulsions with low surface charge originated from the less 

charged complexes (CN-4 and CN-5) (Table 1), large clusters of oil droplets with polydisperse 

distribution and slightly irregular shapes were clearly identified. The emulsions prepared with 

complexes of high net −potential, particularly CN-8 to CN-10 (> 90 mV), showed a reversed 

evolution of oil droplet diameter, that is, the droplet size became smaller and more uniform. 

This result therefore demonstrated the efficiency of such complexes in stabilizing Pickering 

emulsions. Overall, incorporation of NCh in complexed systems improves the emulsifying 

capability of CNF and achieve stable Pickering emulsions with adjustable droplet properties. 

Stabilization mechanism of emulsion. We identified CNF/NCh complexes in the emulsions 

using a dual-channel fluorescent microscope after tagging the nanoparticles (blue) and the 

sunflower oil (red) (Figure 3 and Figure S5). Once again, the results indicated excellent 

emulsion stability. According to the images shown in the blue channel and the merged images 

(see the blue, thin contour surrounding the oil droplets), and despite the multiple effect of dye 

reflection from aqueous phase, the CNF/NCh complexes were found to be distributed at the 

oil/water interfaces, for all NCh concentrations and regardless the droplet size. These results 

confirm the role of the CNF/NCh complexes in stabilizing Pickering emulsion via interfacial 

adsorption. On the other hand, free CNF or respective complexes were present in the 

continuous, aqueous phase, particularly as identified from the blue channel images in Figure 

3 and Figure S5, which implied the formation of viscous, nanofibril networks in the aqueous 

phase, contributing to droplet stabilization (Figure S3). 
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Figure 3. Fluorescent images of CNF/NCh-stabilized sunflower oil-in-water Pickering emulsions (10 

wt% oil phase) with CNF/NCh complexes CN-1, CN-4, CN-5, and CN-10. The −potential (mV) of 

CNF/NCh complexes is indicated in each image. The upper row corresponds to images from samples 

comprising stained oil, and the middle row corresponds to those with stained CNF/NCh complexes. The 

bottom row is a merged image obtained from the other two. The oil phase and the CNF/NCh complexes 

were stained following standard procedure using Nile red and Calcofluor white, respectively. Prior to 

observation, all samples were kept at ambient temperature for 24 h. The scale bar corresponds to 20 μm. 

We appraised the surface coverage of the CNF/NCh complexes following additional 

experiments using CNF/NCh-stabilized St-in-water Pickering emulsions, after  polymerization 

of St to form spherical PS beads. This allowed for the fibrils to be identified on the surface 

(Figure 4 and Figure S6). Moreover, the trends in bead size agreed with our findings of 

complex-stabilized sunflower oil-in-water systems (Figure 3 and Figure S4). It should be 
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noted that the small beads observed in the images relate to the polymerization of St monomer 

that was extruded through the surface of the droplets.60 Such monomer was polymerized in the 

aqueous phase wherein thermally activated AIBN initiated the reaction and the free, isolated 

CNF/NCh complexes functioned as nucleation sites.  

 
Figure 4. Scanning electron microscope (SEM) images of polymerized St-in-water Pickering emulsions 

that were stabilized by CNF/NCh complexes at (a) CN-1, (b) CN-4, (c) CN-5, and (d) CN-10. (e) PS 

beads showing inter-connected CNF (CN-4 case). (f) SEM image of smaller droplets in emulsions 

stabilized with CN-10, indicating a bimodal droplet size distribution. The scale bar in (a) to (e) 

corresponds to 1 μm, and in (f) is 200 nm.  

An interesting observation in the fluorescence images was the contribution of blue 

reflection in the continuous, aqueous phase of Pickering emulsions stabilized at low NCh 

concentrations (or pure CNF). They indicate the presence of free nanofibrils (Figure 3 and 

Figure S5). A question that arises is how NCh enables tunable interfacial adsorption of 

CNF/NCh complexes, from randomly dispersed fibrils in the continuous, aqueous phase to 

tightly adsorbed complexes at the sunflower oil/water interfaces. A mechanism that might 
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explain such effect is illustrated schematically in Figure 5. Free CNF dispersed in the 

continuous, aqueous phase, shown as long and flexible nanofibrils, given a relatively large 

(negative) −potential (Figure 1b and Figure S1b). When neat CNF was used for emulsion 

preparation, some oil droplets appeared interconnected by the free, dispersed CNF (Figure 3), 

as supported by SEM images of PS beads stabilized by pure CNF (Figures 4a, 4e and Figure 

S6a), which shows a loose networked organization at the surface as well as inter-particle 

connections. By loading NCh, the complexation, via electrostatic interaction between NCh and 

CNF, gradually leads to a partial coverage of CNF by NCh, as indicated by the change in 

−potential (Figure 1b). Meanwhile, the acetyl groups on the surface of NCh retained in the 

complexes, acting as hydrophobic sites with better affinity to the oil phase,45 presumably 

improving complex adsorption at the interfaces, with their hydrophilic entities interacting with 

the water phase (Figure 5b). When surface charge of the CNF/NCh complexes was still 

negative, at low NCh addition (CN-2 to CN-4) (Figure 1b and Table 1), more CNF surfaces 

were exposed, favoring for CNF to remain partially dispersed in the continuous, aqueous phase 

(left illustration in Figure 5a). Thus, such system was less efficient for interfacial adsorption 

of CNF. Moreover, the hydrophilic nature and large dimension of CNF/NCh complexes limit 

their diffusion from the continuous, aqueous phase to the oil/water interfaces and afterwards 

their adsorption.  
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Figure 5. (a) Depiction  of the possible mechanisms involved in the formation and stabilization of oil 

droplets in a continuous, aqueous phase, e.g.,  Pickering emulsions stabilized with CNF/NCh complexes 

of given charges (the illustrations are not to scale). The charge balance of the complexes affects their 

interfacial adsorption. (b) Illustration of the interfacial adsorption of the CNF/NCh complexes. Affinity 

between acetyl groups (hydrophobic entities) in NCh and the oil phase is expected to facilitate complex 

adsorption and interfacial coverage of CNF at the interface. 

The CNF surface was considered to be fully covered by NCh when the −potential of 

CNF/NCh complexes shifted to positive (Table 1 and Figure 1b). In such case, no complexes, 

particularly fibril-like CNF bundles, were identified in the continuous, aqueous phase (Figure 

3 and Figure S5). Therefore, based on the NCh’s nature,45 it is reasonable to assume that a 

more complete interfacial adsorption of the complexes can be achieved by means of the 

hydrophobic acetyl groups of NCh, close to the surface of the droplets (Figure 5a, center). 

However, even if NCh neutralizes CNF and improves emulsion stability, under conditions of 

low net surface charge near the transition point, the electrostatic repulsion is weaker and leads 
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to an increased droplet size (Figure 2b and Figure S4). Indeed, a higher −potential of 

positively-charged complexes leads to a reduction of emulsion droplet size and narrower 

droplet size distributions (Figure 2b and c). For complexes with −potential > 90 mV, free 

NCh existed in the continuous, aqueous phase (excess NCh upon complexation). Confirmation 

is found from the reference system based on PS, where fully covered, smaller beads were 

observed for CN-10 system (Figure 4f). The bead size was similar to that of previous 

experiments conducted with neat chitin nanofibers,45 thereby demonstrating the role of free 

NCh on droplet stabilization (Figure 5a, right panel). This result also explains the bimodal 

droplet size distribution observed at high NCh loadings (Figure 2c). In sum, this is the first 

report to demonstrate that complexation of NCh with CNF can controllably tailor the interfacial 

adsorption of the CNF/NCh complexes and produces stable Pickering emulsions. Hence, the 

complexation between oppositely-charged nanopolysaccharides is introduced here as an all-

natural, efficient and novel system for green Pickering emulsions. 

High oil fraction Pickering emulsions. We examined the performances of Pickering 

emulsions that were stabilized by the CNF/NCh complexes with varying water-to-oil ratio 

(WOR). The emulsions that were stabilized with the CNF/NCh complex (CN-10) at different 

oil fractions (WOR up to 50/50) showed high stability against creaming and oiling-off after 

storing at room temperature for 24 h (Figure S7a). Phase separation occurred in emulsions 

with WOR = 40/60. The droplet diameter and its distribution, as observed from Figure S7b, 

indicate that the diameter of the oil droplets gradually increased with the loading of oil, 

attaining 8.7 μm when WOR = 50/50 was used. This result is also confirmed by confocal 
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imaging (Figure S8). By increasing the oil phase fraction, the relative coverage of 

nanoparticles is reduced at given CNF/NCh complexes, which increases the likelihood of 

droplet coalescence during ultrasonication, finally resulting in larger droplets. Interestingly, the 

droplet size distribution shifted from bimodal at low oil fractions to unimodal at high oil 

loading. This is because at relatively low oil loading, the complexes and free NCh stabilized, 

separately, the oil droplets. In contrast, at high NCh levels, all the nanoparticles in the system 

were required to stabilize the newly generated interfaces, resulting in a relative even 

distribution of the complexes and free NCh. Figure S7c addresses the rheology of the 

emulsions of varying oil content and shows  G′ > G′′ for all emulsions, which reveal the 

presence of emulsion gels. A synergistic effect is responsible for this result, from the 

contribution of (1) relatively high NCh loading in the complex and free NCh in the aqueous 

phase45 and, (2) reduced free volume of the aqueous phase and enhanced inter-droplet 

interactions when the volume of the oil droplets was increased. This also explains the high 

stability of the emulsions against creaming and oiling-off during storage. To conclude, the 

CNF/NCh complexes are superior stabilizers of Pickering emulsions, even for sysyems with 

high oil fractions. 

Environmental stress on the stability of Pickering emulsions. In practice, emulsions 

usually undergo a series of conditions during production, processing, storage, transportation, 

and use.2, 18 It is therefore pertinent to develop robust systems that resist alteration under 

changing conditions. In this context, one of the limitations of NCh-stabilized emulsions is 

limited pH stability, owing to the deprotonation and decreased surface charge at high pH. 
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Moreover, salt-induced charge screening of droplets covered by NCh impairs emulsion 

stability. So far, it is evident that 1) CNF is much larger than chitin nanoparticles used in this 

study (Figure S1); 2) CNF/NCh complexes efficiently adsorb at the oil droplets in Pickering 

emulsions, and 3) NCh drives interfacial adsorption of the complexes, given the affinity of the 

hydrophobic sites distributed on the NCh surface (Figure 5b). We hypothesize that 

complexation of CNF with NCh improves the tolerance of emulsions to shifts of pH and ionic 

strength (Figure 6a). As such, the behavior of emulsions under varying environmental stresses 

is discussed in the following sections. 

Tolerance to pH. Figure 6b displays the effect of pH on the stability of CNF/NCh-

stabilized Pickering emulsions. When adjusting the pH value to pH = 9, the emulsions prepared 

with pure NCh separated into serum (bottom) and creamed (upper) layers. In contrast, the 

CNF/NCh-stabilized emulsions were found to be stable against creaming and oiling-off visibly 

in the pH range from 3 to 11 (Figure 6b, insert), and the droplet size was only slightly increased 

to ~10 μm at pH 11 (Figure 6b). Moreover, confocal images confirmed that oil droplets that 

were stabilized by CNF/NCh complexes kept their shape and displayed high stability against 

droplet flocculation and oil coalescence, at least within the studied pH range (3-7) (Figure 7). 

At pH > 9, a slight flocculation occurred, as judged from the optical images (Figure S9a). 

These observations are in contrast to the behavior of emulsion droplets stabilized with pure 

NCh, which significantly flocculated at pH 9 (Figure 7 and Figure S9b). Bearing in mind that 

changes in droplet size occurred at different pH, the results confirm the hypothesis that 
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CNF/NCh complexes enable positively-charged Pickering emulsions with extensive tolerance 

to changes in pH.  

 

Figure 6. (a) Schematics showing (not to scale) the stabilization mechanism leading to the tolerance of 

CNF/NCh complex-stabilized emulsion droplets under varying environmental stresses. Such effect is 

the result of electrostatic repulsion and/or steric hindrance. Taken case of the emulsions stabilized by 

CNF/NCh complexes (CN-10) using sunflower oil (10 wt%), the figure in (b) shows mean particle 

diameter (D32) and -potential of emulsions at varying pH (3-11). Likewise, (c) corresponds to the 

influence of ionic strength (0-500 mM NaCl). Prior to characterization, all the samples were kept still 

at room temperature for 24 h. The inserted digital images in (b) and (c) were photographed after 24 h 

and include the emulsions at the given conditions (see labels). As reference, the visual appearance of 

emulsions that phase-separated or creamed are included, corresponding to systems stabilized with 0.25 

wt% NCh at pH 11 and 500 mM NaCl, respectively (see red dashed square). 

A question remains as to the reasons why CNF/NCh-stabilized emulsions tolerate changes 

in pH. As shown in Figure 6b, strong electrostatic repulsion at pH ≤ 6 explains the stability 

of the droplets. As the pH increases, pH>7, the relatively weak electrostatic repulsion partially 
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prevented droplet coalescence (even if the -potential of the complexes decreased to 

approximately +15 mV). This is significantly different compared to the situation of pure NCh 

(-potential < +5 mV). By its anionic nature, the presence of CNF in the complexes 

counterbalanced the deprotonation of NCh at high pH values, particularly over pH = 7. 

Moreover, the hydrophobic sites (acetyl groups) of NCh in the complexes enhance the 

interfacial adsorption. It can be speculated that the hydrophilic CNF in the complexes are 

structured close to the aqueous phase (Figure 5b), and considering the large aspect ratio of 

CNF, a strong short-range steric repulsion is generated, restricting coalescence (Figure 6a). 

We note that high storage modulus of CNF/NCh-stabilized emulsions is another factor limiting 

oil coalescence at high pH. 

 

Figure 7. CLSM images of CNF/NCh-stabilized Pickering emulsions with varied pH (3 to 11). The 

emulsions were stabilized by CNF/NCh complexes (CN-10) and the sunflower oil (10 wt%). The image 

of an unstable emulsion is included as a reference (0.25 wt% “Pure NCh” at pH 9). Prior to 

characterization, all samples were kept at ambient temperature for 24 h. The scale bar corresponds to 

20 μm. 
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Tolerance to salinity. The effect of the salinity on the stability of emulsions prepared with 

CNF/NCh complexes was investigated at different values of the ionic strength via varying NaCl 

concentration in the aqueous phase (Figure 6c). Visible creaming and oiling-off for neat NCh-

stabilized emulsions were evident at 300 mM NaCl ionic strength (Figure 6, inset). 

Flocculation and coalescence of emulsion droplets occurred at a -potential close to zero, under 

conditions of electrostatic screening. The significant flocculation, together with apparent oil 

coalescence, were confirmed by confocal imaging (Figure S10). In contrast, all CNF/NCh-

stabilized emulsions were stable against creaming and oiling-off, regardless of the ionic 

strength; in fact, the mean particle diameter remained relatively small, even at 500 mM NaCl, 

as seen in Figure 6c (also confirmed by confocal micrographs, Figure S10). This result 

supports our hypothesis that CNF/NCh complexes enable Pickering emulsions with high 

resistance to ionic strength. 

It should be noted that according to confocal imaging, a weak flocculation was seen at 

high ionic strength, e.g., 400 and 500 mM (Figure S10). It is likely that the large aggregation 

of droplets was not detected in the size measurement when using static light scattering, given 

that the dilution used for sample preparation. The strong tendency for the flocculation of the 

CNF/NCh-stabilized droplets at increased salinitiy is ascribed to electrostatic screening. In this 

condition, counterions tend to cluster around the cationic surfaces of droplets, as confirmed by 

the sharp decrease of -potential (from ca. +55 to ca. +25 mV) with NaCl loading (Figure 6c). 

However, it should be noted that compared with the sample prepared with pure NCh, the charge 

screening of CNF/NCh complexes at elevated ionic strengths may be mitigated by the presence 
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of CNF.32 This can be attributed to the flexibility of large nanofibrils that adjust the 

configuration of the complexes at given salt loading, partially protecting the surface of the 

complexes from counterion clustering. Thus, this effect results in the occurrence of a weak 

electrostatic repulsion that resist complete droplet flocculation. This is significantly different 

compared with the case of the pure NCh sample. Similar as the effect of pH, the strong steric 

repulsion generated by CNF/NCh complexes adsorbed on the droplet surfaces and the 

viscoelasticity of CNF/NCh-stabilized emulsions restricted oil coalescence (Figure 6a), 

facilitating salt tolerance. In sum, the CNF/NCh complexes are shown as effective emulsifiers 

of Pickering emulsions, which exhibit high stability against the changes of pH and ionic 

strength, most useful in formulating all-green emulsion products.  

Long-term stability of emulsions. Long-term stability of emulsions is a key factor when 

evaluating products, particularly for cosmetic, pharma and food applications. An expected shelf 

life of emulsion-based commercial food products, under typical storage conditions and at 30 

℃, is usually taken to be at least 6 months.57 Consequently, this criteria was used to evaluate 

the long-term storage stability of the sunflower oil-in-water Pickering emulsions that were 

stabilized by the CNF/NCh complexes. As shown in Figure 8, the stability of emulsions at 

varied NCh concentrations was demonstrated after 6-month storage. Emulsions stabilized with 

CNF alone showed oil coalescence, soon after preparation. The emulsions stabilized by the 

complexes were stable (visual observation) after 6-month storage (Figure 8a). The confocal 

images in Figure 8b show that most of the emulsions kept their droplet shape and were 

distributed homogeneously after 6 months, similarly as those of freshly prepared samples 
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(Figure S4). The samples prepared with the less charged CNF/NCh complexes (CN-2, CN-3 

and CN-4) showed slight oil coalescence, resulting in the formation of irregular droplets. This 

was likely the result of decreased inter-droplet electrostatic repulsion. The high stability of 

CNF/NCh-stabilized Pickering emulsions is ascribed to their high storage modulus (Figure 

S3), similar to the case of emulsion gels (emulgels);45 therein, the movement of droplets is 

locked during storage, restricting or at least delaying the creaming or coalescence.  

 

Figure 8. (a) Digital photos and (b) CLSM images of sunflower oil-in-water Pickering emulsions that 

were stabilized by the CNF/NCh complexes after 6-month storage. The emulsions were stabilized with 

CNF/NCh complexes (CN-1 to CN-10, from left to right in (a)). The -potential (mV) of CNF/NCh 

complexes is indicated in each image in (b). All the emulsions were kept still at room temperature before 

characterization. The scale bar corresponds 20 μm. 
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As shown in Figure S11a, emulsions of different internal oil fractions produced with CN-

10 exhibited high stability against droplet creaming and separation of oil phase over 6 months. 

As seen from Figure S11b, compared to the corresponding fresh emulsions, the emulsions 

after storage still kept well-dispersed oil droplets (Figures S8). The diameter of the droplets 

also remained almost constant within the observation time, which is a result of the formation 

of emulsion gels at increased concentrations of the internal phase. The long-term storage 

stability of the CNF/NCh-stabilized Pickering emulsions, over at least 6 months, demonstrate 

the excellent prospects of CNF/NCh complexes as green, renewable stabilizer of Pickering 

multiphase materials.  

CONCLUSIONS 

Sunflower oil-in-water Pickering emulsions of high colloidal stability  were prepared using 

different fractions of the internal phase and by combining oppositely-charged 

nanopolysaccharides (CNF and NCh). The CNF/NCh complexes showed colloidal stability in 

water, forming semi-transparent suspensions at given NCh concentrations, with a transition 

point for charge compensation between 0.01 to 0.05 wt% NCh. Pickering emulsions that were 

stabilized by the CNF/NCh complexes resisted droplet creaming and coalescence of the oil 

phase. At intermediate NCh levels, the emulsions presented large droplet sizes while small 

droplets were observed at high NCh loadings, forming bimodal systems (NCh- and CNF/NCh-

stabilized oil droplets). The adsorption of CNF/NCh complexes on the oil droplets can be 

tailored with NCh addition, owing to the increased affinity of acetyl groups in NCh with the 

oil phase, improving interfacial adsorption. Long-term stability (6-month storage) was 
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observed for CNF/NCh-stabilized emulsions. Under environmental stresses (e.g., pH 3-11 and 

100-500 mM ionic strength), the size and morphology of emulsion droplets only showed slight 

changes, demonstrating the tolerance of the emulsions to the changes of pH and ionic strength. 

A mechanism explaining such superior stability of emulsions against environmental stresses 

relates to the interfacial adsorption and distribution of CNF in the complexes, which 

counteracts the charge losses caused by the deprotonation of NCh or charge screening of the 

complexes upon changing environmental conditions. Our results point to the possibility of in 

situ CNF modification strategy by complexation with cationic NCh, enabling a versatile design 

of stable all-renewable Pickering systems suitable for foodstuff and green products. 
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