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Abstract 

Hypothesis 

Surfactants in emulsions sometimes do not provide adequate stability against 

coalescence, whereas Pickering emulsions often offer greater stability. In a search for 

stabilizers offering biocompatibility, we hypothesized that carboxylated nanodiamonds (ND) 

would impart stability to Pickering emulsions.   

Experiments 

We successfully prepared Pickering emulsions of sunflower oil in water via two 

different methods: membrane emulsification and probe sonication. The first method was only 

possible when the pH of the aqueous ND suspension was 4. 

Findings 

Pendant-drop tensiometry confirmed that carboxylated ND is adsorbed at the oil/water 

interface, with a greater decrease in interfacial tension found with increasing ND 

concentrations in the aqueous phase. The carboxylated ND become more hydrophilic with 

increasing pH, according to three-phase contact angle analysis, because of deprotonation of the 

carboxylic acid groups. Membrane emulsification yielded larger (about 30 µm) oil droplets, 

probe sonication produced smaller (sub-m) oil droplets. The Pickering emulsions show high 

stability against mechanical vibration and long-term storage for one year. They remain stable 

against coalescence across a wide range of pH values. Sonicated emulsions show stability 

against creaming. In this first-ever systematic study of carboxylated ND-stabilized Pickering 

emulsions, we demonstrate a promising application in the delivery of -carotene, as a model 

active ingredient.  
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1. Introduction 

Conventional emulsions are typically stabilized by low molecular weight surfactants or by 

amphiphilic macromolecules, such as proteins and polysaccharides (with a size typically 

smaller than 5 nm). In the early 1900s, Ramsden and Pickering reported an alternative way to 

stabilize emulsions by using small solid particles (ranging in size from 5 nm to several m), 

leading to the name of Pickering emulsions.[1,2] There is already a tremendous amount of 

fundamental academic research work about the preparation methods and thermodynamics of 

Pickering emulsions.[3,4] Compared with the classical surfactant-stabilized emulsions, 

Pickering emulsions show attractive qualities in their long-term stability against coalescence. 

Researchers have reported instances where conventional surfactants cause tissue irritation or 

even damage to biological cells,[5,6] which is driving further interest in Pickering emulsions. 

The versatility of stabilising particles for Pickering emulsions and their potential ability to 

encapsulate and controllably release cargo with high internal payload capacity make them very 

attractive for the delivery of active ingredients in personal care products and pharmaceuticals. 

However, not all particles are suitable for applications where they will be used dermally, orally 

or internally. Though inorganic particles, such as SiO2 and TiO2,[7,8] and organic particles, 

including polymers such as poly(lactic-co-glycolic acid) or PLGA,[9] poly(lactide)-block-

poly(ethylene glycol) (PLA-b-PEG) or poly(caprolactone)-block- poly(ethylene glycol) (PCL-

b-PEG)[10] have been proven to be good candidates for preparing Pickering emulsions for 

biomedical uses, the extent of biodegradability and biocompatibility of the particles in the 

human body is of serious concern.  

To address these concerns, naturally-occurring (food-grade) particles, such as cellulose, 

starch, or chitosan have been used as emulsifiers instead.[11] However, the choices for this 

kind of food-grade particle are limited because most types of particles do not remain insoluble 

and intact in both the water and oil phases over the lifetime of an emulsion system. 

Polysaccharide-based materials may be deformed in the water phase, and many proteins are 

even water-soluble. Though there are some insoluble food-grade particles which could possibly 

be used to fabricate Pickering emulsions, such as cellulose [12] and chitin,[13] their particle 

size and size distribution are difficult to control in the particle synthesis. Furthermore, the 

wettability of unmodified food-grade particles could be inadequate for emulsification. For 

instance, polysaccharide materials are normally too hydrophilic to be an emulsifier if they are 

not properly modified. Extensive processing requirements to prepare food-grade particle-

stabilized Pickering emulsions will greatly increase the cost of commercial applications.[14] 
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The biocompatibility, stability and facile surface modification of carbon-based particles 

make them an attractive choice for fabricating Pickering emulsions.[15] Graphene oxide (GO) 

has a unique structure of carboxylic acid at the edges and phenol hydroxyl and epoxide groups 

mainly on the basal plane. Exploiting this chemical structure, Kim and co-workers [16] were 

the first to use GO as a Pickering stabilizer. They defined GO as amphiphilic, whereas most 

researchers regard it as hydrophilic due to its good dispersibility in water. They also found that 

the wettability of GO changed with various pH levels of the liquid because of the protonation 

and deprotonation of the carboxylic acid group. Hence, they fabricated a pH-dependent and 

pH-responsive Pickering emulsion using GO. The Pickering emulsion showed good stability 

in a pH 2 environment, while all GO was ejected into water phase when the pH was adjusted 

to 10. Since then, a large amount of research using exfoliated graphene [17,18] and GO [19,20] 

to stabilize Pickering emulsions and to synthesize polymer nanocomposites [21] has been 

reported.  

Carbon black (CB) is another carboxylic acid-terminated functional particle that has been 

used to fabricate pH-responsive Pickering emulsions.[22,23] However, there is a high density 

of carboxylic acid groups on the surface of carboxylic acid-terminated CB particles, making 

them too hydrophilic to stabilize Pickering emulsions. Saha et al.[23] fabricated CB-stabilized 

Pickering emulsions by adding acid or salt to the dispersion to impart some partial 

hydrophobicity. Their emulsions were more stable in an acid environment due to the 

protonation of carboxylic acid groups.  

Nanodiamonds (ND) have been reported to exhibit low toxicity[24,25] and the highest 

biocompatibility compared to other carbon nanomaterials such as CB, carbon nanotubes 

(CNTs), carbon nanohorns, carbon nanoplatelets, and GO,[26,27] thereby offering obvious 

advantages in applications in the biomedical area. Raw detonation ND materials consist of 

diamond cores, typically 5 > nm in size, coated with disordered sp3 carbon and graphitic 

nanostructures having a variety of surface functional groups, primarily containing oxygen (i.e. 

carboxyl, hydroxyl, ether and keto groups). The availability of purified and de-agglomerated, 

single-digit detonation ND opens new and exciting opportunities for applications in colloidal 

technology.[28] Also, carboxylic functionalization of ND allows the covalent bonding or 

adsorption of a variety of moieties of interest in materials science and biomedicine, as well as 

superior drug and biomaterial loading capabilities.[29–31]  
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Much is still to be learned about the suitability of ND for Pickering emulsions. In an early 

study, Maas et al. [32] reported using ND to produce a colloidosome structure, which they 

called a diamondosome, with a high shell stability. The authors mainly validated the synergistic 

effect of the same sign of charges of ND and oil-soluble surfactants in fabricating stable ND 

capsules by using interfacial shear rheology. Notably, Pickering oil-in-water emulsions have 

been created using hydroxylated detonation ND  (aggregate size of 30 nm) using a sonication 

method.[33] Rheological analysis of concentrated emulsions showed that interactions between 

the ND stabilizers provided behaviour that combined that of colloidal gels and conventional 

surfactant-stabilized emulsions. There is still an open area and a clear need for a systematic 

study of ND-stabilized Pickering emulsions, taking into account the effects of pH and salt 

addition as well as their loading capabilities, which are of key importance for their application 

prospects in the biomedical area. 

Although there have already been several successful attempts to use ND for drug 

delivery,[34–36] in nearly all of these examples, researchers attached the drugs to the surface 

of the ND. When the drugs are exposed to physiological environments, they may cause side 

effects to the human body or drug failure. However, if ND can be used to stabilize drug 

molecules (or other active ingredients) within Pickering emulsions, those problems could be 

avoided, and some other advantages, including high efficiency, colloidal stability, controlled 

release, and delivery of hydrophobic drugs etc., could be realized. 

Sonication is a commonly-used method to prepare Pickering emulsions. A recently-

emerging method is membrane emulsification [37], which offers the benefits of low shear-

stresses, low energy input, and an ability to upscale. Membrane emulsification has never 

previously been used with ND as the Pickering stabilizer, but it is our focus here. 

In this work, we report the first demonstration of carboxylated ND as a Pickering emulsifier. 

(For brevity, we will not hereafter always use the adjective “carboxylated”, as our experiments 

only used this type of ND.) Carboxylic functionalization provides greater ND colloidal stability 

when dispersed in polar solvents [38–40] as well as enhanced ND biocompatibility, which are 

of great importance for their applications in biomedicine[41]. We investigated the effect of pH 

and dissolved ions on the mechanical and storage stability of the emulsions. We have also 

explored whether an active ingredient (-carotene) could be carried in the oil phase of a model 

formulation.  
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2. Experimental details 

2.1 Materials 

Monodispersed, single-digit, carboxylated ND synthesized by the detonation technique 

(nominally 5 nm diameter according to the supplier, with a concentration of 10 mg/mL in water) 

were used as-received from Sigma-Aldrich. Pure sunflower oil (Flora©, Princes Ltd, UK) was 

used without purification as the oil phase to prepare emulsions. Polyethylene glycol sorbitan 

monolaurate (Tween 20, product number P1379, Sigma-Aldrich) was used in comparative 

emulsions as a surfactant. Buffer solutions of pH 1.5 (containing potassium tetroxalate) and 

pH 12 (containing Ca(OH)2 from Cole-Parmer) were used to adjust the pH of the water phase 

during emulsification. Buffer tablets pH 4 (phthalate), pH 7 (phosphate), pH 9 (borate) all 

obtained from Fisher Scientific, HCl and NaOH solutions, CaCl2 and NaCl powders (all 

obtained from Sigma-Aldrich) were used in other experiments, described hereafter. -carotene 

(synthetic, ≥93%, Sigma-Aldrich) was used as a model active ingredient to be carried in oil 

phase. Deionized (DI) water (18.2 MΩ⋅cm, Elga DI water system) was used in all experiments 

reported here. 

2.2 Preparation of ND-stabilized Pickering emulsions  

Two methods were developed to prepare ND-stabilized Pickering emulsions. The first 

method was membrane emulsification [37,42] using a commercial system (LDC 1, Micropore 

Technologies, Redcar,  UK). In this method, oil was injected through a membrane (stainless 

steel with 5 m pores) at a constant rate into water while stirring the aqueous phase at a fixed 

speed controlled by a DC Power Supply (model 72-2605, Tenma). A schematic diagram and 

the mechanism of membrane emulsification is shown in the Supplementary Materials (Fig. S1). 

The steel membrane (Micropore Technologies) was coated to make it hydrophilic, such that 

the oil phase did not spread and wet it during emulsification. In a preliminary experiment, the 

influence of the injection rate on the emulsion size distribution was determined when using 

Tween 20 as the emulsifier.[43] Results are given in Fig. S2 (Supplementary Materials), from 

where it is concluded that a lower injection rate renders a more monodispersed emulsion. 

Therefore, a rate of 40 µL/min was used subsequently for the preparation of ND stabilized 

Pickering emulsions. 

3 mL of sunflower oil was injected by a springe pump (1002X, ProSense BV) into a 

chamber containing 27 mL of water phase consisting of the ND dispersion in buffers of 

different pH values. The emulsion was stirred by a paddle stirrer at a speed of 900 rpm. As is 
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shown in Fig. S1a, when oil passes through the membrane, the ND particles absorb 

spontaneously at the interface of oil and water, thereby reducing the interfacial tension of the 

oil droplets. At the same time, the water flow imposes a shear force on the oil droplets because 

of the continuous stirring, as is shown in Fig. S1b.  With the growth of the size of the oil 

droplets, the torque force will increase at the same time, until it exceeds the projection of the 

capillary moment, onto the axis of the rolling drop.[44] Then, the oil droplets are detached into 

the aqueous phase, and stable Pickering emulsion droplets are created. 

The second method to prepare Pickering emulsions was probe sonication emulsification 

using a probe sonifier (Branson Sonifier 150). 0.5 mg/mL ND dispersions in buffers of a range 

of pH values (2, 4, 7, 10 and 12), and also in the presence of salts (1 M NaCl or 1 M CaCl2), 

were prepared. Then 250 µL of sunflower oil was added to 2.25 mL of the ND dispersions. 

Finally, probe sonication with a power of 6 W and a sonication time of 2 min. was used to 

prepare the Pickering emulsions. 

2.3 Emulsion characterization  

2.3.1 Size and zeta potential of ND 

Dynamic light scattering (DLS) and zeta potential measurements of the ND dispersions 

and Pickering emulsions prepared by sonication were performed using a Malvern Zetasizer at 

an optimal temperature (25 °C). The instrument was fitted with a 4 mW 632.8 nm He-Ne red 

laser and a detector (avalanche photodiode) measuring the intensity of the scattered light 

positioned at 173°. All the dispersions were diluted (about 10 to 100 times) until a single peak 

and well fitted results were obtained. Reported values of size are volume-averages from three 

individual measurements and each individual measurement is the sum of 12 runs. 

2.3.2 Morphological observations    

The microstructures of the Pickering emulsions were observed with an optical 

microscope (Olympus BX53M), equipped with 10×, 20×, and 50× objective lenses. The 

samples were prepared by placing several drops of emulsion on clean glass slides. Reflected 

and transmitted light sources were used. Digital images were analysed using the Analyse 

Particle function with Image J software to find the distribution of droplet sizes and the 

coefficient of variation, CV,[45] in a routine in which the scale and contrast were set, the 

background subtracted, the image was binarized, and the cross-sectional areas were calculated. 

At least two images were analysed to determine the size distribution for each emulsion. For 

each image, at least 100 droplets were counted. Diameters of the oil droplets were determined 
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from the areas of each droplet image, and mean values are reported hereafter to represent the 

droplet size.  

An atomic force microscope (AFM, Dimension Edge™, Bruker) was used to 

characterize the morphology of ND coatings. To prepare these coatings, a ND dispersion (5 

mg/mL) was spin coated (PWM32 photoresist spinner, Headway Research) onto glass 

coverslips at 3000 rpm. The glass coverslips were cleaned by immersion in acetone and ultra-

sonicated for 15 min., followed by a UV-ozone treatment (Bioforce Nanosciences Inc., model 

UV.TC.EU.003) for 20 min before use.  

2.3.3 Three-phase contact angle analysis 

To characterize the hydrophilicity balance of the ND as a function of pH, the three-

phase contact angle at the contact line of oil, water, and a ND coating was measured using a 

contact angle analyser (Krüss, model DSA25B) at a room temperature of 21 °C. A schematic 

diagram of the measuring technique is shown in Fig. S3. Firstly, a ND coating was deposited 

by spin coating a 5 mg/mL ND dispersion onto clean silicon wafer (100 orientation) at 3000 

rpm. Next, the ND coating was placed at the bottom of a transparent chamber and covered by 

a thin layer of the sunflower oil. Then a 4 µL water droplet (at different pH values, adjusted 

with HCl or NaOH solutions) was dropped through the oil and deposited onto the ND coating, 

because of its greater density. In this step, the top of the water droplet was partially exposed to 

the air to help it attach onto the ND coating, aided by capillarity and gravity. Finally, more oil 

was added to immerse the entire water droplet. The three-phase contact angle was recorded 10 

min. later by capturing an image through the transparent walls of the chamber. Three different 

drops were analysed for each type of sample, and the mean values are reported. This 

methodology allows the study of the pH effect on the hydrophilicity of the ND phase. The 

measurements were influenced by the pre-wetting of the ND by the oil phase. If the ND were 

instead pre-wetted by the water phase, the less dense oil could not be dropped through the water 

onto the ND, because of buoyancy effects.   

2.3.4 Interfacial tensiometry 

A drop shape analyser (Krüss, FTA DSA1000B) was used for pendant drop tensiometry 

to measure the interfacial tension at the interface between the oil and ND dispersions of varying 

concentrations and pH value or between the oil and DI water with varying pH. In this 

experiment, 0.5 mg/mL ND dispersions with different pH and different NaCl concentrations 

were prepared, and an ND dispersion drop with a volume of approximately 7 µL was injected 
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and hung from a 0.5 mm diameter needle in the less dense oil phase. Then through analysis of 

the drop shape using the video camera system on the apparatus (FTA32 software), the 

interfacial tension value was compared for various dispersion-oil interfaces. The experiments 

were conducted in a temperature-controlled room with a temperature of 22 +/-1 °C.  

The forces that determine the shape of the pendant drop are mainly the balance of 

surface tension, buoyancy force and gravitation. The surface tension seeks to minimize the 

surface area and make the drop take a spherical shape. The difference of gravitation and 

buoyancy force, on the other hand, stretches the drop from this spherical shape and a typical 

pear-like shape results. The interfacial tension for a drop with a diameter of 𝐷𝑒𝑞 at its equator 

was calculated as:[46] 

𝛾 =
𝛥𝜌·𝑔𝐷𝑒𝑞

2

𝐻
           (1) 

where 𝛥𝜌 is the density difference between water and oil, 𝑔 is the acceleration due to gravity 

(taken as 9.8 m/s2), and 𝐻 is a shape factor that is decided by the shape of the drop. Here, the 

water density was taken to be w = 0.998 g/cm3 (obtained from the FTA32 software), and the 

density of sunflower oil [47] was taken as o = 0.918 g/cm3. Six replicate measurements were 

performed on the sunflower oil/DI water interface. The standard deviation was 0.4 mN/m. 

2.3.5 Mechanical stability 

A shaking machine (OS 2 Basic Shaker, Yellowline by IKA) was used to compare the 

stability of ND-stabilized Pickering emulsions prepared in pH 4 and pH 1.5 buffers by 

membrane emulsification. 2 ml of emulsions were put into 3 ml vials and then set in a shaking 

machine at 300 rpm. After a specific shaking period, droplets of emulsion were imaged under 

the microscope and the size distributions were determined. 

2.3.6 Long-term emulsion stability  

For the ND-stabilized Pickering emulsions prepared by membrane emulsification, the 

prepared emulsions were stored for a certain period of time in the dark, then were dropped on 

glass-slides and observed under the optical microscope. By comparing the size differences of 

the emulsion drops stored for different periods of time, the storage stability was determined. 

For the ND-stabilized Pickering emulsions prepared by probe sonication, the creaming 

index was used to compare the stability of emulsions fabricated under different pH. 
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The Pickering emulsion (3 mL) prepared by probe sonication was monitored for a 

period of 300 hours. At regular time intervals, the height of the serum layer, HS, was observed 

by eye and measured with a ruler. The creaming index (CI) was calculated according to Eq. 

(2)[48]: 

CI =  100% ×
𝐻𝑠

𝐻𝑒
          (2) 

where He is the total emulsion layer height, as is illustrated in Fig. S4.  

2.3.7 Buffer addition to ND-stabilized Pickering emulsions  

1 mL of buffers with different pH values were dropped into a chamber, then emulsions 

(25 µL) prepared via membrane emulsification were dropped on the buffer under the optical 

microscope. (The emulsion volume fraction in the mixture was low, so that the final pH 

corresponds to the added buffers) A video camera connected to the optical microscope was 

used to record the emulsion behaviour immediately after the buffer addition. 

2.3.8 Drying stability of emulsion with an active ingredient 

0.3 g -carotene powder was mixed with 3 mL sunflower oil before membrane 

emulsification in a ND dispersion (0.5 mg/mL) following the method in Section 2.2. The -

carotene imparted a yellow tint to the oil phase, which was visible under the optical microscope.  

The resulting emulsion containing -carotene in the oil phase was mixed with the same volume 

of a standard ND Pickering emulsion. 

A sample cell, as is shown in Fig. S5, was constructed for an emulsion drying 

experiment. The emulsion mixtures were dropped at the edge of the sample cell. After the 

sample cell was filled with an emulsion by capillary action, it was then put under the 

microscope to observe the drying and coalescence process. 

3. Results and discussions 

A representative optical microscope image of a ND-stabilized Pickering emulsion 

prepared by membrane emulsification is shown in Fig. 1. The ND concentration in pH 4 buffer 

solution was 0.5 mg/mL (or 0.05 wt.%). For comparison, an emulsion prepared using Tween 

20 (20 mg/mL in water) is also shown. Both emulsions were produced with a 40 µL/min 

injection rate and a 900 rpm paddle stirring speed. Note that our concentration of ND particles 

here is nearly two orders of magnitude lower than the concentration of silica nanoparticles (4 

wt.%) that was used by Manga et al.[49] in their rotational membrane emulsification method 
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to obtain a narrow size distribution of oil droplets in water. This is an indication of the 

effectiveness of the ND as a Pickering stabiliser. Having established that Pickering emulsions 

could be manufactured using membrane emulsification with carboxylated ND stabilizers, we 

proceeded to conduct a series of experiments to understand how the ND function in this 

application.  

 

Fig. 1. Microscope images of emulsions made via membrane emulsification, stabilized using 

(a) 20 mg/mL of Tween 20 aqueous solution (mean size of 24 µm and a CV of 8.6%); (b) 0.5 

mg/mL ND dispersion in pH 4 buffer (mean size of 32 µm and a CV of 11%). 

3.1 ND dispersions 

3.1.1 Effect of pH and the presence of salt on ND dispersions  

Because of the relevance of charge stabilization, a study of the colloidal properties of 

the ND dispersions as a function of pH was conducted to understand the stability induced by 

their addition to Pickering emulsions. Thus, 0.5 mg/mL ND dispersions in DI water were 

prepared, adjusting the pH by adding either HCl or NaOH solutions. Dispersions containing 1 

M NaCl and 1 M CaCl2 were studied for comparison.  

As is shown in Fig. 2, zeta potential values at pH  4 are more negative than -25 mV 

and the size of aggregates determined by DLS was 33 nm, making the dispersion clear and with 

no sedimentation over a prolonged time. Under higher pH conditions, the carboxylic groups 

are largely deprotonated and negatively charged as -COO-. Then, electrostatic repulsive forces 

between adjacent ND particles become stronger, thereby reducing the possibility of 

flocculation. [40][50] Interestingly, at pH 12 NaOH, the presence of Na+ ions reduces the 

electrostatic repulsion between particles, which considerably reduces the absolute value of the 

zeta potential.[51] In contrast, at pH 2, the zeta potential was close to 0, and large aggregates 

of about 2 µm in size were formed. This result can be explained by the protonation of the 
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carboxylic acid groups on the surface of ND and the removal of the charge stabilization at the 

higher pH.  

Zeta potential and particle size measurements in 1 M NaCl and 1 M CaCl2 solutions 

(without pH adjustment) are also compared in Fig. 2. Zeta potential values for 1 mol/L NaCl 

and 1 mol/L CaCl2 were -8 and 6 mV, respectively. These results are inconclusive, however, 

owing to sedimentation occurring within 5 min, making the measurements unreliable. What 

can be stated is that the zeta potential was near zero, which can be explained by the electrostatic 

shielding of the COO- groups by the ions[52][53] being more effective for the divalent cation 

Ca2+ than for the monovalent cation Na+.  Moreover, the presence of divalent Ca2+ ions may 

bridge adjacent ND particles, suppressing their electrostatic repulsion, and eventually leading 

to the observed flocculation.[54]  

 

Fig. 2. Zeta potential and mean particle size as a function of the pH value of ND dispersions 

(0.5 mg/mL) adjusted with HCl and NaOH (blue squares), in comparison to 0.5 mg/mL ND 

dispersions in 1 M NaCl (green triangles) and 1 M CaCl2 (orange circle) solutions. 

Also, buffer solutions with a range of pH values (1.5, 4, 7, 9, and 12) were used to dilute 

the ND dispersions to concentrations of 0.5 mg/mL. It was found that for ND in pH 1.5 and pH 

4 dispersions, sediments appeared at the bottom of the vessel, suggesting clusters formed in 

this condition. When a pH 7 or pH 9 buffer solution was used, the ND remained well dispersed, 

making a brown coloured and translucent dispersion. However, when the ND dispersion was 

diluted in a pH 12 buffer, sediments formed again. Though a more alkaline environment would 

fully deprotonate carboxylic groups to charged -COO- which increases the repulsion force 

between ND particles, the pH 12 buffer contains a high concentration of cations (Ca2+), which 
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effectively shield negative charges of carboxylic groups in ND, and may also bridge 

neighbouring ND, as mentioned above, leading to strong ND aggregation.  

3.1.2 Wettability of ND coatings characterized by the three-phase contact angle 

Particle wettability, characterized by the three-phase contact angle, , is a key 

parameter that dictates the formation, type, and the stability of solid-stabilized emulsions.[55] 

The energy, E, required to remove a nanoparticle from an oil/water interface into the water 

phase is given as: 

𝐸 = 𝜋𝑅2𝛾𝑤𝑜(1 − 𝑐𝑜𝑠𝜃)2        (3) 

where 𝛾𝑤𝑜 is interfacial tension of the bare oil/water interface, and R is the radius of the 

nanoparticle. (The sign before 𝑐𝑜𝑠𝜃 is positive for the removal of the particle to the oil phase).  

The three-phase contact angles (between oil, a carboxylic ND coating, and water) for 

water droplets with a range of pH values, adjusted with HCl or NaOH solutions, were compared. 

The morphology of the ND coating is shown in Fig. S6, where it is seen that a dense layer of 

ND is formed on glass coverslips. 

 

Fig. 3. Three-phase (oil/ND coating/water) contact angle for water droplets of different pH 

values (adjusted by HCl and NaOH) attached to ND coatings (or glass) in a sunflower oil phase. 

Photographs of representative water drops on ND surfaces in the oil phase are shown. 
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Values of  are shown in Fig. 3 over a range of pH. Measurements on uncoated glass 

are shown for comparison to the ND surface. As the pH of the aqueous droplet increases from 

pH 2 to pH 12, the contact angle decreases to values below those measured for uncoated glass. 

This result is consistent with our finding that higher pH values lead to deprotonation of 

carboxylic groups on the ND surface, which makes it more hydrophilic. The results reveal that 

because of its effect on , the pH will influence the suitability of the ND to function as Pickering 

stabilizers. However, we note that the ND was pre-wetted with the oil in this measurement. 

Furthermore, the coating’s roughness and surface imperfections will affect the value of , and 

hence there is uncertainty in its measurement.  

We attempted an alternative method in which sessile drops of water were placed on the 

ND films in air. The water was fully wetting of the ND in air, across the entire range of pH. 

When oil was added on top, however, the water did not dewet the ND, perhaps because the 

film is particulate. 

For aqueous drops at different pH values on clean glass, the three-phase contact angle 

did not significantly change until the pH of the aqueous phase was increased to 10, where the 

contact angle rose to over 100° (Fig. 3). This result can be explained by consideration of the 

oil chemistry. When the vegetable oil, whose main component is a triglyceride, is in contact 

with an alkaline environment at the interface with the water, a hydrolysis reaction, which is 

known as saponification,[56] will occur. The reaction process is given as: 

CH2COOCR-CH2COOCR-CH2COOCR + 3 NaOH   3RCOONa + C3H5(OH)3 

As a result of the saponification, anionic surfactants (RCOO-) will be produced at the interface 

between the aqueous phase and oil, where the hydrophobic R tails will be exposed to the 

surrounding oil and the hydrophilic heads COO- in contact to the aqueous phase, which reduces 

the interfacial energy between water and oil, thus increasing the contact angle to over 100º. 

Moreover, when the pH was increased to 12, the aqueous drops detached from the glass, 

making a measurement impossible. Saponification of the oil under alkaline conditions is further 

confirmed by emulsification experiments and infrared spectroscopy presented in Fig. S7 and 

S8. 

3.1.3 Interfacial tensiometry with ND at oil/water interfaces  

To gain insight into the emulsification process and to investigate the transfer of ND 

from the water phase to the interface with oil, we used pendant drop tensiometry. The 
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interfacial tension, 𝛾𝑜𝑤 between sunflower oil and water has been reported elsewhere[57] to 

be  23.91 mN/m. In our measurements 𝛾𝑜𝑤  was initially 23.9 mN/m, and then the value 

decreased gradually toward equilibrium over time, as is shown in Fig. S9. This decrease is 

likely arising from trace chemical impurities within the sunflower oil or in the DI water slowly 

adsorbing at the interface. In replicate measurements of interfacial tension on the oil/water 

interface, the values were typically reproduced within 0.5 mN/m. We estimate that the 

uncertainty of the measurement is less than 1 mN/m.  

Because the Pickering emulsions used DI-water and as-received sunflower oil, the 

pendant drop tensiometry was performed on these same two liquids without further purification, 

as our intention is to gain insight into the Pickering emulsification. Note that although the 

impurities in the system reduced the interfacial tension over time, stable emulsions of DI water 

and sunflower oil alone could not be prepared via membrane emulsification. There was an 

immediate phase separation. The presence of ND at the interface was essential. 

To investigate the interfacial activity of the ND, we measured the effect of its 

concentration, c, on the interfacial tension, as is shown in Fig. 4a. With an increase of c from 

0.1 mg/mL to 10 mg/mL, the value of interfacial tension decreased noticeably and consistently. 

Using the data collected at a time of 4 h for each sample,  is inversely and linearly dependent 

on log c (see the inset), which is congruent with the literature where interfacial activity 

increased with the concentration of nanoparticles at an oil/water interface.[58] In  this previous 

report, the interfacial tension likewise decreased linearly with the in-plane pressure of 

nanoparticles at that interface, which depends on the product of the nanoparticle packing 

density and the compressibility. These results provide evidence that the ND is being adsorbed 

at the oil/water interface with an increasing packing density, . 

In Figure 4a, there is a decrease in the surface tension of approximately 3 mN/m, which 

we attribute to ND adsorption at the oil/water interface. If, at the highest ND concentration, the 

ND clusters (diameter of 33 nm) create a close-packed layer at the oil/water interface (with a 

hexagonal packing fraction of  = 0.91), then the change in the energy is estimated to be 2  

10-18 J, following the derivation of Du et al.. If the three-phase contact angle is taken to be  = 

50°, we estimate using Equation 3 that the binding energy E for the ND cluster at the oil/water 

interface is likewise 2  10-18 J. Thus, the results in Figure 4a are consistent with the 

expectations of ND clusters being present at the oil/water interface. 
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Having established interfacial activity, we then investigated the effect of the 

concentration of NaCl in the aqueous phase (ND dispersion) with a fixed concentration of ND 

(0.5 mg/mL). Fig. 4b shows that there is an inverse relation between  and the NaCl 

concentration. The lowest value of  is shown with an NaCl concentration of 0.3 M. However, 

raising the NaCl concentration higher than 0.3 M did not reduce the interfacial tension further. 

This is because when the salt concentration is raised, large ND aggregates form as a result of 

the electrostatic shielding effect (as was confirmed with DLS). Then, the aggregates are prone 

to sediment rather than staying in suspension where they can be adsorbed at the interface of the 

oil and water. 

 

Fig. 4. (a) Interfacial tension of oil/water with increasing ND concentrations (from 0.1 to 10 

mg/mL, as shown in the legend). The pH of the aqueous phase was not adjusted and is 7.4 in 

all experiments. The inset shows interfacial tension as a function of ND concentration 

according to the data recorded 4 h after the start. (b) Interfacial tension of oil/water with 

increasing concentrations of NaCl (from 0.01 to 0.3 M, as shown in the legend) in ND 

dispersions with a concentration of 0.5 mg/mL.  

We recall that with an increasing pH of the ND dispersions there was a decrease in the 

three-phase contact angle towards 90°, thereby making them optimal for Pickering stabilizers. 

To separate out the effects of pH and the presence of ND nanoparticles on the interfacial tension, 

we attempted measurements to compare  of oil interfaces with DI-water to that of ND 

dispersions (0.5 g/mL) over a range of pH values from 2 to 10. At the lowest pH values (2 and 

4), sedimentation of the ND clusters and depletion of the concentrations made the 

measurements unreliable. No effect of the ND on interfacial tension was possible to discern.  
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The effect of the ND in NaOH solution (pH 10) was apparent when comparing to the 

equivalent water/oil interface. Whereas the interface with the ND dispersion at this pH was 

stable and allowed measurement indicating interfacial adsorption, there was a strong instability 

at the oil interface with the pH 10 NaOH solution (Fig 5). The drop shape changed gradually 

from spherical to an irregular shape, as is shown in the inset and in Video S1, which prevented 

a valid measurement. This latter result can be explained by surfactants being produced via 

saponification (as explained in 3.1.2). For pH 12 NaOH solutions in oil (not shown here), the 

drop detached from the needle quickly even before the droplet volume reached 3 µL, indicating 

a very low interfacial tension at this pH. In contrast, when ND in a pH 12 NaOH solution was 

used, the drop was more stable and did not detach from the needle, most likely because ND are 

covering and partially protecting the oil from saponification. This result shows an advantage 

of using ND as a stabilizer in emulsions.  

  

Fig. 5. The interfacial tension of water and oil (black triangles) compared to that of an ND 

dispersion in water (0.5 mg/mL) and oil (blue circles) at pH 10 (adjusted with NaOH). The 

inset shows images to illustrate the shape changes of a pH 10 NaOH water drop (without ND) 

before and after being immersed in oil for 15 min. See Video S1 (Supplementary Materials) 

to observe the changes over time. 

3.2 Carboxylated ND-stabilized Pickering emulsions 

The carboxylated ND in DI-water carry a negative surface charge, and electrostatic 

repulsions between charged particles can act against the adsorption at the oil/water 



17 
 

interface.[59] However, a progressive screening of the charge occurs with increasing ionic 

strength. Thus, as we describe hereafter, stable ND-stabilized Pickering emulsions could be 

prepared in buffer solutions. The electrolytes contained at low concentration in buffers screen 

the surface charges of ND, and promote the ND being adsorbed to the oil/water interface, thus 

assisting in the emulsion stabilization. 

3.2.1 ND- stabilized Pickering emulsions by membrane emulsification 

Having established an understanding of the interfacial activity of ND and the effects of 

pH and salt, we prepared ND-stabilized Pickering emulsions with narrow size distributions 

using the method of membrane emulsification. Results from using 20 mg/mL sunflower oil in 

0.5 mg/mL ND dispersions in both pH 4 and pH 1.5 buffers are shown in Fig. 6. After the 

emulsions were stored in a container, a brown-tinted cream layer above the transparent serum 

layer was observed within 10 min. The mean size of oil droplets prepared using ND in a pH 

1.5 buffer is 38 µm with a CV of 10.28%. When the pH of the buffer solution has a higher 

value of 4, the mean droplet size is 36 µm with a CV of 7.78%. 

 

Fig. 6. ND-stabilized emulsions prepared by membrane emulsification using ND dispersion in 

buffers with (a) pH 1.5 and (b) pH 4 buffers. The injection rate here was 100 µL/min, and the 
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stirring speed was 900 rpm. The scale bar is 100 µm. The histograms of the same emulsions 

are shown on the right-hand side. 

Notably, when the pH value of the buffer is raised to higher values (pH 7 and pH 9), 

the ND solutions do not make stable Pickering emulsions, apparently owing to the higher 

surface charge and hence greater hydrophilicity of the ND (Fig. 3), which results in poor 

interfacial adsorption of ND.[59]  

Surprisingly, a ND dispersion in a pH 12 buffer solution does make Pickering 

emulsions, although they are less stable than emulsions made from pH 4 solutions. This finding 

can be explained by the high concentration of ions (Ca2+) in the pH 12 buffer, which effectively 

shield negative charges of carboxylic groups in ND and produce ND aggregates. As mentioned 

above, ND sediments were also observed for dispersions in a pH 12 buffer. Moreover, it has 

been reported that nanoparticle clusters aid the preparation of stable Pickering emulsions, by 

effectively creating a larger particle radius, R. [60,61]   

3.2.1.1 Long-term emulsion stability  

Long-term stability is always a very important issue for applications of emulsions. We 

therefore investigated the stability of the emulsions (made from pH 4 and pH 1.5 buffers) 

against coalescence under mechanical shaking and one-year of storage. As is shown in Fig. 7, 

the mean size and CV of both emulsions increased with prolonged shaking time. While for 

emulsions prepared in pH 1.5 buffer, the mean drop size increased by 15% from 38.5 µm to 

44.4 µm (Fig. 7a), for emulsions prepared in pH 4 buffer, the mean size increased by 11% from 

34.9 µm to 38.8 µm (Fig. 7b). We interpret this increase as resulting from the coalescence of 

only a fraction of oil droplets in the sample. Furthermore, the CV of the pH 1.5 emulsions 

increased by 2.4% after 360 min. of mechanical shaking, while for pH 4 emulsions CV 

increased by only 0.5%. For both, the trend in CV over time was not obvious, and the absolute 

changes were relatively small. 

To provide a comparison to these results, the stability of emulsions prepared using 

Tween 20 surfactant as the emulsifier (as in Fig. 1a) was investigated. After shaking, the 

particle size of these emulsions decreased from 22.3 µm to 18.7 µm, and the CV changed from 

12% to 37.5% over a time period of 6 h. See Fig. S10. Thus, it can be concluded that the 

Pickering emulsions have greater stability when shaken than do the Tween 20-stabilized 

emulsions. Notably, the concentration of Tween 20 in the water phase (20 mg/mL) is 40 times 

higher than the ND concentration (0.5 mg/mL).  
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Fig. 7. Influence of the time of mechanical shaking on the mean oil droplet size (black circles) 

and CV (blue triangles) of Pickering emulsions prepared by membrane emulsification using 

ND dispersion in buffers with (a) pH 1.5 and (b) pH 4. 

Emulsions prepared under both pH conditions were stored in the dark while stationary 

for approximately one year. After one year of static aging, there is no obvious change in the 

mean sizes of the two emulsions (see Fig. S11). There is, however, a small increase in the CV 

for both emulsions. From both the shaking and aging stability monitoring experiments, it is 

concluded that the ND-stabilized Pickering emulsions prepared in both pH 1.5 and pH 4 buffers 

by membrane emulsification have a high stability against coalescence. 

3.2.1.2 Effect of ND concentration on Pickering emulsions 

To gain a deeper insight into the emulsification process, a series of ND dispersions with 

different concentrations (0.06 mg/mL, 0.08 mg/mL, 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 1.5 

mg/mL, and 2 mg/mL) in pH 4 buffer were used to prepare Pickering emulsions by membrane 

emulsification. The resulting emulsions are shown in the optical microscope images in Fig. 8. 

At the two lowest ND concentrations, the oil drop size is polydisperse, but at the higher 

concentrations the oil drops are more monosize.  

To allow valid comparison to the model presented by Tcholakova et al.,[62][63] the 

volume-surface diameter, D32, was found via image analysis for each of these emulsions and 

presented in Fig. 8i. At the two lowest ND concentrations, D32 decreases with increasing ND 

concentration. At concentrations of 0.1 mg/mL and higher, D32 is independent of the ND 

concentration. These results show the same trend found in the data for emulsions stabilised by 

proteins and also by latex particles.[62][63] Using the language in this previous work, there is 

an emulsifier-poor region (I), in which smaller oil drops are created as more ND is added. There 
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is also an emulsifier-rich region (II), in which any additional ND is in solution. The transition 

between Region I and II occurs when the ND’s threshold value of adsorption, *.  The data in 

Figure 8i show a transition between Regions I and II at 0.1 mg/mL ND. In support of this 

description, in the optical microscope images in Fig. 8, it is apparent that with an increase in 

ND concentration, more ND aggregates appear at the interface of oil and water. Fig. 8h shows 

a good example. Some free ND clusters are even visible in the water phase. Higher ND 

concentrations do not drive the formation of smaller oil droplets, but instead the ND appears 

as clusters in solution. 

To gain an insight into the ND shell at the concentration corresponding to *, we 

employ a simple geometric model to estimate the minimum number of ND clusters to create a 

hexagonally-packed ND shell around the oil drops. (Drawing on the results in Figure 2, we 

note that the ND does not exist as primary 5 nm particles.) Our calculations are shown in the 

Supplementary Materials. We find that when a concentration of 0.1 mg/mL ND was used to 

stabilize 3 mL of oil in 27 mL of water, the number of ND nanoparticle clusters in the 

dispersion is 1.9 × 1014 , whereas 4.4 × 1014  nanoparticle clusters are needed to cover the 

surfaces of all oil drop (number mean diameter of 36 m). This rough estimate suggests with 

0.1 mg/mL ND there are enough clusters to achieve an interfacial area coverage of ca. 40%. 

When the ND concentration is higher than 0.25 mg/mL, we estimate that 100% oil surface 

coverage by a single layer of close-packed ND clusters can be achieved, which suggests it 

would fall into Region II. In work elsewhere,[64] stable Pickering emulsions were obtained 

with a surface coverage as low as 5% of the area. Thus, our estimate of a surface coverage of 

approximately 40% is not unreasonable. 

Farias et al. [33] found when using hydroxylated ND as stabilizers in sonicated 

emulsions that the oil drop size decreased with increasing concentrations of ND. Their results 

thus suggest that their system was still in Region I at ND concentrations as high as 2 wt.% 

(approximately 20 mg/mL).  
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Fig. 8. Optical microscope images of ND-stabilized Pickering emulsions made by membrane 

emulsification with pH 4 ND dispersions with concentrations of (a) 0.06 mg/mL, (b) 0.08 

mg/mL, (c) 0.1 mg/mL, (d) 0.5 mg/mL, (e) 1 mg/mL, (f) 1.5 mg/mL and (g) 2 mg/mL. (h) A 

magnified view of a single oil drop from the yellow square in d, showing a layer of ND clusters 

surrounding the oil drop. (i) Graph showing the D32 size as a function of the ND concentration. 

Further increasing ND concentrations to 1.5 mg/mL and 2 mg/mL imparts the emulsion 

with a high CV again (see in Fig. 8f). As the concentration is high enough to reach 100% 

coverage of the oil drop surface, the stability of a single oil drop does not change further.[65] 

It is known from other studies that if there are excess nanoparticles in the water phase, smaller 

oil droplets can form because there are sufficient numbers to encapsulate greater surface areas 

of oil.[66] As previously shown in the present work, ND form aggregates in pH 4 buffer, which 

demonstrates that attractive forces between particles are dominant, therefore increasing the 

possibility of coalescence during membrane emulsification. Hence the CV increases, while the 

mean size remains the same. 
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3.2.1.3 Effect of pH changes on ND-stabilized Pickering emulsions 

Additional experiments investigated the stability of the Pickering emulsions against a 

“challenge” by a sudden pH change. 25 µL of ND-stabilized Pickering emulsion was added to 

1 mL of pH 12 buffer. The response in the emulsion was observed on a glass slide under an 

optical microscope. A few oil droplets “exploded” abruptly upon the pH increase, with a 

sudden blurring of the oil/water interface (Fig. 9). The corresponding video can be found in the 

Supplementary Material (Video S2). This destabilization occurred for a wide range of ND 

concentrations (0.5, 0.75, 1, 1.5 and 2 mg/mL). When a pH 9 buffer was used, the effect was 

slowed and also only a small fraction of the oil droplets was destabilized. Upon addition of 

lower pH buffers to the original Pickering emulsion, the emulsion remained stable with no oil 

drops being broken. 

 

Fig. 9. Video stills showing the effect of pH 12 buffer addition to a 0.1 mg/mL ND stabilized 

Pickering emulsion at pH 4 (a) before and (b) after an oil drop “explodes” instantaneously. 

In the pH 12 buffer, electrostatic screening by cations (including Na+ or divalent cations 

Ca2+), present at high concentrations in the pH 12 buffer media, could lead to ND aggregation 

at the oil/water interface. It has been reported that the lateral displacement of Pickering particles 

requires less energy compared to the displacement of particles into the continuous phase.[67]  

Thereafter, the exposure of the oil phase to the alkaline environment will result in fast 

saponification and the formation of anionic surfactants on the oil interface, thus reducing its 

interfacial tension. Consequently, the oil/water interface could be broadened. However, upon 

addition of the ND-stabilized Pickering emulsion to pH 12 NaOH solution instead of pH 12 

buffer, no destabilization of droplets is observed, probably because ND aggregation at the 

oil/water interface does not take place and the surface coverage of ND on the drop surface is 

not altered. 
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3.2.1.4 Release of β-carotene upon emulsion drying 

 We found that ND Pickering emulsions are able to carry β-carotene in the oil phase, 

suggesting a potential application as a carrier of hydrophobic active ingredients in an aqueous 

formulation. Under optical microscopy, oil droplets containing -carotene can be seen to be 

tinted yellow (Fig. 10). Upon evaporation of water from the emulsion, the oil droplets pack 

closely together. There is evidence for coalescence between the ND-stabilized oil droplets 

observed under the microscope (Fig. 10b and c) as the boundary between them disappears and 

-carotene is seen to diffuse into neighboring droplets, which is apparent from the color change. 

 

Fig. 10. (a) Optical microscope image of mixtures of oil droplets (with and without β-carotene) 

in ND Pickering emulsions. The droplets containing β-carotene have a yellow tint. Mixtures of 

oil droplets in an ND Pickering emulsion in the late stages of drying (b) when closely-packed 

and (c) after coalescence a few seconds later. The scale bar is 25 m in all images. The images 

in (b) and (c) are taken from Video S3. 

 

3.2.2 ND-stabilized Pickering emulsions by probe sonication 

The membrane emulsification method is good for making emulsions with a relatively 

large size (10s of m) and with a narrow size distribution, which is a key requirement for some 

applications. We reported earlier that emulsions could not be made in higher pH dispersions 

(such as pH 7 and pH 10) using the membrane emulsification method, which is a limitation.  

We successfully used probe sonication to fabricate ND-stabilized Pickering emulsions 

using ND dispersions with a wide range of pH (acidic to alkaline). Optical microscope images 

of the sonicated emulsion drops are shown in Fig. 11. Oil drop sizes were significantly lower 

with the probe sonication method in comparison to membrane emulsification. Probe sonication 

most likely divides the oil phase more finely and imparts kinetic energy to nanoparticles, which 

promotes their adsorption of particles at the oil/water interface in a short enough time-scale to 

allow stabilization of the oil droplets. 
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 The oil droplet size cannot be determined precisely from optical microscopy. In fact, 

at higher pH values, the droplets cannot be discerned in the images such as Fig. 11b for 

emulsions in pH 7. Instead, DLS was used to characterize the size distribution for emulsions 

prepared from pH 2 to pH 12. As is shown in Fig. 11c, the size of oil droplets in the emulsion 

becomes smaller with an increase of the pH value. For emulsions prepared at pH 2, the surface 

coverage was estimated (as shown in the Supplementary Materials) to be 20%.  According to 

other reports on silica stabilized oil-in-water Pickering emulsions, nanoparticle surface 

coverages can be as low as 5% in stable emulsions. [64] 

  Microscope images of ND-stabilized Pickering emulsions prepared in 1 M NaCl 

solutions and 1 M CaCl2 solutions are shown in Fig. S12. These emulsion droplets were also 

small, and their sizes could not be measured because of the quick formation of oil drop clusters. 

 

Fig. 11. Optical microscope images of the Pickering emulsions prepared by sonication of ND 

dispersions with different pH, after ageing for one week, (a) pH 2 and (b) pH 7.  The scale bars 

are 20 µm. (c) A graph of the volume-average size of emulsion droplets (obtained via DLS) as 

a function of the pH of the ND dispersions. The inset shows digital photographs of the 

emulsions prepared from the ND dispersions (pH increasing from left to right from 2 to 12). 

3.2.3 Storage stability against creaming  

Due to the density difference between the oil and water phases, the creaming and phase 

separation (emulsion phase and aqueous serum phase) of Pickering emulsion appear during 

long-term storage.[68] For a single oil drop stabilized by nanoparticles in the water phase, the 

density of the drop system (including particles at the interface and oil), the size of the oil 

droplets, and the interaction between different oil drops will all influence the value of creaming 

index over time. The velocity, 𝑣, for the creaming (or sedimentation) of a single oil drop (with 

a radius of 𝑟) is given by Stokes’ equation: 
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𝑣 =  
2𝑔𝑟2𝛥𝜌

9𝜂
           (4) 

where 𝜂 is viscosity of the continuous (water) phase. This equation predicts that emulsions 

prepared by sonication with a higher pH will cream at a slower rate because of the smaller oil 

droplet size. 

A lower creaming index value and greater storage stability can arise through steric 

hindrance and electrostatic repulsion that effectively inhibit the aggregation of emulsion 

droplets.[69] Here, the storage stability of the ND-stabilized Pickering emulsions fabricated by 

probe sonication was monitored by measurements of the creaming index from visual 

appearance over 300 h, and is presented in Fig. 12.  

The creaming indices for the ND-stabilized Pickering emulsions at pH 2 and in 1M 

NaCl and CaCl2 solutions increased dramatically during the first 50 h. After monitoring for 

about 100 h, the value tends to be stable for these three groups. The reason for the apparently 

high increasing rate of the creaming index is probably due to the strong aggregation tendency 

of ND, which can be observed in Fig. S12, as a result of protonation of carboxylic groups at 

pH 2 and strong electrostatic shielding in NaCl and CaCl2 solutions. 

Comparing the creaming index values of the different pH dispersions, the emulsion at 

pH 2 has a higher increasing rate and a higher stable creaming index value. According to the 

zeta potential measurements, the ND nanoparticles have a lower electrostatic charge (and hence 

a weaker repulsion) when in a low pH, leading to a higher creaming index. Emulsions with pH 

values of 4, 7, 10, and 12 have a greater stability over the storage time (Fig. 12). Furthermore, 

there is a decreasing trend of the stability when the pH value is increased, as can be seen in the 

creaming index when pH increases from 4 to 10. However, the storage stability of emulsions 

made at pH 12 is extremely high and is even comparable with the emulsion made at pH 4. This 

finding can be explained by saponification of the sunflower oil in alkaline conditions whereby 

anionic surfactants are produced to provide additional charge stabilization. 
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Fig. 12. Effects of pH and salt on the creaming index of ND-stabilized Pickering emulsions 

prepared via sonication. A lower creaming index indicates greater stability. 

4. Conclusions  

We have obtained fundamental information about ND in aqueous dispersions and at 

interfaces with oil, which we exploited successfully to prepare Pickering emulsions. 

Carboxylated ND in DI-water carry a negative surface charge, which becomes more negative 

as the pH increases. Electrostatic repulsions between charged ND particles may act against the 

adsorption at the oil/water interface. However, the electrolytes contained at low concentrations 

in buffers screen the surface charge of the ND and promote their adsorption at the interface, 

assisting in Pickering emulsion stabilization.  

Three-phase contact angle analysis showed that ND coatings become more hydrophilic 

with increasing pH, because of deprotonation of the carboxylic acid groups. Tensiometry 

confirmed the existence of the ND at the oil/water interface, which is consistent with the three-

phase contact angle taking values around 90° and likewise correlates with the emulsion 

stability. The interfacial tension decreased with increasing ND concentrations, in agreement 

with previous research on interfacially-active nanoparticles. Moreover, ND coverage was seen 

to protect the oil drop from saponification in alkaline environments. 

This analysis explains why our hypothesis that ND can function as a Pickering stabilizer 

proved to be true. Indeed, for the first time, monodispersed ND-stabilized Pickering oil-in-

water emulsions (with a mean size of about 35 µm and CV  10%)) were prepared by 

membrane emulsification using 0.5 mg/mL ND (only 0.05 wt.%) in a pH 4 buffer solution. 

Emulsification was achieved with a much lower concentration of nanoparticles than is needed 
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when using silica nanoparticles or latex particles.[62] The small size of ND clusters makes 

them more efficient as emulsifiers.  

The emulsions showed long-term stability, as almost no changes of emulsion drop size 

were found after 12 months of aging or 6 h of continuous shaking. Moreover, the emulsions 

showed high stability upon the addition of buffers over a wide range of pH (acidic to alkaline). 

Only a minor fraction of droplets was seen, under the optical microscope, to break up upon the 

addition of pH 12 buffer. This result is attributed to the destabilization of the oil droplets, which 

was caused by deprotonation of the carboxylated ND and ND aggregation at the oil/water 

interface (induced by ions, including Ca2+). Subsequently, the oil is more exposed to the 

alkaline water phase, and the saponification of the oil and salting-out follow.  

The size of the emulsion droplets prepared via membrane emulsification did not depend 

on the ND concentration at concentrations of 0.1 mg/mL and higher. However, at lower ND 

concentrations, the system was in an “emulsifier poor” region where the size decreased with 

increasing ND concentration. When the ND concentration is higher than 0.23 mg/mL, we 

estimate that ND particle clusters can pack together in a monolayer shell around the oil droplet. 

Higher ND concentrations do not drive the formation of smaller oil droplets, but instead yield 

ND clusters in solution. 

The membrane emulsification method was highly effective in producing Pickering 

emulsions with a relatively large size (10s of m) and with a narrow size distribution, which is 

a key requirement for some applications. It was only applicable to Pickering emulsions under 

acidic conditions (pH 1.5 and 4). However, membrane emulsification offers good control of 

droplet size, and it consumes less energy compared to sonication. This emulsification method 

could also be applied at larger volumes in the future. 

In contrast, probe sonication was demonstrated to be a good alternative that facilitates 

the formation of ND-stabilized Pickering emulsions across a wide pH range (from pH 2 to pH 

12), achieving oil droplet sizes even smaller than 1 µm. The long-term storage stability of these 

smaller-sized emulsions was similar for pH 12 and pH 4 solutions. For ND-stabilized Pickering 

emulsions prepared at pH 2 and also in NaCl and CaCl2 concentrated solutions, a high creaming 

index (poor stability) was found, because of ND aggregation. 

This is the first systematic study of carboxylated ND-stabilized Pickering emulsions. 

With the foundation of fundamental knowledge established here, there is promise for the 

potential development of future applications.  We demonstrated the delivery of a model active 

ingredient (-carotene) in oil, and propose that other oil-soluble molecules, such as curcumin, 
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could be emulsified in the future.[70] Because of the low toxicity[24][25] and biocompatibility 

of ND, these emulsions hold promise in pharmaceutical and drug delivery applications.[29–

31] We also envisage the manufacture of ND/polymer nanocomposites[21] by dissolving 

polymers in a volatile oil phase or by miniemulsion polymerization. 
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