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A B S T R A C T   

Hypothesis. Submicron oil droplets stabilized using aldehyde-functionalized nanoparticles should adhere to the 
primary amine groups present at the surface of sheep nasal mucosal tissue via Schiff base chemistry. Experiments. 
Well-defined sterically-stabilized diblock copolymer nanoparticles of 20 nm diameter were prepared in the form 
of concentrated aqueous dispersions via reversible addition-fragmentation chain transfer (RAFT) aqueous 
emulsion polymerization of 2,2,2-trifluoroethyl methacrylate (TFEMA) using a water-soluble methacrylic pre-
cursor bearing cis-diol groups. Some of these hydroxyl-functional nanoparticles were then selectively oxidized 
using an aqueous solution of sodium periodate to form a second batch of nanoparticles bearing pendent aldehyde 
groups within the steric stabilizer chains. Subjecting either hydroxyl- or aldehyde-functional nanoparticles to 
high-shear homogenization with a model oil (squalane) produced oil-in-water Pickering macroemulsions of 
20–30 µm diameter. High-pressure microfluidization of such macroemulsions led to formation of the corre-
sponding Pickering nanoemulsions with a mean droplet diameter of around 200 nm. Quartz crystal microbalance 
(QCM) experiments were used to examine adsorption of both nanoparticles and oil droplets onto a model planar 
substrate bearing primary amine groups, while a fluorescence microscopy-based mucoadhesion assay was 
developed to assess adsorption of the oil droplets onto sheep nasal mucosal tissue. Findings. Squalane droplets 
coated with aldehyde-functional nanoparticles adhered significantly more strongly to sheep nasal mucosal tissue 
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than those coated with the corresponding hydroxyl-functional nanoparticles. This difference was attributed to 
the formation of surface imine bonds via Schiff base chemistry and was also observed for the two types of 
nanoparticles alone in QCM studies. Preliminary biocompatibility studies using planaria indicated only mild 
toxicity for these new mucoadhesive Pickering nanoemulsions, suggesting potential applications for the localized 
delivery of hydrophobic drugs.   

1. Introduction 

Pickering emulsions typically comprise oil, water and a (nano)par-
ticle emulsifier.[1–11] Known for more than a century, such emulsions 
offer superior long-term stability and minimal foaming problems 
compared to the equivalent surfactant-stabilized emulsions.[2,6,12,13] 
Many types of either inorganic or organic particles can be employed as 
Pickering emulsifiers.[14–20] The key parameter is the surface wetta-
bility, which in turn dictates the particle contact angle, θ. If θ is less than 
90◦, then the particles are hydrophilic and the formation of oil-in-water 
emulsions is favored. On the other hand, θ values above 90◦ are char-
acteristic of hydrophobic particles, which usually lead to the stabiliza-
tion of water-in-oil emulsions. 

Pickering nanoemulsions have only been explored within the past 
decade.[21–32] Such systems comprise a much smaller droplet phase 
(typically < 200 nm diameter[33,34]) than that normally reported for 
Pickering emulsions (10–50 µm diameter).[5,17,35,36] In general, 
nanoemulsions are significantly less stable than emulsions. This is 
because the fine droplet size leads to a relatively high Laplace pressure, 
which drives diffusion of the oil (or water) molecules from smaller 
droplets through the continuous phase into larger droplets. This phe-
nomenon is known as Ostwald ripening, which is the main instability 
mechanism exhibited by both surfactant-stabilized and Pickering 
nanoemulsions.[23,26,30,31,34,37–42] This problem can be suppressed 
(but not eliminated) by selecting an oil that is highly immiscible with 
water, which substantially reduces the rate of Ostwald ripening. 
[23,26,31,40,43] One reason why Pickering nanoemulsions have 
remained unexplored until recently is the relative lack of sufficiently 
small nanoparticles to stabilize such fine droplets. As a general rule of 
thumb, the particulate emulsifier should be at least 5–10 times smaller 
than the droplet diameter.[24] Thus, if a mean droplet diameter of 200 
nm is desired, the nanoparticle emulsifier should have a mean diameter 
of 20–40 nm. Fortunately, a versatile platform technology known as 
polymerization-induced self-assembly (PISA)[44–50] has been devel-
oped that enables the rational synthesis of organic nanoparticles. 

PISA involves the chain extension of a soluble precursor polymer to 
form a diblock copolymer using a suitable monomer that ensures the 
growing second block becomes insoluble in the chosen solvent. This 
inevitably leads to in situ self-assembly and a colloidal dispersion of 
sterically-stabilized diblock copolymer nanoparticles is obtained at the 
end of the polymerization. Moreover, PISA can be conducted in either 
water or various oils, which means that either hydrophilic or hydro-
phobic nanoparticles can be produced. The most common copolymer 
morphology is spheres,[51–53] which is well-suited for the design of 
Pickering nanoemulsions because sufficiently small nanoparticles can be 
readily prepared via PISA. 

In principle, mucosal drug delivery offers several important advan-
tages, including the ease of dosage form administration, non- 
invasiveness and improved bioavailability.[54] Established routes for 
transmucosal drug administration include ocular, nasal, oromucosal, 
gastrointestinal, vaginal and intravesical. Each route offers certain ad-
vantages, for example, nasal drug delivery provides an opportunity to 
target the brain.[55] Mucosal membranes are dynamic surfaces that are 
continuously reformed via secretion of mucins. Adhesion to mucosal 
surfaces is termed mucoadhesion and this phenomenon has been widely 
used to design drug formulations with improved retention characteris-
tics, which in turn minimizes dosage requirements.[56,57] 

Virtually all hydrophilic polymers adhere to mucosal surfaces to 

some extent owing to non-specific physical interactions such as elec-
trostatic attraction, hydrogen bonding, and molecular entanglements. 
[58] These are known as first-generation mucoadhesives. However, 
certain therapeutic applications require enhanced mucoadhesion. In 
principle, this can be achieved using second-generation mucoadhesives 
based on functionalized polymers or particles that can form covalent 
bonds with mucins. Examples of suitable functional groups include 
thiols, (meth)acrylates, maleimides, phenylboronic acids, etc.[59,60] 

Introduction of specific mucoadhesive groups can be achieved by 
functionalization of water-soluble polymers. Alternatively, colloidal 
particles can be prepared from functional small molecules.[61–63] An 
interesting strategy was recently reported by Edwards et al.,[64] who 
prepared mucoadhesive oil-in-water Pickering macroemulsions using 
thiol-functionalized branched copolymers as an emulsifier. 

In the present study, we design new hydrophilic hydroxyl- 
functionalized diblock copolymer nanoparticles to act as an emulsifier 
for the preparation of oil-in-water Pickering nanoemulsions. In princi-
ple, such nanoemulsions can be used to formulate poorly water-soluble 
drugs. Squalane was selected as a highly water-insoluble biocompatible 
oil because it is known to mitigate the long-term instability associated 
with nanoemulsions via Ostwald ripening.[23,31] Recently, we reported 
that aldehyde-functional hydrogels – prepared via selective oxidation of 
precursor hydroxyl-functional hydrogels using sodium periodate – 
exhibit strong mucoadhesion to a model substrate (porcine urinary 
bladder mucosa).[65] Accordingly, the same synthetic methodology has 
been employed herein to convert the precursor hydroxyl-functionalized 
nanoparticles into aldehyde-functionalized nanoparticles. The 
mucoadhesive behavior of such aldehyde-functionalized nanoparticles 
and the corresponding Pickering nanoemulsions was examined using 
sheep nasal mucosal tissue as a model substrate. The precursor hydroxyl- 
functionalized nanoparticles (and corresponding Pickering nano-
emulsions) were employed for control experiments. 

2. Experimental 

2.1. Materials 

All reagents were used as received unless otherwise stated. GEO5MA 
monomer was synthesized by Dr C. P. Jesson at GEO Specialty Chemicals 
(Hythe, UK) as previously described.1 4,4′-Azobis(4-cyanopentanoic 
acid) (ACVA; >98%), 2,2,2-trifluorethyl methacrylate (TFEMA; 99%), 
sodium periodate (NaIO4, ≥ 99.8%), squalane (98%), 2-(trimethy-
lammonium)ethyl amine (99%), sodium cyanoborohydride (NaCNBH3, 
95%), 3-aminopropyltriethoxysilane (APTES; ≥98%), fluorescein iso-
thiocyanate (FITC, ≥90.0%), low molecular weight chitosan (degree of 
acetylation = 75–85%), fluorescein isothiocyanate dextran (FITC- 
dextran, molecular weight = 3,000–5,000 g mol− 1), sodium fluorescein 
(≥95.0%), benzalkonium chloride (≥95.0%) and diethyl ether 
(≥99.8%) were purchased from Sigma-Aldrich (Gillingham, UK). 2- 
Cyano-2-propyl dithiobenzoate (CPDB, >97%) was purchased from 
Strem Chemicals Ltd (Cambridge, UK). d4-Methanol and d6-acetone 
were purchased from Goss Scientific Instruments Ltd (Cheshire, UK). 
Dimethylformamide (DMF, ≥99.5%) was purchased from Fisher Scien-
tific (UK). Deionized water was used for all experiments involving 
aqueous solutions. 
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2.2. Methods 

1H NMR spectroscopy. Spectra were recorded in either d4-methanol or 
d6-acetone using a 400 MHz Bruker Avance-400 spectrometer at 298 K 
with 16 scans being averaged per spectrum. 

DMF Gel Permeation Chromatography (GPC). DMF GPC was used to 
determine the number-average molecular weights (Mn) and dispersities 
(Mw/Mn) for all (co)polymers. The instrument set-up comprised two 
Agilent PL gel 5 μm Mixed-C columns and a guard column connected in 
series to an Agilent 1260 Infinity GPC system operating at 60 ◦C. The 
GPC eluent was HPLC-grade DMF containing 10 mmol LiBr at a flow rate 
of 1.0 mL min− 1, the copolymer concentration was typically 1.0% w/w 
and calibration was achieved using a series of ten near–monodisperse 
poly(methyl methacrylate) standards ranging from 1,080 g mol− 1 to 
905,000 g mol− 1. Chromatograms were analyzed using Agilent GPC/ 
SEC software. 

Dynamic Light Scattering (DLS). DLS studies were performed using a 
Malvern Zetasizer Nano-ZS instrument equipped with a 4 mW He-Ne 
laser (λ = 633 nm) operating at a fixed scattering angle of 173◦. 
Copolymer dispersions were diluted to 0.1% w/w using deionized water 
prior to light scattering studies at 25 ◦C, with 2 min being allowed for 
thermal equilibrium prior to each measurement. The hydrodynamic 
z–average particle diameter was calculated via the Stokes-Einstein 
equation, which assumes perfectly monodisperse, non-interacting 
spheres. The polydispersity index (PDI) is expressed as a standard de-
viation that indicates the breadth of the particle size distribution, rather 
than the experimental error. 

Aqueous Electrophoresis. Diblock copolymer nanoparticles were 
analyzed using a Malvern Zetasizer Nano ZS instrument equipped with a 
4 mW He− Ne laser (λ = 633 nm) operating at a fixed scattering angle of 
173◦. Samples were diluted to 0.1% w/w using 1 mM KCl, with either 
dilute NaOH or HCl being used for pH adjustment as required. Zeta 
potentials (ζ) were calculated from the Henry equation using the Smo-
luchowski approximation. 

Transmission Electron Microscopy (TEM). Copper/palladium TEM 
grids (Agar Scientific, UK) were coated in-house to yield a thin film of 
amorphous carbon and were subjected to a glow discharge for 30 s. 
Aqueous droplets of either copolymer dispersions (5.0 μL, 0.1% w/w) or 
nanoemulsions (5.0 μL, 1% v/v) were placed on freshly-treated grids for 
1 min and then carefully blotted with filter paper to remove excess so-
lution. An aqueous droplet of uranyl formate solution (5 μL, 0.75% w/w) 
was placed on each sample-loaded grid for 20 s and then blotted with 
filter paper to remove excess stain. This negative staining protocol was 
required to ensure sufficient electron contrast. Each grid was then 
carefully dried using a vacuum hose. Imaging was performed at 80 kV 
using an FEI Tecnai Spirit 2 microscope fitted with an Orius SC1000B 
camera. 

Analytical Centrifugation. Droplet size distributions were assessed 
using a LUMiSizer analytical photocentrifuge (LUM GmbH, Berlin, 
Germany) operating at 20 ◦C. Measurements were conducted on diluted 
Pickering nanoemulsions (1.0% v/v squalane) in 2 mm path length 
polyamide cells, initially at 400 rpm for 200 profiles (allowing 10 s 
between each profile) and then at 4000 rpm for a further 800 profiles. 
The squalane droplet density was taken to be 0.81 g cm− 3. 

Quartz Crystal Microbalance Studies (QCM). Quartz crystal micro-
balance sensors coated with a 50 nm silica overlayer (QSX 303, ~5 MHz 
fundamental frequency) were purchased from Q-Sense (Sweden). Each 
sensor was cleaned according to the manufacturer’s instructions. This 
protocol involved (i) UV/O3 treatment for 15 min (Bioforce UV/O3 
cleaner, ~9 mW cm− 2, λ = 254 nm), (ii) exposure to 2% w/w sodium 
dodecylsulfate solution for 30 min, (iii) copious rinsing with deionized 
water and drying under N2, (iv) a final UV/O3 treatment for 15 min. The 
resulting sensors were then amine-functionalized at room temperature 
via exposure to APTES vapor (< 5 mbar) for 30 min. 

QCM measurements were performed using an openQCM NEXT in-
strument (Novatech Srl., Italy) equipped with a temperature-controlled 

cell connected to a Masterflex Digital Miniflex peristaltic pump (Cole- 
Parmer Instrument Company, UK). All experiments were conducted 
using MilliQ water (pH 6) and were not commenced until the sensor 
frequency exhibited a drift of less than 0.1 Hz min− 1; this typically 
occurred within an hour of filling the cell. Once a stable signal was 
obtained, a 0.1% w/w aqueous dispersion of nanoparticles [or a 0.1% 
w/w squalane-in-water Pickering nanoemulsion] was passed through 
the cell at a flow rate of 0.025 mL min− 1 (minimum flow volume = 2.0 
mL). 

From such QCM experiments, the adsorbed amount can be calculated 
using the Sauerbrey equation, which relates the change in frequency, Δf, 
directly to the change in adsorbed mass per unit area, m,[66–68] 

m = C ×
Δf
n  

where C is a sensitivity constant (− 0.177 (mg × m− 2) × Hz− 1), Δf is the 
change in resonant frequency (Hz), and n is the overtone number. The 
third harmonic (n = 3) was used to calculate the adsorbed amount to 
avoid experimental artifacts associated with the fundamental harmonic 
that may occur if the sample mounting on the sensor is imperfect. 
[66–68] 

Atomic force microscopy (AFM). AFM imaging was performed using a 
Bruker Nanoscope™ VIII Multimode Atomic Force Microscope equipped 
with a ‘J’ scanner and a silicon cantilever (TESTPA-V2, Bruker, UK) with 
a nominal spring constant of 42 N•m− 1 and tip radius of 7 nm. APTES 
coated silicon wafers were prepared as above. Nanoparticle adsorption 
was achieved by immersing an APTES-coated silicon wafer into a 1.0% 
w/w nanoparticle dispersion overnight, followed by copious rinsing 
with deionized water (pH 6) and drying under a stream of N2 gas. The 
dried nanoparticle-decorated wafer was imaged in tapping mode at 
24 ◦C. A second-order plane fit and second-order flattening was applied 
to process the resulting images. 

2.3. Synthesis details 

Synthesis of the PGEO5MA26 precursor. PGEO5MA26 was synthesized 
by RAFT solution polymerization of GEO5MA in ethanol using a previ-
ously described protocol.2 Briefly, GEO5MA monomer (0.131 mol, 50.0 
g), CPDB RAFT agent (0.882 g, 3.98 mmol), ACVA initiator (0.223 g, 
0.797 mmol; CPDB/ACVA molar ratio = 5.0) and ethanol (34.0 g) were 
weighed into a 250 mL round–bottom flask. The reaction mixture was 
degassed for 40 min using a N2 purge before being placed into an oil bath 
set at 70 ◦C for 110 min. The polymerization was quenched by removing 
the flask from the oil bath with concomitant exposure of the reaction 
mixture to air. The GEO5MA conversion was determined to be 58% by 
1H NMR spectroscopy. The crude PGEO5MA homopolymer was purified 
by precipitation into diethyl ether (to remove any unreacted monomer 
and other impurities), before being filtered and redissolved in methanol. 
This precipitation step was repeated and the purified homopolymer was 
dried in a vacuum oven set at 35 ◦C overnight to produce a red viscous 
liquid. The mean degree of polymerization (DP) of this PGEO5MA26 
precursor was determined by end-group analysis using 1H NMR spec-
troscopy (the integrated signals between 7.34 and 8.03 ppm assigned to 
the five aromatic protons of the dithiobenzoate chain-end were 
compared to that of the five proton signals assigned to the methacrylate 
backbone at 0.78 – 2.71 ppm). 

Synthesis of PGEO5MA26-PTFEMA35 nanoparticles. PGEO5MA26- 
PTFEMA35 nanoparticles were prepared by chain-extending a 
PGEO5MA26 precursor with TFEMA (target DP = 35) via RAFT aqueous 
emulsion polymerization of TFEMA at 70 ◦C, using the protocol reported 
by Akpinar and co-workers for the synthesis of closely-related diblock 
copolymer nanoparticles.[52] After 18 h, the TFEMA polymerization 
was quenched by exposing the reaction solution to air while cooling to 
20 ◦C. 19F NMR spectroscopy analysis of the resulting PGEO5MA26- 
PTFEMA35 chains dissolved in d6-acetone indicated less than 1% 
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residual TFEMA monomer. These nanoparticles were used without 
further purification. 

Selective oxidation of PGEO5MA26-PTFEMA35 nanoparticles using so-
dium periodate. Sodium periodate (0.120 g, 0.540 mmol) was dissolved 
in a 10% w/w aqueous dispersion of PGEO5MA26-PTFEMA35 nano-
particles (4.50 g, 21.0 µmol). A NaIO4/cis-diol molar ratio of unity was 
used to target 100% oxidation of the cis-diol units within the PGEO5MA 
block. The reaction solution was stirred in the dark for 30 min at 22 ◦C. 
The mean degree of oxidation was determined to be 100% by 1H NMR 
spectroscopy. The resulting PAGEO5MA26-PTFEMA35 nanoparticles 
were dialyzed against deionized water for two days prior to use. 

Derivatization of PAGEO5MA26 homopolymer with 2-(trimethylammo-
nium)ethyl amine. PAGEO5MA26 (1.00 g of a 10% w/w aqueous solution) 
and 2-(trimethylammonium)ethyl amine (0.29 mmol, 50.0 mg) were 
weighed into a 15 mL sample vial. A 2-(trimethylammonium)ethyl 
amine/aldehyde molar ratio of unity was used and the reaction mixture 
was stirred at 35 ◦C for 48 h to ensure full conversion of aldehyde to the 
corresponding the imine intermediate. The resulting aqueous solution of 
2-(trimethylammonium)ethyl imine-functionalized PAGEO5MA26 was 
purified by dialysis against deionized water for two days (with at least 
three water changes per day) prior to analysis by 1H NMR spectroscopy. 

Reductive amination of PGEO5MA26-PTFEMA35 nanoparticles with 2- 
(trimethylammonium)ethyl amine. PGEO5MA26-PTFEMA35 nanoparticles 
(1.00 g of a 10% w/w aqueous solution), 2-(trimethylammonium)ethyl 
amine (0.12 mmol, 21.3 mg) and NaCNBH3 (0.30 mmol, 18.7 mg) were 
weighed into a 15 mL sample vial. A 2-(trimethylammonium)ethyl 
amine/aldehyde molar ratio of unity was employed in combination with 
a 2.45-fold excess of NaCNBH3. The reaction mixture was stirred at 35 ◦C 
for 48 h to ensure full conversion of aldehyde to the corresponding 
secondary amine via the imine intermediate. The resulting aqueous 
dispersion of 2-(trimethylammonium)ethyl amine-functionalized nano-
particles was purified by dialysis against deionized water for two days 
(with at least three water changes per day) prior to aqueous electro-
phoresis studies. 

Preparation of PGEO5MA26-PTFEMA35-stabilized Pickering macro-
emulsions. An aqueous dispersion of either PGEO5MA26-PTFEMA35 or 
PAGEO5MA26-PTFEMA35 nanoparticles (4.0 mL, 7.0% w/w) was added 
to squalane (1.0 mL) in a 14 mL glass vial. This immiscible mixture was 
then subjected to high-shear homogenization for 2.0 min at 20 ◦C using 
an IKA Ultra-Turrax T-18 homogenizer operating at 13 500 rpm and 
equipped with a 10 mm dispersing tool. The resulting Pickering mac-
roemulsion had a squalane volume fraction of 0.20 and a volume- 
average droplet diameter of 32 ± 24 µm. The same protocol was used 
to prepare the corresponding PAGEO5MA26-PTFEMA35-stabilized Pick-
ering macroemulsion, which had a volume-average droplet diameter of 
18 ± 11 µm. 

Preparation of a PGEO5MA26-PTFEMA35-stabilized Pickering nano-
emulsion via microfluidization. A Pickering macroemulsion (5.0 mL, 
initial nanoparticle concentration in the aqueous phase = 7.0% w/w, 
squalane volume fraction = 0.20) was further processed using an LV1 
high-pressure microfluidizer (Microfluidics, USA). Each macroemulsion 
was passed ten times through the LV1 unit at an applied pressure of 20 
000 psi to produce well-defined Pickering nanoemulsions. The same 
protocol was used to prepare the corresponding PAGEO5MA26- 
PTFEMA35-stabilized Pickering nanoemulsion. 

In vitro nasal mucoadhesion study. The retention of either aldehyde- or 
hydroxyl-functionalized Nile Red-labeled squalane droplets on freshly- 
excised sheep nasal mucosal tissue was investigated using a flow- 
through fluorescence microscopy technique.[61,62] The tissue was 
irrigated with artificial nasal fluid (ANF). FITC-chitosan and FITC- 
dextran were employed as positive and negative controls, respectively. 

Preparation of artificial nasal fluid (ANF). Artificial nasal fluid (ANF) 
was prepared according to previously published protocols.[69,70] 
Briefly, NaCl (7.45 g), CaCl2⋅2H2O (0.32 g) and KCl (1.29 g) were dis-
solved in ultrapure water (1000 mL) and stirred continuously overnight 
at room temperature. The resulting ANF was adjusted to pH 5.7 and this 

solution was stored at 37 ◦C prior to the mucoadhesion experiments. 
Preparation of fluorescently-labeled chitosan and dextran. 

Fluorescently-labeled chitosan (FITC-Ch) was prepared using a previ-
ously published protocol.[63] Chitosan (Ch, 1.00 g) was dissolved in 
1.0% acetic acid (100 mL) and stirred continuously overnight at ambient 
temperature. FITC (100 mg) was dissolved in methanol (50 mL) for 1 h 
and this solution was subsequently added to the acidic chitosan solution 
in the dark. The resulting reaction mixture was stirred at ambient tem-
perature and after 3 h the FITC-Ch was precipitated into 0.1 M NaOH 
(1000 mL). This precipitate was isolated via filtration and then purified 
by dialysis against deionized water (5000 mL) in the dark for 72 h (with 
nine changes of water) using a cellulose membrane with a molecular 
weight cut-off of 12–14 kDa. After dialysis, the purified aqueous solution 
was placed in a round-bottom flask, frozen using liquid nitrogen and 
lyophilized overnight using a Heto Power Dry LL 3000 freeze-drier (with 
the flask being covered with aluminum foil to prevent UV degradation). 
For mucoadhesion studies, FITC-Ch (1.0 mg) was dissolved in 1.0% 
acetic acid (1.0 mL) while FITC-dextran (1.0 mg) was dissolved in 
deionized water (1.0 mL) and stirred continuously for 5 h at ambient 
temperature. For all experiments, the solution pH was adjusted to 5.7 
using 0.1 M NaOH and/or 0.1 M HCl before performing retention studies 
using nasal mucosal tissue, as described below. 

Retention studies using sheep nasal mucosa. In this study, fresh sheep 
heads were received from P.C. Turner Abattoir (Farnborough, UK) and 
used within 24 h of animal slaughter. Sections of nasal septum mucosal 
tissue (1.5 × 2.0 cm2) were dissected using a disposable sharp blade, 
placed on a microscope glass slide and then washed with 2.0 mL of the 
ANF solution. All retention experiments were performed in an incubator 
at 37 ◦C using Nile Red-labeled squalane droplets, FITC-Ch (positive 
control) or FITC-dextran (negative control). Fluorescence images of 
nasal mucosal tissues were recorded using a fluorescence microscope (A 
Leica MZ10F Microsystems, UK) equipped with a Zeiss Imager A1/Axi-
oCam MRm camera. All fluorescence images for the Nile Red-labeled 
nanoemulsion experiments were recorded using an ET CY3 filter at 
2.0x magnification using an exposure time of 368 ms, a gain of 2.4, and a 
gamma of 1.6. For the FITC-Ch and FITC-dextran control experiments, 
fluorescence images were recorded using an exposure time of 160 ms, a 
gain of 1.0x and a gamma of 1.0x using an ET GFP filter. Nasal mucosa 
images recorded in the absence of any samples were used to determine 
the background fluorescence intensity. Then each sample (75 μL) was 
loaded in turn onto a nasal mucosal surface and transferred into a sloped 
channel to wash with ANF using a syringe pump operating at a flow rate 
of 1.0 mL min− 1. Fluorescence images were recorded at various time 
points and all experiments were performed in triplicate. All fluorescence 
images were analysed using ImageJ software to determine the fluores-
cence intensity remaining after each wash. 

2.4. Toxicological studies 

Acute toxicity assay in planaria. A toxicological evaluation of the two 
squalane-in-water nanoemulsions prepared using either aldehyde- or 
hydroxyl-functionalized nanoparticles was performed using Schmidtea 
mediterranea planaria according to our previously published protocol 
[71] with a few modifications. Planaria were kindly provided by Dr 
Jordi Solana (Oxford Brookes University) and kept in artificial pond 
water (APW) prior to use. APW was prepared by mixing 5.0 M NaCl (3.2 
mL), 1.0 M CaCl2⋅6H2O (10.0 mL), 1.0 M MgSO4 (10.0 mL), 1.0 M MgCl2 
(1.0 mL) and 1.0 M KCl (1.0 mL). This mixture was used to dissolve 
NaHCO3 (1.008 g) and was subsequently diluted with ultrapure water 
(10 L). Each nanoemulsion was diluted to either 1.0 g dm− 3 or 0.5 g 
dm− 3 using APW and then filtered using a 0.45 µm syringe filter prior to 
each toxicity assay. Then each diluted nanoemulsion (1.0 mL) was 
added to every well in a 24-well plate and a single planarian worm was 
added to each well. All experiments were conducted in triplicate. APW 
was employed as a negative control and benzalkonium chloride (BC) 
dissolved in APW at either 0.5 or 1.0 g dm− 3 was used as a positive 
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control. The toxicity of all samples towards planaria was assessed over 
48 h at room temperature by monitoring the viability of this organism. 

Planarian toxicity fluorescent assay. Planarian toxicity of the two 
nanoemulsions (0.5 mg/mL and 1.0 mg/mL), as well as BC in APW 
(positive control) and APW as a negative control, was conducted ac-
cording to our previously published protocol[71] with some modifica-
tions. Planaria used for the 48 h acute toxicity assay were washed with 
APW for 1 min. Then each planarian was immersed for 1 min in 0.1% w/ 
v sodium fluorescein (NaFl) dissolved in APW and then washed for 1 min 
using APW (15 mL) to remove excess NaFl. Each planarian was immo-
bilized on a microscope glass slide using a few drops of 12% gelatin 
solution and then placed immediately on ice for 5 min. Experiments with 
planaria exposed to a positive control were performed using BC con-
centrations of 0.1 g dm− 3, 0.5 g dm− 3 and 1.0 g dm− 3 for contact times of 
1 min, 1 h, 24 h and 48 h. Employing a BC concentration of either 0.5 or 
1.0 g dm− 3 in such experiments resulted in rapid intake of sodium flu-
oresceine into the planarium, which led to overexposed images that 
could not be analyzed quantitatively (see later). Therefore, a modified 
protocol was developed using a BC concentration of 0.1 g dm− 3 and a 
contact time of 1 min per worm. This protocol produced higher quality 
fluorescence images, which were recorded using a Leica fluorescence 
microscope equipped with an ET GFP filter using an exposure time of 
970 ms at 2.0× magnification, 5.1× gain, and 0.7× gamma. ImageJ 
software was used to quantify the fluorescence intensity within each 
planarian. These intensities were then normalized by dividing by the 
surface area (cm2) of each planarian. All experiments were performed in 
triplicate. 

Statistical analysis. All experiments were conducted in triplicate and 
data were expressed as mean ± standard deviation, with p < 0.05 taken 
to be a statistically significant difference. GraphPad Prism v9.0 software 
was used for statistical analysis and one-way ANOVA was performed to 
analyse the data. 

3. Results and discussion 

A PGEO5MA26 precursor was prepared via RAFT solution polymer-
ization of GEO5MA in ethanol using a non-ionic CPDB RAFT agent as 
shown in Figure S1. This homopolymer had an Mn of 14 300 g mol− 1 and 
an Mw/Mn of 1.18, according to DMF GPC analysis using a series of poly 
(methyl methacrylate) calibration standards (see Figure S3). Subse-
quently, this water-soluble PGEO5MA precursor was chain-extended via 
RAFT aqueous emulsion polymerization of TFEMA at 70 ◦C targeting 
10% w/w solids, as shown in Figure 1. 

More than 99% TFEMA conversion was achieved after 18 h as judged 
by 19F NMR spectroscopy (see Figure S2). DMF GPC analysis indicated 
reasonably good RAFT control, with an Mw/Mn of 1.28 and relatively 
high blocking efficiencies (see Figure S3). The PGEO5MA26-PTFEMA35 
nanoparticles formed an almost transparent, free-flowing dispersion and 
a spherical morphology was confirmed by TEM studies. It is perhaps 
worth mentioning that a non-ionic RAFT agent was selected for this 
study. This is because ionic RAFT agents confer charged end-groups on 
the steric stabilizer chain, which is known to reduce the extent of 
nanoparticle adsorption at the oil–water interface.[42,72] 

Recently, we reported that sodium periodate can selectively oxidize 
the pendant cis-diol units on the steric stabilizer chains to confer alde-
hyde functionality without loss of water solubility. Since aldehydes can 
react readily with amines via Schiff base chemistry,[73] such nano-
particles are expected to be mucoadhesive.[65] Moreover, such hydro-
philic nanoparticles should enable the formation of mucoadhesive oil-in- 
water Pickering nanoemulsions. Accordingly, the steric stabilizer chains 
on the PGEO5MA26-PTFEMA35 nanoparticles were oxidized using a 
periodate/cis-diol molar ratio of 1.0 using a previously reported proto-
col.[74] 1H NMR spectroscopy studies confirmed that full oxidation of 
the cis-diol groups was achieved within 30 min at 22 ◦C (see Figure S4). 
Unfortunately, the single aldehyde proton signal is rather weak and 
hence difficult to identify by 1H NMR spectroscopy. Thus the 

PGEO5MA26 precursor was reacted with stoichiometric amount of (i) 
NaIO4 and (ii) 2-(trimethylammonium)ethyl amine at pH 9 to form an 
imine bond.[73] After dialysis against water to remove spent reagents, 
such derivatization produces a relatively strong trimethylammonium 
proton signal at 3.10 ppm (see Figure S5a-c). Furthermore, aqueous 
electrophoresis data (see Figure S5d) were obtained for PGEO5MA26- 
PTFEMA35 nanoparticles before (red data points) and after (black data 
points) their successive reaction with (i) a stoichiometric amount of 
NaIO4 at 22 ◦C, (ii) a stoichiometric amount of 2-(trimethylammonium) 
ethyl amine at pH 9 and (iii) NaCNBH3. In the former case, zeta po-
tentials remain close to zero regardless of the solution pH. In contrast, 
highly cationic zeta potentials are observed across the whole pH range in 

Fig. 1. Schematic representation of the two-step synthesis of aldehyde- 
functionalized PAGEO5MA26–PTFEMA35 diblock copolymer nanoparticles 
starting from a PGEO5MA26 precursor. Initially, this water-soluble homopoly-
mer is chain-extended via RAFT aqueous emulsion polymerization of TFEMA at 
70 ◦C to form hydroxyl-functional PGEO5MA26-PTFEMA35 nanoparticles. The 
pendent cis-diol groups on the PGEO5MA26 stabilizer chains are then selectively 
oxidized using aqueous sodium periodate at 22 ◦C. 
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the latter case. Such experiments provide strong evidence that periodate 
treatment of the PGEO5MA26-PTFEMA35 nanoparticles introduces 
pendent aldehyde groups within the steric stabilizer chains. 

GPC studies indicated that periodate treatment causes minimal 
change in the diblock copolymer molecular weight distribution (see 
Figure S2). Moreover, there was no discernible change in copolymer 
morphology after oxidation, with DLS reporting a z-average diameter of 
19 ± 8 nm for the hydroxyl-functional PGEO5MA26-PTFEMA35 nano-
particles and 19 ± 9 nm for the corresponding aldehyde-functional 
PAGEO5MA26-PTFEMA35 nanoparticles. Similarly, number-average di-
ameters of 17 ± 2 nm and 17 ± 3 nm were estimated for the 
PGEO5MA26-PTFEMA35 and PAGEO5MA26-PTFEMA35 nanoparticles 
based on TEM studies (at least 150 nanoparticles being analyzed in each 
case), as shown in Figure 2. Both types of nanoparticles bear hydrophilic 
steric stabilizer chains and hence are expected to exhibit particle contact 
angles of less than 90◦.[20] 

A two-step protocol was used to prepare squalane-in-water Pickering 
nanoemulsions using either the hydroxyl-functionalized PGEO5MA26- 
PTFEMA35 or the aldehyde-functional PAGEO5MA26-PTFEMA35 nano-
particles. This approach was based on a protocol developed by 
Thompson and co-workers[24] for the preparation of n-dodecane-in- 
water Pickering nanoemulsions using PGMA48-PTFEMA50 nanoparticles 
with a similar z-average diameter of 25 nm. Thus, squalane was added to 
a 7.0% w/v aqueous dispersion of PGEO5MA26-PTFEMA35 nanoparticles 
and the resulting immiscible mixture was subjected to high-shear ho-
mogenization to produce squalane-in-water Pickering macroemulsions 
with a mean droplet diameter of around 20–30 μm according to laser 
diffraction studies (see Figure S6). Such precursor macroemulsions were 
then processed using a commercial LV1 microfluidizer to produce 
Pickering nanoemulsions (see Figure 3). Empirically, Thompson and co- 

workers found that a relatively high nanoparticle concentration of 
around 7.0% w/w was required to produce oil droplets of around 200 
nm diameter. Furthermore, multiple passes through the microfluidizer 
unit at an applied pressure of 20 000 psi were required. Lower pressures 
merely led to larger and more polydisperse droplets, whereas higher 
pressures led to in situ disintegration of the diblock copolymer nano-
particles to produce amphiphilic copolymer chains. DLS studies of the 
Pickering nanoemulsions generated using this protocol indicated the 
formation of squalane droplets with a z-average diameter of either 187 
± 67 nm or 211 ± 79 nm when using the hydroxyl-functional or 
aldehyde-functional nanoparticles, respectively (see Figure S7). Repre-
sentative unimodal cumulative size distributions recorded for these two 
freshly-prepared Pickering nanoemulsions via analytical centrifugation 
are also shown in Figure S7. The hydroxyl-functional nanoparticles 
exhibit a volume-average diameter of 198 ± 120 nm while the aldehyde- 
functional nanoparticles possess a volume-average diameter of 231 ±
151 nm. Clearly, selective oxidation of the former nanoparticles using 
sodium periodate does not affect their ability to stabilize such Pickering 
nanoemulsions. 

In order to determine whether these nanoparticles survive the high- 
pressure microfluidization conditions, freshly-prepared Pickering 
nanoemulsions were dried for TEM studies, see Figure 4. The squalane 
and water are both evaporated under the ultrahigh vacuum conditions 
required for TEM, leaving behind the nanoparticle superstructure that 
surrounded the original oil droplets. Such postmortem studies confirm 
the presence of intact nanoparticles, indicating the formation of genuine 
Pickering nanoemulsions in both cases. Moreover, only a few non- 
adsorbed nanoparticles are visible in each case, suggesting a relatively 
high nanoparticle adsorption efficiency on the oil droplets.[42] 
Furthermore, analytical centrifugation studies confirmed minimal 
change in the droplet size distributions for both nanoemulsions after 
aging for four months at 20 ◦C (data not shown). 

Quartz crystal microbalance (QCM) is an established analytical 
technique for monitoring the adsorption of various types of nano-
particles onto model planar substrates.[66,75–84] For example, the 
adsorbed mass of both spherical silica and disk-like Laponite nano-
particles onto an oppositely-charged surface has been reported by Biggs 
and co-workers.[80] In all cases, the observed reduction in the resonant 
frequency of the quartz crystal is converted into an adsorbed mass using 
the Sauerbrey equation. The calculated adsorbed mass includes both the 
solid adsorbed amount and any immobilized solvent within the adsor-
bed layer. As far as we are aware, there are rather few QCM studies of the 
adsorption of diblock copolymer nanoparticles onto model planar sub-
strates.[83–85] This omission is perhaps surprising given the surge of 
interest in PISA syntheses of such sterically-stabilized nanoparticles over 
the past decade or so. The QCM data obtained in the present study are 
shown in Figure 5. 

QCM studies of the adsorption of both types of nanoparticles and the 
corresponding squalane droplets were performed using commercial sil-
ica sensors that had been pre-treated with APTES to produce a model 
primary amine-functionalized substrate. Duplicate measurements were 
conducted for each adsorption experiment (Figure S8), with the adsor-
bed amount, Γ, calculated from the mean Δf value (Figure 5). 

A reduction in the sensor frequency indicates the interfacial 
adsorption of either the nanoparticles or the nanoparticle-coated oil 
droplets. Then the sensor is subjected to a ‘wash-off ‘step using deionized 
water to remove any weakly adsorbed material, which invariably leads 
to a modest increase in Δf. Comparison of the raw Δf vs. time plots 
(Figure S8) indicates a significantly greater overall change in Δf for the 
nanoparticle-coated oil droplets compared to the corresponding nano-
particles alone. Moreover, both the aldehyde-functional nanoparticles 
and the corresponding oil droplets adsorbed much more strongly than 
the equivalent hydroxyl-functional nanoparticles or oil droplets. 

The overall change in frequency after the ‘wash-off’ step is used to 
calculate Γ, as summarized in Figure 5. Clearly, the aldehyde-functional 
nanoparticles adsorb much more strongly onto the model aminated 

Fig. 2. Representative TEM images obtained for (a) hydroxyl-functional 
PGEO5MA26-PTFEMA35 nanoparticles and (b) aldehyde-functional 
PAGEO5MA26-PTFEMA35 nanoparticles. 
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substrate than the corresponding hydroxyl-functional nanoparticles. 
More specifically, Γ = 9.8 mg m− 2 for the former nanoparticles, whereas 
Γ = 4.4 mg m− 2 for the latter. These findings are consistent with tapping 
mode AFM images obtained for these two types of nanoparticles 
adsorbed onto aminated silicon wafers (see Figure S9). Furthermore, the 
adsorbed amount obtained for the corresponding aldehyde-functional 
squalane droplets (Γ = 52 mg m− 2) is more than three times higher 
than that obtained for the hydroxyl-functional squalane droplets (Γ =

16 mg m− 2). Hence appropriate surface functionality of the oil droplets 
profoundly affects their adsorption at a model planar surface bearing 
primary amine groups. The important remaining question is whether 
such 2D data can be used to predict mucoadhesion performance within a 
3D environment. 

3.1. Retention of nanoparticles on sheep nasal mucosa 

Retention of the Nile Red-labeled squalane droplets prepared using 
either aldehyde- or hydroxyl-functionalized nanoparticles on sheep 
nasal mucosa was examined using an assay based on flow-through 
fluorescence microscopy. Representative fluorescence images recorded 
for all samples after washing with ANF at various time points are shown 
in Figure 6 and the corresponding fluorescence intensities are presented 
in Figure 7. Clearly, the aldehyde-functionalized squalane droplets 
exhibit significantly greater retention on sheep nasal mucosa compared 
to the corresponding hydroxyl-functionalized squalane droplets. Indeed, 
mucoadhesion of the former droplets is comparable to that exhibited by 
chitosan, which is widely regarded as a gold standard in this context. 
[58,62] This is because the aldehyde groups at the surface of the 
adsorbed nanoparticles that surround each oil droplet (see Figure 3) can 

Fig. 3. Schematic representation of the two-stage preparation of Pickering nanoemulsions using 20 nm aldehyde-functional nanoparticles. First, a squalane-in-water 
Pickering macroemulsion of around 20–30 µm diameter is prepared by subjecting a 7.0% w/v aqueous dispersion of PAGEO5MA26-PTFEMA35 nanoparticles to high- 
shear homogenization with squalane at 13 500 rpm for 2 min at 20 ◦C. Subsequently, Pickering nanoemulsions of approximately 200 nm diameter were obtained by 
refining such coarse precursor Pickering macroemulsions via ten passes through a commercial LV1 microfluidizer at an applied pressure of 20 000 psi. The same 
approach and processing conditions was also used to prepare a hydroxyl-functional Pickering nanoemulsion using the hydroxyl-functional PGEO5MA26-PTFEMA35 
nanoparticles for control experiments. 

Fig. 4. Representative TEM images obtained after drying squalane-in-water 
Pickering nanoemulsions prepared using (a) hydroxyl-functional PGEO5MA26- 
PTFEMA35 nanoparticles and (b) aldehyde-functional PGEO5MA26-PTFEMA35 
nanoparticles. In each case, the squalane and water are removed under the 
ultrahigh vacuum conditions required for TEM studies, leaving the nanoparticle 
superstructure that originally surrounded each oil droplet. 

Fig. 5. Adsorbed amount, Γ, calculated for hydroxyl (red) or aldehyde (blue) 
functionalized nanoparticles and the corresponding nanoparticle-coated squa-
lane droplets on model primary amine-functionalized planar substrates as 
determined by QCM. The Δf vs. time raw data plots are shown in Figure S8. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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form imine bonds with amine groups on the mucosal surface via Schiff 
base chemistry.[86] In striking contrast, hydroxyl-functionalized squa-
lane droplets exhibit poor retention on the nasal mucosa, just like the 
FITC-dextran negative control. Indeed, the non-mucoadhesive nature of 
hydroxyl-rich dextran is widely recognized in the literature.[86–88] 

4. Toxicological studies 

4.1. Toxicity assay against planaria 

Planaria is a freshwater flatworm that serves as a useful model or-
ganism to assess the toxicological profiles of various chemicals. 
Recently, we reported the use of planaria for the rapid pre-screening of 

potential skin irritants.[71] Two methods were employed to evaluate 
the toxicity and irritation potential of each nanoemulsion. The first 
method involved direct exposure of planaria to the aqueous nano-
emulsion (at either 0.5 g or 1.0 dm− 3) for up to 48 h, followed by 
assessment of this organism’s viability and behavior. This is an acute test 
designed to reveal strong toxicological effects that may result in death of 
the organism. The results are summarized in Figure S10. Two concen-
trations of a known strong irritant (benzalkonium chloride, BC) were 
used as a positive control and APW was used as a negative control. As 
expected, exposure of planaria to BC resulted in 100% morbidity with 
significant bodily deformation. In contrast, all planaria survived 48 h 
exposure to APW and also to each nanoemulsion (at both concentra-
tions). This suggests that these nanoemulsions are relatively safe mate-
rials that have minimal adverse effects on this organism. 

4.2. Fluorescence intensity studies 

The epithelial surface of all biological organisms acts as a protective 
barrier. When such epithelial layers are exposed to irritant chemicals, 
they can become damaged and hence more permeable, allowing their 
penetration by small molecules. This is the underlying principle for the 
planarian toxicity fluorescence assay recently developed by Khutor-
yanskiy and co-workers as a pre-screening tool to identify potential skin 
irritants.[71] Thus, planaria are initially exposed to the test chemical for 
a given time period. After gentle washing, the worms are placed into an 
aqueous solution of sodium fluorescein, with subsequent penetration of 
this water-soluble dye being assessed by fluorescence microscopy. 

Empirically, it was found that using a BC concentration of 0.1 g dm− 3 

and a contact time of 1 min per worm produced high-quality fluores-
cence images (see Experimental and Figure S11). Subsequently, all the 
planaria used for the acute toxicity test were exposed to a 0.1% w/v 
aqueous solution of sodium fluorescein (NaFl) for 1 min to evaluate the 
barrier properties conferred by their epithelia. The corresponding fluo-
rescence images for such planaria are shown in Figure 8. Clearly, 
exposure to benzalkonium chloride (positive control) enables NaFl to 
penetrate deeply into the planaria and stain this organism more effi-
ciently. In contrast, planaria exposed to APW (negative control), the 
hydroxyl-functional nanoemulsion or the aldehyde-functionalized 
nanoemulsion do not suffer substantial dye penetration – instead the 
fluorescent probe is mainly located at the surface of each organism. 

Fig. 6. Representative fluorescence images showing the retention of Nile Red-labeled squalane droplets prepared using either aldehyde- or hydroxyl-functionalized 
nanoparticles on freshly-excised sheep nasal mucosa, along with FITC-chitosan and FITC-dextran (which serve as positive and negative controls, respectively). Images 
were recorded at various time points during tissue washing with varying volumes of artificial nasal fluid (ANF) at a flow rate of 1 mL min− 1. The scale bar represents 
2 mm. [N.B. Images of sheep nasal mucosa after exposure to Nile Red-labeled squalane droplets were recorded using a different microscope filter and were converted 
to a green color for consistency with the controls]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 7. Relative retention data obtained for Nile Red-labeled squalane droplets 
functionalized with either surface aldehyde or hydroxyl groups, FITC-chitosan 
(positive control) and FITC-dextran (negative control) when using freshly- 
excised sheep nasal mucosa as a model substrate. Data are expressed as mean 
± SD (n =3). * denotes p < 0.05, ** denotes p < 0.01, and ‘ns’ denotes no 
significance. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Figure 9 shows the data derived from quantitative analysis of the 
fluorescence images. As expected, the lowest fluorescence intensity (6.7 
± 0.9 a.u. cm− 2) was observed for planaria exposed to the negative 
control (APW). Exposure of planaria to the hydroxyl-functionalized 
nanoemulsion at 0.5 or 1.0 g dm− 3 produced comparable fluorescence 
intensities of 9.2 ± 0.8 a.u. cm− 2 and 12.2 ± 1.2 a.u. cm− 2, respectively. 
Indeed, these values are not statistically significantly different from the 
APW data, which indicates that this nanoemulsion does not cause any 
discernible irritancy to this organism. However, the fluorescence in-
tensity data obtained for the aldehyde-functionalized nanoemulsion 
indicated slightly higher values of 11.1 ± 0.5 a.u. cm− 2 and 15.2 ± 0.6 
a.u. cm− 2 when used at concentrations of 0.5 or 1.0 g dm− 3 respectively, 
and this difference is statistically significant (p < 0.05). This suggests 
that this nanoemulsion most likely causes minor irritation, but further 
experiments are required to study its toxicological profile in more detail. 

Finally, the fluorescence intensities recorded for planaria exposed to a 
strong irritant (BC) are very high (82.5 ± 5.8 a.u. cm− 2 and 87.9 ± 4.8 a. 
u. cm− 2 for 0.5 and 1.0 g dm− 3 BC, respectively). This positive control 
indicates that neither nanoemulsion is a strong irritant, at least with 
regard to planaria. 

5. Conclusions 

In summary, new aldehyde-functionalized sterically-stabilized 
diblock copolymer nanoparticles of 20 nm diameter are prepared by 
selective oxidation of precursor hydroxyl-functional diblock copolymer 
nanoparticles using sodium periodate. Both types of nanoparticles are 
used to prepare oil-in-water Pickering nanoemulsions via high-pressure 
microfluidization with a mean droplet diameter of approximately 200 
nm being obtained in each case. The oil was chosen to be squalane, 

Fig. 8. Representative fluorescence images recorded for planaria after exposure to: (a) a negative control (artificial pond water, APW); the hydroxyl-functionalized 
nanoemulsion at (b) 0.5 g dm− 3 and (c) 1.0 g dm− 3; the aldehyde-functionalized nanoemulsion at (d) 0.5 g dm− 3 and (e) 1.0 g dm− 3, and a positive control 
(benzalkonium chloride, BC) at (f) 0.1. The scale bar represents 2 mm. 
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which is highly biocompatible and has sufficiently low aqueous solubi-
lity to suppress Ostwald ripening [26]. Our QCM studies confirmed that 
both the aldehyde-functionalized nanoparticles and the corresponding 
nanoparticle-coated squalane droplets exhibited significantly stronger 
adsorption onto a model aminated planar substrate compared to the 
precursor hydroxyl-functional nanoparticles and squalane droplets. 
Such differences are attributed to the formation of surface imine bonds. 
These observations are consistent with the enhanced adsorption of 
squalane droplets (prepared using the aldehyde-functional nano-
particles) onto freshly excised sheep nasal mucosa, as judged by a 
fluorescence microscopy flow-through assay. Preliminary assays per-
formed using planaria indicate only mild toxicity for such Pickering 
nanoemulsions, which suggests that they may offer a potential new 
vehicle for the targeted delivery of hydrophobic drugs via a mucoadhe-
sion strategy. Hence these nanoemulsions differ significantly from the 
mucoadhesive worm gels recently reported by us, [65] which in prin-
ciple can be used for the localized delivery of hydrophilic drugs, globular 
proteins or enzymes. This study makes a useful contribution to the fast- 
growing field of Pickering nanoemulsions by (i) providing a rare 
example of a relatively stable formulation and (ii) demonstrating that 
appropriate surface functionality leads to enhanced interfacial 
adsorption. 
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