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ABSTRACT. Sterically-stabilized diblock copolymer nanoparticles are prepared in n-

dodecane using polymerization-induced self-assembly. Precursor Pickering macroemulsions 

are then prepared by the addition of water followed by high-shear homogenization. In the 

absence of any salt dissolved in the aqueous phase, high-pressure microfluidization of such 

precursor emulsions leads to the formation of relatively large water droplets with DLS 

measurements indicating a mean diameter of more than 600 nm. However, systemically 

increasing the aqueous salt concentration produces significantly finer droplets after 

microfluidization, until a limiting diameter of around 250 nm is obtained at 0.11 M NaCl. The 

mean size of these aqueous droplets can also be tuned by systematically varying the 

nanoparticle concentration, applied pressure, and the number of passes through the 

microfluidizer. The mean number of nanoparticles adsorbed onto each aqueous droplet and 

their packing efficiency is calculated. SAXS studies conducted on a Pickering nanoemulsion 

confirms that the aqueous droplets are coated with a loosely-packed monolayer of 

nanoparticles. The effect of varying the amount of NaCl dissolved in the aqueous droplets on 

their initial rate of Ostwald ripening is investigated using DLS. Finally, the long-term stability 

of these water-in-oil Pickering nanoemulsions is examined using analytical centrifugation. The 

rate of droplet ripening can be substantially reduced by using 0.11 M NaCl instead of pure 

water. However, increasing the salt concentration up to 0.43 M provides no further 

improvement in the long-term stability of such nanoemulsions. 

 

* Author to whom correspondence should be addressed (s.p.armes@sheffield.ac.uk) 
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INTRODUCTION 

Emulsions stabilized by particles, or so-called Pickering emulsions, were first recognized in 

the early 1900s.1-2 Such particulate emulsifiers confer significantly different properties 

compared to surfactants.3 For example, if they are sufficiently large and possess appropriate 

wettability, solid particles remain irreversibly adsorbed at the oil-water interface, whereas 

surfactant exchange between the interface and bulk solution occurs within short timescales.3-5 

Moreover, whether an emulsion is of the oil-in-water (o/w) or water-in-oil (w/o) type is dictated 

by the hydrophilic-hydrophobic balance of a surfactant.6-7 In contrast, the key parameter for 

Pickering emulsions is the particle wettability, which is determined by the three-phase contact 

angle at the interface, θw.3, 8 More hydrophilic particles (θw < 90°) typically stabilize oil-in-

water (o/w) emulsions, whereas water-in-oil (w/o) emulsions are usually stabilized by more 

hydrophobic particles (θw > 90°).8-12  

Nanoemulsions comprise very fine droplets with a mean diameter of no more than 200 nm.13-

27 They are much less prone to gravitational creaming or sedimentation than conventional 

emulsions.13-14 Moreover, they provide more active formulations when used for drug 

delivery,28-31 food technology,32-33 or cosmetics34 owing to their significantly higher surface 

area per unit mass.13, 15 However, both o/w and w/o nanoemulsions tend to suffer from Ostwald 

ripening.19, 35-37  In principle, this instability problem can be suppressed by adding a suitable 

species to the droplet phase that is highly insoluble in the continuous phase.38-40 For example, 

addition of a long hydrocarbon (or wax) to oil droplets enhances the stability of o/w 

nanoemulsions towards Ostwald ripening.41-43 In the case of w/o emulsions, the addition of salt 

to the aqueous phase is known to inhibit mass transfer between water droplets.44-46         

In recent years, there has been growing interest in o/w Pickering nanoemulsions.35, 47-54 

However, there have been rather fewer reports of the analogous w/o Pickering 
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nanoemulsions.55-57 In one notable example, Bollhorst et al.57 prepared submicrometer-sized 

colloidosomes via self-assembly of metal oxide nanoparticles around water droplets in n-

decane. Sihler and co-workers57 utilized ultrasonification to prepare relatively fine w/o 

emulsions of less than 500 nm diameter using anionic silica nanoparticles, which were rendered 

sufficiently hydrophobic by adsorption of either cation or non-ionic surfactants.56 Moreover, 

nanoparticle adsorption at the oil-water interface was relatively inefficient, with many 

nanoparticles remaining within the interior of the aqueous droplets. 

The development of polymerization-induced self-assembly (PISA) has enabled the convenient 

synthesis of well-defined diblock copolymer nanoparticles.58-62 This powerful and versatile 

technique enables the efficient synthesis of 20-30 nm sterically-stabilized spheres in the form 

of a concentrated dispersion using reversible addition-fragmentation chain transfer (RAFT) 

dispersion polymerization.59, 62-63 Such nanoparticles exhibit sufficient surface activity to 

stabilize both Pickering macroemulsions59, 64 and nanoemulsions.36, 48 Furthermore, such 

nanoparticles can be prepared in water,59, 61-62, 65-68 polar solvents (e.g. lower alcohols)60, 69-77 

and non-polar solvents (e.g. n-alkanes78-86 or mineral oil82, 87). Thus they are suitable for the 

preparation of o/w,59, 88 o/o89-90 and w/o91-92 emulsions. For example, Thompson et al.48 recently 

reported that 25 nm diameter diblock copolymer nanoparticles can be used in combination with 

high-pressure microfluidization to produce o/w Pickering nanoemulsions. Subsequently, the 

effect of varying the n-alkane oil phase on the long-term stability of such nanoemulsions was 

examined.36 Analytical centrifugation proved to be the most useful sizing technique for 

monitoring droplet coarsening over time. Pickering nanoemulsions prepared using either n-

octane or n-decane proved to be significantly less stable towards Ostwald ripening than those 

prepared with either n-dodecane or n-tetradecane. This difference was rationalized in terms of 

the significantly higher aqueous solubility of the former pair of n-alkanes. In a follow-up study, 

Hunter et al. found that introducing terminal anionic or cationic charge at the end of the steric 



4 

 

stabilizer chains is detrimental to both the adsorption efficiency of the diblock copolymer 

nanoparticles and also the long-term stability of the Pickering nanoemulsions.53 

Herein we report the production of relatively stable w/o Pickering nanoemulsions using 

bespoke diblock copolymer nanoparticles prepared via RAFT dispersion polymerization in n-

dodecane. This is achieved by first preparing a w/o Pickering macroemulsions via conventional 

high-shear homogenization using a large excess of nanoparticles, followed by high-pressure 

microfluidization to generate the desired w/o Pickering nanoemulsion. Such nanoemulsions are 

complementary to the o/w Pickering nanoemulsions previously reported by Thompson and co-

workers.36, 48 The effect of systematically increasing the concentration of added salt within the 

dispersed phase on the z-average diameter of the aqueous droplets is examined. Subsequently, 

the effect of varying the initial nanoparticle concentration, the number of passes through a high-

pressure microfluidizer and the applied pressure during microfluidization on the final 

nanoemulsion droplet diameter is investigated. Finally, the effect of varying the amount of salt 

dissolved in the aqueous dispersed phase on the long-term stability of these w/o Pickering 

nanoemulsions is explored.  

 
 

Figure 1. (a) Synthesis of PSMA32−PTFEMA53 nanoparticles via RAFT dispersion polymerization of TFEMA at 80 °C 
using a PSMA32 precursor; (b) overlaid DMF GPC curves obtained for a PSMA32 precursor and the corresponding PSMA32-
PTFMA53 diblock copolymer; (c) intensity-average particle size distribution determined by DLS; (d) Experimental SAXS 
pattern (black circles) recorded for a 1.0% w/w dispersion of PSMA32-PTFEMA53 diblock copolymer nanoparticles in n-
dodecane. A satisfactory data fit was obtained using a spherical micelle model (white line), see Supporting Information. 
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EXPERIMENTAL 

Materials. Stearyl methacrylate (SMA), 2,2,2-trifluoroethyl methacrylate (TFEMA), n-

dodecane, trimethylamine, butylhydroxytoluene (BHT) tetrahydrofuran (THF), toluene, 2,2-

azobis(2-methylpropionitrile) (AIBN), lauroyl peroxide (Luperox®), ruthenium(IV) oxide 

hydrate and sodium periodate were all purchased from Sigma-Aldrich (UK). Monomers were 

passed through basic alumina in order to remove inhibitor prior to use. Tert-Butyl peroxy-2-

ethylhexanoate (Trigonox 21S, or T21s) initiator was supplied by AkzoNobel (The 

Netherlands). d-Chloroform (CDCl3) was purchased from VWR (UK), d2-dichloromethane 

(CD2Cl2) was obtained from Cambridge Isotope Laboratory (USA) and the 4-cyano-4-((2-

phenylethanesulfonyl)thiocarbonylsulfanyl)pentanoic acid (PETTC) RAFT agent was 

prepared in-house according to a previously reported protocol.93 Unless stated otherwise, 

deionized water (pH 6) was used for all experiments. 

Synthesis of a PSMA32 precursor via RAFT solution polymerization. A PSMA32 precursor 

was prepared via RAFT solution polymerization of SMA in toluene using a trithiocarbonate-

based PETTC RAFT agent, as previously described.94 The reaction solution was heated by 

immersing the flask in an oil bath set at 70 °C and the resulting SMA polymerization was 

quenched by exposure to air after 4 h. 1H NMR analysis in CD2Cl2 indicated 83% SMA 

conversion under these conditions. A mean DP of 32 was determined via 1H NMR analysis in 

CD2Cl2; the integrated aromatic PETTC signals at 7.1–8.1 ppm were compared to that of the 

oxymethylene signal at 3.7–4.2 ppm. This analysis indicated a RAFT agent efficiency of 96%. 

THF GPC studies (refractive index detector; using a series of eight near-monodisperse 

polymethyl methacrylate calibration standards) indicated an Mn of 12 300 g mol-1 and an 

Mw/Mn of 1.13.  
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Synthesis of PSMA32-PTFEMA53 diblock copolymer nanoparticles via RAFT dispersion 

polymerization of TFEMA. The synthesis of PSMA32-PTFEMA53 spheres at 20% w/w solids 

was conducted as follows: a PSMA32 precursor (2.01 g, 0.18 mmol), lauroyl peroxide (77 mg, 

0.036 mmol), and n-dodecane (14.6 g, 19.5 ml) were added in turn to a glass vial and the 

resulting solution was degassed with N2 gas for 30 min at 20 °C. TFEMA was degassed 

separately in ice to minimize evaporation. This monomer (1.95 ml, 9.82 mmol; target DP = 55) 

was then added via syringe to the reaction mixture, which was subsequently heated to 80 °C 

for 16 h by immersing the vial in an oil bath. 19F NMR spectroscopy analysis of the copolymer 

dissolved in CDCl3 indicated 97% TFEMA conversion under these conditions. THF GPC 

studies (refractive index detector; using a series of eight near-monodisperse polymethyl 

methacrylate calibration standards) indicated an Mn of 18 000 g mol-1 and an Mw/Mn of 1.23 

Preparation of PSMA32-PTFEMA53-stabilized Pickering macroemulsions using high-

shear homogenization. A 5.0% w/w dispersion of PSMA32-PTFEMA53 nanoparticles in n-

dodecane (4.5 mL) was added to a 14 mL glass vial. This was then homogenized with various 

aqueous solutions (prepared using deionized water at around pH 6, unless stated otherwise) 

(0.5 mL; containing 0-0.43 M NaCl) for 2 min at 20 °C using an IKA Ultra-Turrax T-18 

homogenizer equipped with a 10 mm dispersing tool and operating at 13 500 rpm.  

Preparation of PSMA32-PTFEMA53-stabilized Pickering Nanoemulsions using high-

pressure microfluidization. A Pickering macroemulsion (5.0 mL, initial nanoparticle 

concentration in the n-dodecane phase = 5.0% w/w) was further processed using an LV1 

microfluidizer (Microfluidics, USA). The pressure was fixed at 10 000 psi and each emulsion 

was passed five times through the LV1 unit to produce unimodal w/o Pickering nanoemulsions.  

THF GPC. Molecular weight distributions were assessed by gel permeation chromatography 

(GPC) using THF as an eluent. The GPC set-up comprised an Agilent 1260 Infinity series 

degasser and pump, two Agilent PLgel 5 μm Mixed C columns in series and a refractive index 
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detector. The mobile phase contained 2.0% v/v trimethylamine and 0.05% w/w 

butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 ml min−1. Copolymer samples 

were dissolved in THF containing 0.50% v/v toluene as a flow-rate marker prior to GPC 

analysis. A series of eight near-monodisperse polymethyl methacrylate standards (Mp values 

ranging from 580 to 552 500 g mol−1) were used for calibration using either a refractive index 

detector or a UV detector operating at 260 nm. 

 NMR spectroscopy. 19F NMR spectra were recorded in CDCl3 using a Bruker Avance III HD 

spectrometer operating at 400.23 MHz (1H frequency). Spectra were recorded using 16 

transients with an acquisition window of 89.3 kHz, 128 points and a relaxation delay of 1 s. 

Spectra were analyzed using TopSpin version 3.1 software. TFEMA conversions were 

determined by comparing the integrated intensities of signals assigned to residual monomer 

and the corresponding polymer.  

Transmission Electron Microscopy (TEM). The staining agent was prepared by dissolving 

ruthenium(IV) oxide hydrate (0.30 g) and sodium periodate (2.00 g) in 50 ml water. The 

copolymer dispersion was diluted to 0.1% w/w in n-dodecane and a single droplet was placed 

on a carbon-coated copper TEM grid with the aid of a micropipet. The loaded grid was stained 

for 7 min by exposure to the heavy metal stain within a desiccator. TEM images were recorded 

using a Tecnai Spirit T12 TEM instrument operating at 80 kV and equipped with an Orius 

SC1000B S4 CCD camera (2672 x 4008 pixels; 9 μm each).  

Scanning electron microscopy (SEM). The copolymer dispersion was diluted to 1% v/v using 

n-dodecane and one droplet was placed on a glass slide, which was then left to dry overnight. 

The glass slide was then mounted onto an SEM stub using an electrically conductive adhesive 

pad. The stub was gold-coated for 2 min prior to analysis. SEM studies were performed using 

an Inspect F field emission microscope operating at 5 kV. 
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Dynamic Light Scattering (DLS). Intensity-average hydrodynamic diameters were obtained by 

DLS using a Malvern Zetasizer NanoZS instrument at a fixed scattering angle of 173°. 

Dispersions of 0.1% w/w nanoemulsions were analyzed using disposable cuvettes, and the 

results were averaged over three consecutive runs, each comprising ten analyses. The n-

dodecane used to dilute each sample was ultrafiltered through a 0.20 μm membrane to remove 

extraneous dust. 

Analytical Centrifugation (LUMiSizer). Aqueous droplet size distributions were assessed using 

a LUMiSizer analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 20 °C. 

Measurements were conducted on diluted Pickering nanoemulsions (1.0-10.0% v/v water) 

using 2 mm pathlength polyamide cells at 400 rpm for 200 profiles (allowing 10 s between 

profiles) and then the rate of centrifugation was increased up to 4000 rpm for a further 800 

profiles The slow initial rate of centrifugation enabled detection of any larger oil droplets that 

might be present within the nanoemulsion. Overall, the measurement time is approximately 

135 min. The LUMiSizer instrument employs space- and time-resolved extinction profiles 

(STEP) technology to measure the intensity of transmitted near-infrared light as a function of 

time and position simultaneously over the entire length of the cell. The gradual progression of 

these transmission profiles provides information on the rate of sedimentation of the aqueous 

droplets and hence enables assessment of the droplet size distribution. The particle density is 

an essential input parameter for analytical centrifugation studies. The droplet density used for 

the nanoemulsion ageing studies was either the density of pure water or the appropriate density 

for a given aqueous salt solution (which is 1.016 g cm-3 for the highest NaCl concentration 

(0.43 M) used in this study).95 This ignores any contribution to the droplet density from the 

adsorbed PSMA32-PTFEMA53 nanoparticles, but this approximation is reasonable given that 

we merely wish to assess relative changes in the droplet size distribution over time. 
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Small-Angle X-ray Scattering. Small-angle X-ray scattering (SAXS) patterns were recorded 

using a laboratory SAXS beamline (Xeuss 2.0, Xenocs, France) equipped with a liquid gallium 

MetalJet X-ray source (Excillum, Sweden) (wavelength λ = 0.134 nm), two sets of motorized 

scatterless slits for beam collimation, and a Pilatus 1M two-dimensional pixel SAXS detector 

(Dectris, Switzerland). A flow-through glass capillary (2 mm diameter) was connected to an 

injector syringe and a waste container via plastic tubing and mounted horizontally on the 

beamline stage; this set-up was used as a sample holder. SAXS patterns were recorded over a 

q range of 0.01−1.4 nm−1, where q = (4π sin θ)/λ is the length of the scattering vector, and θ is 

a half of the scattering angle. Two-dimensional SAXS patterns were reduced to one-

dimensional curves using the Foxtrot software package supplied with the instrument and 

further analyzed (background subtraction and data modeling) using Irena SAS macros96 for 

Igor Pro. 

Packing efficiency calculation 

The nanoparticle packing efficiency was estimated by first calculating the number of 

nanoparticles, N, adsorbed onto an individual aqueous droplet using equation 1:36 𝑁𝑁 =
total number of nanoparticles

total number of droplets
=   

𝑚𝑚particles𝑁𝑁A/𝑁𝑁s𝑀𝑀n𝑉𝑉water/�4

3
𝜋𝜋𝑅𝑅water�3       (1) 

 

where it is assumed that all nanoparticles are adsorbed at the water-oil interface. Here, mparticles 

is the mass of nanoparticles used to prepare the nanoemulsion, NA is Avogadro’s constant, Mn 

is the number−average molecular weight of the PSMA32−PTFEMA53 chains, Vwater is the total 

volume of water used to prepare each nanoemulsion, and Rwater is the average radius of bare 

aqueous droplets. Finally, Ns is the number of PSMA32−PTFEMA53 chains per nanoparticle 

determined as 𝑁𝑁s =

4

3
𝜋𝜋𝑅𝑅s

3𝑉𝑉PTFEMA
 where Rs is the mean radius of the PTFEMA cores measured by 

SAXS and VPTFEMA is volume of the core-forming block of a copolymer molecule. We calculate 

Rwater to be equal to the z-average radius (RDLS) of the overall nanoemulsion droplets minus the 
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diameter of the adsorbed nanoparticles (or Rwater = RDLS – 2Rparticle). The volume-average 

diameter of the nanoparticles could be calculated from SAXS measurements of the 

nanoparticles as 2Rs + 4Rg, where Rg is radius of gyration of the micelle PSMA32 corona block. 

However, we contend that the effective diameter (2Rparticle) of the PSMA32−PTFEMA53 

nanoparticles adsorbed at the oil-water interface is actually given by 2Rs + 2Rg.
36 This is 

because the non-solvated PSMA32 stabilizer chains that are in direct contact with the aqueous 

phase most likely adopt a fully collapsed conformation and hence occupy negligible volume at 

the oil-water interface.  

Assuming that an area of a large spherical particle covered by small spheres can be represented 

by the total area of projections of the small spheres on the large particle surface,97 the packing 

efficiency, P, of the small spheres in the large particle shell is given by equation 2:  

𝑃𝑃 ≅ 𝑁𝑁(𝑅𝑅particle)24�𝑅𝑅water+𝑅𝑅particle�2     (2) 

We make the following assumptions in our nanoparticle packing efficiency calculations. First, 

the z-average droplet diameter reported by DLS includes both the oil droplet and the adsorbed 

nanoparticle shell. Secondly, the nanoparticles adsorb at the oil-water interface with an 

effective contact angle of 0° with respect to the nanoparticle cores. Clearly, this is not the true 

nanoparticle contact angle, hence the droplet diameter will be slightly overestimated. Finally, 

since we assume that all of the nanoparticles adsorb at the surface of the aqueous droplets, the 

calculated nanoparticle packing efficiency should be regarded as an upper limit value as some 

minor fraction of nanoparticles could remain within the continuous phase.  
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RESULTS AND DISCUSSION 

The sterically-stabilized diblock copolymer nanoparticles used in this study were prepared by 

chain-extending an oil-soluble poly(stearyl methacrylate) (PSMA) precursor with 2,2,2-

trifluoroethyl methacrylate (TFEMA), as previously described by Cornel and co-workers (see 

Figure 1a).94 Provided that a relatively short PTFEMA block of 55 is targeted, this PISA 

formulation enables the preparation of PTFEMA-core spherical nanoparticles with a mean 

diameter of less than 30 nm,94 which is expected to be sufficiently small for the production of 

Pickering nanoemulsions.35, 48 19F NMR spectroscopy studies indicated that the TFEMA 

polymerization proceeded to relatively high monomer conversion (~97%) within 16 h at 80 °C 

(see Figure S1). GPC analysis (THF eluent) indicated a relatively narrow molecular weight 

distribution (Mw/Mn = 1.23), suggesting that this RAFT dispersion polymerization was well-

controlled (see Figure 1b). The intensity-average diameter of the sterically-stabilized 

nanoparticles determined by DLS is 28 ± 6 nm (Figure 1c), which is consistent with the 

number-average diameter of 24 ± 4 nm estimated from TEM analysis (based on analysis of 

more than 100 nanoparticles) (Figure 6d. The SAXS pattern recorded for these nanoparticles 

was fitted using a spherical micelle form factor.98 This approach indicated a mean PTFEMA 

core radius (Rs) of 6.5 nm (and an associated standard deviation, σs, of 1.3 nm) and a radius of 

gyration (Rg) for the PSMA corona block of 1.72 nm, resulting in a volume-average diameter 

(2Rs + 4Rg) of 19.9 nm (see Figure 1e and the Supporting Information for further details of the 

scattering model). This is somewhat smaller than the nanoparticle dimensions indicated by 

DLS and TEM. However, DLS reports a hydrodynamic diameter while TEM analysis suffers 

from poor statistics, so both techniques overestimate the effective particle dimensions indicated 

by SAXS. 
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Such PSMA32-PTFEMA53 nanoparticles were used to prepare a precursor Pickering 

macroemulsion of approximately 10-20 µm diameter via high-shear homogenization using an 

Ultra-Turrax homogenizer (see Figure 2). A water volume fraction of 0.10 and a nanoparticle 

concentration of 5.0% w/w was used to prepare this macroemulsion. These conditions were 

deliberately selected because a substantial excess of non-adsorbed nanoparticles is required to 

stabilize the substantial increase in interfacial area that is generated during the subsequent high-

pressure microfluidization to produce the much finer Pickering nanoemulsion.35, 48  

 
Figure 2. Schematic representation of the preparation of water-in-oil (w/o) Pickering nanoemulsions reported in this study. 

A precursor Pickering macroemulsion was prepared using high-shear homogenization, and then further processed using the 
LV1 microfluidizer to produce a w/o Pickering nanoemulsion. A large excess of non-adsorbed nanoparticles co-exist with 
the macroemulsion but very few non-adsorbed nanoparticles remain in the continuous phase after high-pressure 
microfluidization. 

 

In initial microfluidization experiments no salt was added to the aqueous phase. A precursor 

macroemulsion prepared using 5.0% w/w PSMA32-PTFEMA53 nanoparticles was subjected to 

repeated passes through an LV1 microfluidizer at various applied pressures, with the mean 

droplet diameter being assessed by DLS after each pass. At an applied pressure of 5000 psi, 

the mean droplet diameter was reduced significantly between the first and tenth pass (Figure 

S2). However, there was no further change when using higher applied pressures (e.g., 10 000 

or 20 000 psi) and larger droplets were observed at 30 000 psi owing to over-shearing. The 

mean droplet diameters for such emulsions exceeded 600 nm, which is significantly greater 

than those reported by Thompson and co-workers for o/w nanoemulsions prepared using 
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PGMA48-PTFEMA50 diblock copolymer nanoparticles.36, 48 Moreover, such coarse droplets do 

not correspond to genuine nanoemulsions, which should be less than 200 nm diameter.32  

One of the reviewers of this manuscript suggested that ionization of the carboxylic acid end-

groups on the PSMA32 stabilizer chains might occur at the n-dodecane-water interface. To 

examine this hypothesis, we prepared two Pickering nanoemulsions using an aqueous 0.11 M 

NaCl solution adjusted to either pH 7 or pH 2. In the former case, the formation of anionic 

carboxylate groups at the n-dodecane-water interface was anticipated, whereas in the latter case 

no such ionization should occur. DLS studies of the nanoemulsion at pH 7 indicated a droplet 

diameter of 268 ± 96 nm, which is comparable to the nanoemulsion using deionized water at 

pH 6 (see entry 2 in Table 1). On the other hand, the Pickering nanoemulsion prepared at pH 2 

had a droplet diameter of 217 ± 92 nm, see Figure S3. These observations indicate that 

ionization of the carboxylic acid end-groups on the steric stabilizer chains of these 

nanoparticles leads to the formation of a slightly larger nanoemulsion than that formed when 

using neutral nanoparticles. We have recently made similar observations for a closely-related 

n-dodecane-in-water Pickering nanoemulsion.53 However, further work would be required to 

establish whether such end-group ionization also affected the nanoparticle adsorption 

efficiency, the nanoparticle packing efficiency at the oil-water interface, and the long-term 

stability of such nanoemulsions.  
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Figure 3. Systematic reduction in intensity-average droplet diameter observed for a w/o Pickering nanoemulsion prepared at 

a water volume fraction of 0.10 using 5.0% w/w PSMA32-PTFEMA53 nanoparticles in n-dodecane while varying the NaCl 
concentration. Error bars represent the standard deviation of the droplet size distributions, rather than the experimental error 
associated with repeated measurements. Inset: intensity-average droplet size distributions determined by DLS for Pickering 
nanoemulsions prepared with either 0.11 M or 0.0067 M NaCl dissolved within the aqueous phase (deionized water at pH 6). 

 

In the case of surfactant-stabilized w/o nanoemulsions, it is well-known that addition of 

electrolyte to the aqueous phase prior to emulsification results in the formation of smaller, more 

stable droplets.22, 99 Therefore, aqueous solutions containing up to 0.43 M NaCl were used to 

prepare w/o Pickering nanoemulsions using 5.0% w/w PSMA32-PTFEMA53 nanoparticles at 

an applied pressure of 10 000 psi with 5 passes through the LV1 microfluidizer. Figure 3 shows 

the effect of varying the NaCl concentration on the mean droplet diameter, as indicated by DLS 

studies. The droplet diameter and polydispersity index are both reduced significantly at higher 

salt concentrations. A limiting droplet diameter of around 250 nm is achieved at 0.43 M NaCl. 

This overall diameter necessarily includes the thickness of the adsorbed PSMA32−PTFEMA53 

nanoparticle layer. If this nanoparticle contribution is subtracted, the mean diameter for the 

underlying ‘naked’ aqueous droplet is less than 200 nm, which meets the criterion for a 
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nanoemulsion according to the literature.13 Below the critical concentration of 0.11 M MaCl, 

visual inspection confirmed that coarser nanoemulsion droplets sediment on standing overnight 

at 20 ◦C (see Figure S4). Moreover, bimodal droplet size distributions are observed for such 

nanoemulsions. In contrast, nanoemulsions possess unimodal droplet size distributions when 

prepared in the presence of at least 0.11 M NaCl and do not undergo sedimentation under the 

same conditions.  

In order to assess whether high-pressure microfluidization may induce nanoparticle 

dissociation or degradation, a control experiment was performed in which a 5.0% w/w 

dispersion of PSMA32-PTFEMA53 nanoparticles in n-dodecane was subjected to the above 

optimized processing conditions (applied pressure = 10 000 psi, number of passes = 5) in the 

absence of any aqueous solution. DLS studies conducted before and after microfluidization 

confirmed that the z-average diameter of the nanoparticles (and DLS polydispersity) remained 

essentially unchanged (data not shown). Thus the PSMA32-PTFEMA53  nanoparticles survive 

the high-pressure microfluidization conditions intact. 

 

Table 1. Summary of Droplet Density, Droplet Diameter, Number of Nanoparticles Per Droplet and Packing 

Efficiency for four Pickering Nanoemulsions Prepared Using 5.0% w/w PSMA32-PTFEMA53 Diblock Copolymer 

Nanoparticles with 0.05 M to 0.43 M NaCl Dissolved in the Aqueous Phase. 

 

The mean packing efficiency for the adsorbed layer of nanoparticles surrounding each aqueous 

droplet was calculated for fresh Pickering nanoemulsions prepared in the presence of added 

salt (0.05 M to 0.43 M NaCl) (Table 1) using a core-shell model originally developed by 

Balmer et al. to study the adsorption of 20 nm silica nanoparticles onto large polymer latexes.97 

NaCl 

concentration      

/ M 

Aqueous  

droplet density  

/ g cm
-3 

Initial DLS  

droplet diameter 

 / nm 

Number of 

nanoparticles 

per droplet, 

N 

Packing 

efficiency, 

P 

 / % 

0.05 1.0003 299 ± 150 362 75 

0.11 1.003 272 ± 119 257 66 

0.21 1.007           258 ± 97 211 61 

0.43 1.016 249 ± 103 185 58 
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This model was recently applied to oil-in-water Pickering nanoemulsions by Thompson et al.36  

For the latter system, an effective contact angle of 0° was assumed for nanoparticle adsorption 

at the oil-water interface and the same assumption was made in the present study. Increasing 

the NaCl concentration within the aqueous phase leads to a higher droplet density and a gradual 

reduction in the intensity-average droplet diameter, as expected. This size reduction necessarily 

reduces the number of spheres per droplet but the nanoparticle packing efficiency is also 

significantly reduced from 75% to 58% on raising the NaCl concentration from 0.05 M to 0.43 

M NaCl. One possible explanation for this reduction in packing efficiency might be a lower 

three-phase particle contact angle, θ, in the presence of additional salt. In principle, the 

hydrophobic PSMA32-PTFEMA53 nanoparticles adsorbed at the surface of the aqueous droplets 

should exhibit poorer wettability at higher NaCl concentrations.  

The packing efficiencies calculated herein are broadly comparable to those determined by 

Thompson et al. for n-dodecane-in-water Pickering nanoemulsions, which were stabilized 

using hydrophilic 25 nm PGMA48-PTFEMA50 diblock copolymer nanoparticles prepared via 

RAFT aqueous emulsion polymerization.36 More specifically, in this prior study the number of 

adsorbed nanoparticles per droplet, N, and the packing efficiency, P, were calculated to be 438 

and 74% for n-dodecane droplets with a z-average diameter of 257 ± 93 nm. In the present 

study, a water-in-oil Pickering nanoemulsion prepared with a similar mean droplet diameter 

using 0.21 M NaCl at pH 6 had N = 211 and P = 61%, respectively (see entry 3 in Table 1).  
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Figure 4. Variation in the intensity-average aqueous droplet diameter with nanoparticle concentration for w/o Pickering 
nanoemulsions prepared using PSMA32-PTFEMA53 nanoparticles after five passes through an LV1 microfluidizer. Conditions: 
water volume fraction = 0.10; 0.11 M NaCl; applied pressure = 10 000 psi. Errors bars represent standard deviations for the 
DLS droplet size distributions, rather than the experimental error associated with repeated measurements. 

 

The PSMA32-PTFEMA53 nanoparticle concentration was systematically varied at a fixed 0.11 

M NaCl, which corresponds to the minimum salt concentration required to prepare well-

defined Pickering nanoemulsion droplets with a z-average diameter of 274 ± 119 nm. A 

significant reduction in the mean droplet diameter was observed when increasing the 

nanoparticle concentration from 1.0 to 4.0% w/w (see Figure 4). However, preparing 

nanoemulsions under the same conditions using higher nanoparticle concentrations (up to 7.0% 

w/w) did not result in a further reduction in droplet size. Such behavior is typical for Pickering 

nanoemulsions and have been previously reported when using other particulate emulsifiers.35, 

48, 50, 56, 100 This provides strong (albeit indirect) evidence that the PSMA32-PTFEMA53 

nanoparticles survive the high-pressure microfluidization required to generate nano-sized 

droplets. Moreover, the mean droplet diameter reaches a minimum value at a copolymer 

concentration of 4.0% w/w. Assuming that all the nanoparticles are adsorbed onto the aqueous 

droplets and an effective nanoparticle density of approximately 1 g cm-3, we estimate that N = 

211 and P = 53% under such conditions. Such values seem to be physically reasonable given 
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the data reported in Table 1. Thus. the initial limiting droplet diameter appears to correspond 

to maximum overall efficiency: i.e. the smallest possible aqueous droplets coated with all (or 

almost all) of the nanoparticles present in the formulation. 

 
 

Figure 5. Variation in the intensity-average droplet diameter with applied pressure when preparing w/o Pickering 
nanoemulsions using an LV1 microfluidizer with 1, 5 or 10 pass(es). Conditions: water volume fraction = 0.10; 5.0% w/w 
PSMA32-PTFEMA53 nanoparticles; 0.11 M NaCl. Error bars represent standard deviations for the DLS droplet size 
distributions, rather than the experimental error associated with repeated measurements. The data shown in the inset are 
replotted over a narrower range of droplet diameters for the sake of clarity. 

 

A precursor w/o Pickering macroemulsion prepared using 5.0% w/w PSMA32-PTFEMA53 

nanoparticles was subjected to up to 10 passes through the LV1 microfluidizer at various 

applied pressures. The mean droplet diameter was assessed using DLS after 1, 5 and 10 passes 

(see Figure 5). At 5 000 psi, a significant reduction in emulsion droplet diameter was observed 

between the first and tenth passes. When the applied pressure was raised to 10 000 psi, the 

mean droplet diameter was reduced from 683 ± 382 nm to 268 ± 95 nm. However, for applied 

pressures ranging from 10 000 to 30 000 psi, only rather subtle changes in the mean droplet 

diameter were observed. Furthermore, only modest changes in droplet diameter were observed 

after each pass. In view of these empirical observations, an applied pressure of 10 000 psi and 

5 passes was used to prepare w/o Pickering nanoemulsions in all subsequent experiments. 
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Figure 6. (a) TEM image recorded for a dried dilute dispersion of sterically stabilized PSMA32−PTFEMA53 nanoparticles. (b) 
Representative SEM and (inset) TEM images recorded for dried water-in-n-dodecane Pickering nanoemulsions prepared using 
5.0% w/w PSMA32-PTFEMA53 nanoparticles with 0.11 M NaCl dissolved in the aqueous phase. Conditions: microfluidization 
pressure = 10 000 psi; 5 passes.  

 

A w/o Pickering nanoemulsion was prepared under optimized conditions (10 000 psi, 5 passes, 

5.0% w/w PSMA32-PTFEMA53 nanoparticles) to visualize the remnants of dried droplets (i.e. 

the remaining nanoparticle superstructure) using TEM and SEM studies. Representative TEM 

images are shown in Figure S5. As expected, the number-average droplet diameter of 168 ± 73 

nm (estimated from analysis of 50 droplets) is somewhat lower than the z-average diameter 

reported by DLS (272 ± 119 nm). On close inspection (see inset), it is clear that the spherical 

nanoparticles have survived the high-pressure microfluidization conditions intact. Thus the w/o 

nanoemulsion is a genuine Pickering nanoemulsion, rather than simply a nanoemulsion that is 

stabilized by molecularly-dissolved diblock copolymer chains acting as a polymeric surfactant. 

This was not unexpected, because the PSMA32 and PTFEMA53 blocks are both hydrophobic, 

so the diblock copolymer chains do not possess any amphiphilic character. SEM images 
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recorded for the same nanoemulsion also indicated that spherical aqueous droplets were 

produced (see Figure 6). 

 
 

Figure 7. (a) SAXS pattern (circles) and corresponding data fit (white line) obtained for a 1.0% v/v Pickering nanoemulsion 
prepared using 5.0% w/w PSMA32-PTFEMA53 nanoparticles and an aqueous phase containing 0.11 M NaCl and adjusted to 

pH 6. This nanoemulsion was prepared using an LV1 microfluidizer at an applied pressure of 10 000 psi for 5 passes. The 
two-population core−shell structural model used for the SAXS analysis of this Pickering nanoemulsion comprises aqueous 
droplet cores coated with an adsorbed layer of PSMA32-PTFEMA53 spherical nanoparticles. (b) Schematic representation of 
the adsorption of such nanoparticles at the n-dodecane/water interface. It is assumed that (i) these nanoparticles are adsorbed 
with an effective contact angle of 0° and (ii) PSMA32 stabilizer chains in direct contact with the n-dodecane/water interface 
are fully collapsed and hence do not contribute to the adsorbed nanoparticle radius. Thus, given that the effective thickness of 
these adsorbed sterically-stabilized nanoparticles is given by 2Rs + 2Rg (rather than 2Rs + 4Rg), the approximate effective 
sphere radius, Rparticle, is given by Rparticle = Rs + Rg = 8.2 nm. Experimental values for Rs and Rg were obtained from SAXS 
analysis of the PSMA32−PTFEMA53 nanoparticles prior to emulsification, see the main text. 

 

To determine the mean thickness of the nanoparticles adsorbed at the surface of the aqueous 

droplets, a SAXS pattern was recorded for a freshly-prepared Pickering nanoemulsion 

immediately after dilution to 1.0% v/v (Figure 7). Following our recent study of the 

characterization of complementary n-dodecane-in-water Pickering nanoemulsions,53 this 

SAXS pattern was analyzed using a two-population model (see the Supporting Information). 

One of the populations (population 2) is represented by core−shell spheres, where the core 
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comprises the aqueous droplet and the shell is composed of an adsorbed monolayer of spherical 

micelles. The particulate nature of the shell is described by the spherical micelles with a hard-

sphere structure factor to account for inter-particle interactions at the oil-water interface, which 

corresponds to population 1. In order to minimize the number of fitting parameters, the mean 

micelle core radius (Rs) and its associated standard deviation (σs) determined by analysis of the 

nanoparticles alone (Figure 1e) were used and these values were held constant when analyzing 

the SAXS pattern of the Pickering nanoemulsion using the two-population model. The 

scattering length density for each component of the Pickering nanoemulsion [aqueous droplet 

core (ξcore = 9.42 × 1010 cm-2), particulate shell (ξshell = 10.34 × 1010 cm-2, see the Supporting 

Information), and the n-dodecane continuous phase (ξsol = 7.63 × 1010 cm-2)] was calculated 

based on their respective chemical compositions and mass densities. These three parameters 

were also fixed for the subsequent data fit to the SAXS pattern recorded for the Pickering 

nanoemulsion, whose structure can be described by the mean core radius (Rc) and its standard 

deviation (σc), the mean shell thickness (Tshell), and two scaling factors (volume fraction ϕ1 for 

population 1 and volume fraction ϕ2 for population 2, see Supporting Information). Two 

additional parameters were required to account for the packing of spherical micelles at the 

surface of the aqueous droplets: the micelle interaction radius, RPY, and the effective volume 

fraction, fPY (Equation S8). These seven parameters were used to fit the SAXS data (Figure 7). 

The shape of the SAXS pattern (Figure 7) is similar to that previously reported for n-dodecane-

in-water Pickering nanoemulsions prepared using hydrophilic PGMA48-PTFEMA50 

nanoparticles.53 Three main regions can be discerned: (i) relatively intense scattering at low q 

arising from the nanoemulsion droplets (close inspection reveals a subtle change in the gradient 

at low q, indicating cross-over from the Guinier region to the Porod region); (ii) additional 

scattering intensity at intermediate q corresponding to the nanoparticle form factor (see Figure 

1e); (iii) relatively weak scattering at high q, which is associated with both scattering from the 
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stabilizer chains forming the micelle corona (as described by the Debye function within the 

scattering model, Equation S7) and also thermal fluctuations in the densities of the n-dodecane 

and/or copolymer components. Accordingly, constant background scattering has been 

incorporated into the model to account for this feature. 

 The two-population model produced a satisfactory fit to the nanoemulsion SAXS pattern 

(Figure 7). The lack of a well-defined minimum in the scattering curve suggests that the 

aqueous droplets are polydisperse in size, which is consistent with DLS and analytical 

centrifugation studies (see Table 1, entry e and Table 2, entry 3, respectively). A mean droplet 

diameter, DSAXS, of 278 ± 68 nm was calculated using the two-population model from the core 

droplet diameter (2Rc) and mean shell thickness (Tshell) (Figure 7a). Bearing in mind the limited 

resolution at low q, this droplet diameter is in reasonably good agreement with DLS and 

analytical centrifugation data (272 ± 119 nm and 341 ± 326 nm, respectively). The mean 

apparent thickness of the adsorbed layer of nanoparticles, Tshell, obtained for this Pickering 

nanoemulsion was approximately 10 nm. Given that the PSMA32 chains in direct contact with 

the surface of the aqueous droplets are most likely in their collapsed state, we estimate the 

effective thickness of an individual adsorbed nanoparticle to be 16.4 nm (2Rs + 2Rg) (see Figure 

7b. Moreover, the micelle interaction radius obtained from SAXS analysis (RPY = 20.7 nm) 

suggests that the nanoparticles are not in particularly close proximity to their neighbours, which 

results in an effective adsorbed layer thickness (Tshell) that is somewhat lower than the 

nanoparticle diameter.  Thus, the SAXS data are consistent with the formation of a loosely 

packed monolayer of adsorbed nanoparticles surrounding each aqueous droplet, as expected 

for such a Pickering nanoemulsion.  

It is well-known that o/w nanoemulsions undergo droplet growth predominantly via Ostwald 

ripening.35-37 This phenomenon has also been reported for surfactant-stabilized w/o 

nanoemulsions.16 To investigate the effect of varying the initial salt concentration on the rate 
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of Ostwald ripening, Pickering nanoemulsions were prepared using zero, 0.11 M or 0.44 M 

NaCl dissolved in the aqueous phase. DLS was used to monitor the number-average droplet 

radius (Rn) for the aged nanoemulsions. According to Lifshitz, Slyozov101 and Wagner102  

(LSW theory), if the droplet growth mechanism occurs via Ostwald ripening then a plot of Rn
3 

against time should be linear. This plot is shown in Figure 8a for a w/o Pickering nanoemulsion 

prepared in the absence of any added salt. Two distinct linear regimes are observed, with the 

rate of droplet growth increasing by an order of magnitude within 2 h. In contrast, Rn
3 increased 

linearly over time when the same w/o nanoemulsion was prepared using either 0.11 M or 0.43 

M NaCl, indicating that droplet growth occurs via Ostwald ripening under such conditions (see 

Figure 8b). 

 
Figure 8. Variation in the cube of the mean droplet number-average radius (Rn) as determined by DLS over time at 20 °C for 
aged water-in-n-dodecane Pickering nanoemulsions prepared either (a) in the absence of NaCl or (b) using 0.11 M or 0.43 M 
NaCl dissolved in the aqueous phase prior to emulsification. In the absence of any salt, the growth of Rn

3 exhibits strongly 
non-linear behavior, with a clear breakpoint being observed after 2 h. However, a relatively linear relationship is observed in 
the presence of salt, suggesting that droplet growth under such conditions involves Ostwald ripening.   

 

In each case, the fresh Pickering w/o nanoemulsion had an initial droplet diameter of 

approximately 250 nm. This is important when comparing such data, because the initial droplet 
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diameter (and polydispersity) is known to affect the rate of Ostwald ripening.15 From the 

gradients of these linear plots, the Ostwald ripening rates were calculated to be 147 and 91 nm3 

s-1 for 0.11 M and 0.43 M NaCl, respectively. Thus, using a higher salt concentration leads to 

a slower rate of Ostwald ripening, as expected. This is because the salt ions are completely 

insoluble in the n-dodecane continuous phase and therefore remain within the aqueous droplets. 

Thus, if water molecules were to diffuse from small to large droplets, the salt concentration in 

the former droplets must increase, which would inevitably lead to a higher chemical potential. 

This retards the rate of mass transport of water from small to large aqueous droplets and 

explains why the addition of salt reduces the rate of Ostwald ripening of the aqueous droplets.44-

46 

Increasing the amount of added NaCl in the aqueous phase prior to high-shear homogenization 

leads to the formation of finer droplets and narrower size distributions. However, a limiting 

overall droplet diameter of around 250 nm is obtained at a critical concentration of 0.43 M 

NaCl. Thus, the effect of varying the NaCl concentration can be examined for w/o Pickering 

nanoemulsions with essentially the same initial mean droplet diameter.  Analytical 

centrifugation was used to characterize both fresh and ageing nanoemulsions prepared using 

various salt concentrations. As noted by Thompson and co-workers, analytical centrifugation 

has a much higher resolution compared to DLS because droplet fractionation occurs prior to 

detection.36 However, undersizing can be observed if the droplet concentration is too high 

owing to the phenomenon of hindered creaming.36, 103 Moreover, using droplet concentrations 

that are too low can also be problematic: dilute emulsions scatter light only rather weakly and 

hence can fall outside of the optimum range required for the LUMiSizer instrument (i.e. below 

30 % transmission). Given these conflicting requirements, Thompson and co-workers found 

that a droplet concentration of 1.0% v/v was optimal.36 In the present study, the aqueous droplet 

concentration (or water volume fraction) used for analytical centrifugation studies was 
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systemically reduced. As shown in Figure S6, this led to a reduction in the apparent 

nanoemulsion droplet diameter, with a plateau value being observed at approximately 1.0% 

v/v. Analyzing more concentrated nanoemulsions leads to a significantly smaller apparent 

droplet diameter owing to hindered sedimentation. Therefore, each nanoemulsion was diluted 

to an aqueous droplet concentration of 1.0% v/v prior to analytical centrifugation experiments. 

 

Table 2. Variation in Mean Droplet Diameter with Ageing Time as Determined by Analytical Centrifugation Analysis of 
Pickering Nanoemulsions Prepared Using 5.0% w/w PSMA9-PTFEMA50 Diblock Copolymer Nanoparticles with 0.05 M to 
0.43 M NaCl Dissolved in the Aqueous Phase. 

NaCl 

concentration / M 

Volume-average droplet diameter by analytical centrifugation / nm 

Fresh 1 week 2 weeks 3 weeks 4 weeks 

0.43 259 ± 154 283 ± 220 276 ± 610 225 ± 227 229 ± 555 

0.21 261 ± 178 297 ± 282 325 ± 872 342 ± 370 247 ± 566 

0.11 341 ± 326 346  ± 1120 351  ± 1036 301 ± 537 257 ± 1128 

0.05 463 ± 2522 918 ± 2395 828 ± 4225 522 ± 2901 498 ± 2103 

 

Table 2 shows the mean volume-average diameters determined by analytical centrifugation for 

a series of w/o Pickering nanoemulsions prepared using 0.05 M to 0.43 M NaCl after ageing 

for up to 4 weeks at 20 °C. Unimodal droplet size distributions were observed for three of the 

four fresh nanoemulsions. The exception was the nanoemulsion prepared using 0.05 M NaCl, 

which exhibited a bimodal droplet size distribution. However, analysis of the latter fresh 

nanoemulsion by DLS indicated a unimodal droplet size distribution. In principle, this apparent 

discrepancy may simply reflect the inherently lower resolution of DLS compared to analytical 

centrifugation. Alternatively, Ostwald ripening may commence immediately after preparation 

of this relatively unstable nanoemulsion, with DLS merely offering a shorter analysis time. 

Nevertheless, aqueous droplets prepared using 0.05 M NaCl coarsened significantly faster 

relative to nanoemulsions prepared at higher salt concentrations. In all cases, both the volume-

average droplet diameter and the corresponding polydispersity increased over a three-week 

period. However, a lower volume-average droplet diameter was observed after four weeks, 



26 

 

along with a concomitant increase in polydispersity. An apparent reduction in volume-average 

diameter was also reported by Thompson et al. during long-term ageing studies of o/w 

Pickering nanoemulsions stabilized by diblock copolymer nanoparticles, which was attributed 

to the increasingly skewed nature of the droplet size distribution.36  

Figure 9a shows the volume-average cumulative distributions recorded for each of the four 

Pickering nanoemulsions after aging for 2 weeks at 20 ◦C. The greatest extent of Ostwald 

ripening is observed for the nanoemulsion prepared using 0.05 M NaCl, with more than 40% 

of the aqueous droplets now exceeding 2 μm diameter. In contrast, fewer than 5% of aqueous 

droplets exceed 2 μm after the same ageing time if they contain 0.11 M NaCl. Interestingly, no 

significant improvement in droplet stability is observed when using higher salt concentrations. 

After ageing for 2 weeks at 20 °C, most nanoemulsions exhibit bimodal droplet size 

distributions (see Figure 9b). Nanoemulsions prepared using 0.11 M NaCl or higher contain a 

minor population of larger droplets exceeding 2 µm diameter. For the least stable nanoemulsion 

prepared in the presence of 0.05 M NaCl, two approximately equal droplet populations are 

initially observed (see Figure 9a).  
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Figure 9. Volume-weighted cumulative distributions determined by analytical centrifugation (LUMiSizer instrument) for n-
dodecane-in-water Pickering nanoemulsions prepared using various amounts of NaCl dissolved in the aqueous phase: (a) fresh 
nanoemulsions and (b) after aging for 2 weeks at 20 °C.  

 

After ageing, the population of larger droplets has increased relative to that of the smaller 

droplets. Such observations are consistent with an Ostwald ripening mechanism and also 

account for the apparent reduction in droplet diameter that is observed after 4 weeks ageing at 

20 °C (see Figure S7).   
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CONCLUSIONS 

RAFT dispersion polymerization of TFEMA enables the convenient synthesis of sterically-

stabilized PSMA32−PTFEMA53 spherical nanoparticles of 28 ± 6 nm diameter in n-dodecane 

at 80 °C. Such diblock copolymer nanoparticles have been used as an emulsifier to prepare the 

first example of a water-in-oil Pickering nanoemulsion. In the absence of any added salt in the 

dispersed aqueous phase, only relatively coarse droplets of more than 600 nm diameter could 

be produced via high-pressure microfluidization. However, increasing the NaCl concentration 

in the aqueous phase prior to emulsification led to a systematic reduction in the intensity-

average droplet diameter, as judged by DLS studies. A limiting aqueous droplet diameter of 

around 250 nm was obtained when using 0.11 M NaCl. Furthermore, this droplet diameter 

could be tuned by varying the applied pressure and the number of passes through the 

microfluidizer. Increasing the PSMA32-PTFEMA53 nanoparticle concentration produced 

smaller water droplets, suggesting that such nanoparticles survive the microfluidization 

conditions intact. Furthermore, TEM studies conducted on the dried droplets confirm that the 

PSMA32-PTFEMA53 nanoparticles retain their original spherical morphology and adsorb intact 

at oil-water interface. SAXS studies conducted on such Pickering nanoemulsions confirm the 

formation of a loosely-packed monolayer of adsorbed nanoparticles surrounding the aqueous 

droplets.  DLS studies indicate that the long-term stability of the aqueous droplets is enhanced 

at higher NaCl concentrations. The cube of the droplet radius of Pickering nanoemulsions 

prepared using an aqueous solution containing either 0.11 or 0.43 M NaCl increased linearly 

over time, suggesting that droplet growth involves an Ostwald ripening mechanism. In contrast, 

when such Pickering nanoemulsion were prepared in the absence of NaCl, they proved to be 

significantly less stable. Longer-term stability studies were also conducted on such 

nanoemulsions using analytical centrifugation. Ostwald ripening was substantially suppressed 

in the presence of 0.05 M NaCl, with volume-average diameters remaining below 300 nm after 
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4 weeks storage at 20 °C. However, using 0.11 M NaCl led to no discernible improvement in 

the nanoemulsion stability. 
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